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ABSTRACT

* In intense .exercise Ehe maintenance of muscle contraction and
metabolism 1s critically dependent on the regulati;u of intracellular
ﬁ;:neoscui.s. The preseat studies have examined Che p'hysiological and
biochemical effects of Chr;e factors which influence this rezgagcion at
rest and 1in exercise; these factors are :hg strong lons, the weak fons
(wea_k acid and base electrolytes), and carbon dioxide (COZ)'

- This chcsi?“‘desaribes three series of experiments which were

desigued to demonstrate the 1mpor€ance of ion vregulation in the

. malintenante of muscle performance and metabolism in intense exercise.

The purposes of these -studies were three-fold: (1) to quantify the
intracellular composition of strong ions of fast—~ and slow-twitch
skeletal . muséles at rest and at the end of intense exercise; (2) to
deCerniné the relative contributioas of stréng ions, weak acids and
bases, and Cbz to the total iIntracellular ioﬁic co;Dosicioé of
nuscle at rest and in exercise; and (3) to., demonstrate the
inter—relationships between intracellular ion regulation, musple
metabolisz and muscle performance during iatense exercisg. )
The first — sériés of experiments examined the ifonic and
meCabolié composition rat hindlimb muscles (white gastrocnemius, WG;
plantaris, PL; rted gastrocnemius, RG; 301&95, SL) sampled at rest and
following 4.5 min of intease swimming exercise. IntTacellular ifonic

status is dependent upon the PCOZ, stfong ion difference ({SID]),

and the total concentration of weak acids and bases ([ATOT]) of the
/

. intracellular £luids,) PCO_, was held constant at various levels and
b
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intracellular strong iomn concentrations were neasured using
ingtrumental neutron activation analysis.’ [ATOT] is a pooled term
;epresenting all of the intracellular weak electrolytes and cannot be
directly wmeasured. A method for determining [ATOT] indirectly from
measuresents of  pH, [SID] and PCO2 nuscle homogenates was
formulated and is described. Intracellular [SID] was found :o‘be
significantly higher in fast twitch WG (161 mEq/1) than in slow twitch
SL (137 mEq/l); this was primarily due to a higher [K+] ia resting
WG. Muscle [ATOT] averaged 190 mEq/1l at rest, and there wss litele
difference between mscles. Intramuscular pH was determined using
three methods: the distribution of the weak acid DMD, from pH
geasufements of nuscle homogenates, and was calculated from. the
independent wvariables [SID], [ATOT}, and PCOZ. Corre;ponding
to its higher [SID], the WG had a significantly higher lntracellular pH
at rest (6.94) than SL (6.72). |
The second series of experiments examined changes in extra- and
intra-cellular i{on and metabolite concentrations, and quantified the
ion and metabolite fiuxes between muscle and bloed at rest and during
intense electrical stimulation using an isolated perfused rat hindlimb
preparation. These studies confirmed that K+ and La  leave the
auscle cells during contraction and that Na+ and C1~ enter, and
that these ilomic disturbances cause the iﬁcrease in intracellular
[H+] associated with the decrease in wmuscle performance. With
stimulation, the major changes affecting intracellular ion status and
metabolism were large increases in intracellular lactate concentration

([La }4) and [Na+]i, and a wmarked reduction in [K+]i.

These changes were greatest In WG, a highly glyveolvtic rmuscle, and
iv



least in S;, a predoninantly oxidative muscle; the rise in [La )i
accounted for 67% and 50 of the f£all in ([SID] in WG and SL,
reapectivelj. Correspondingly, the ' largest changes in 1ion status
'occqrred in WG. The high inicial [SID]1 in resting WG prevented
.e;cessive increases in [H+] and protein ionization state during
muscle coutraction.

The- third serlies of experiments exaéiued the effects of
extracellular metabolic and respiratory alkalosis on muscle
performance, metabolism and ion regulation, and provided an opportunitcy
to test the hypothesis that changes in intracellular ionic status gill
affect the regulation of metabolism. With alkalosis, compared to
controls, there were no differences with respect to performance and
metabolism, however, the rate of hg- efflux f:om muscle was
significantly increased and (Ls Ji was significantly reduced.

Extracellular alkalosis was alsec assocliated with increased fluxes of

}
-~
Na from Lperfusa:c inteo muscles, resulting in large increases in

+
[Na'] at rest and during stimulation: Rf efflux in alkalotic

hindlimbs was significantly reduced, compared ¢fo controls, dur;ng
stimulation. A theory 1s proposed whereby exercise-induced changes 1in
intracellular [La ], [K+] and [Na+] exer: direct effects on

the i1onized state of intracellular proteins and on metabolic regulation

during exercise.
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“Increase in -our understanding of the buffering reactions has
proceeded *as it should over the last 67 yvears, expanding céward the
more comprehensive - .frc& the part to the whole. Omn the o:hér hand ,
anslysis in teras of the rolif playgd by the individusl electrolvtes
has shown a trend in the reverse direction, focusing down upon a single
ien (H+) and thus giving diminished emphasis to sgll others.”

| . James L. Gaamble, Jr., 1954

The Physiologise, 27: 375-379
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1 INTRODUCTION

1.1 THEME and PURPOSE

?he physiological and biochemical characteristics of resting
and. fatigued skelecal muscle, such as metabolism, contractile and
membrané properties, are highly dependent upon the ionic composition of
the extra~ and intra-cellular fluids. The underlying theme of the
présent studies 1is the importance of the fonic changes which occur
within muscle intraceliular fluid (ICF) on intracellular homeostasis
and metabolism during intense muscular contraction. Special
congideration is given to those changes which are Proposed to exert
direct effects on physiological and biochemical regulatory mechanisnms
of muscle during exercise.

The  purposes of these studies were three-fold: (1) ;to
characterize ﬁhe physico-chemical properties (PC02, concentrations
of strong and weak lons) of skelé;al muscle at rest and at. the end of
high intensity -exercise; (2) rwo develop a wofking model of
trans-sarcolemmal ion move&encs between extra— and intracellular fluids
which could be explained within the physico-chemical constraints
imposed on the System; and (3) to examine the incer—relationships
bécween ion regulation and metabolism in skeletal muscle.

The following section briefly describes tﬁe known

'phy$ico-chemical and 'biochemical factors associated with nuscle

fatigue, and serves to provide a framework for the remainder of the

dissertation. The remainder of the Introduction describes the
1
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historical events associated with the study of skeletal muscle ion

regulation and its integration with muscle metabolism and contraction.

1.2 BIOLOGICAL AND PHYSICAL CHEﬁISTRY OF SKELETAL MUSCLE
1.2.1 ‘Preface

Skeletal muscle fatigue = hasg been defined by the Fifeh
International Symposium on Biochemistry of Exercise (1982) as “the
inabili:y_ of aA physiological Process to continue functioning at a
pParticular level and/or the inability of the total organism to naintain
3 predetermined exercise ‘intensicy”, Edwards (1981) has simply defined
fatigue gag the “failure to maintain the required or expected force and
power output”. The proximatg cause of muscle fatigue, or decrease in
force, has thus been attriﬁuted_ o a reduction in the number of
simultaneously attached actin-myosin cross-bridges in the force
generating state (Donaldson, 1983; Hultman & Sjoholm, 1986).

At the present time {r ig difficult re state with any degree of
certainty rthat specific changes observed in skeleta)l muscle, or in the -
blood perfusing the muscle, during exercise and fapr;;dﬂsre the
causative factors responsible for the decrement in force. Therefore

care must be taken in the interpretation of reported results to avoid

The biochemical factors associated with skeletal mysele fatigue
may be divided intq three fundamental events: (1) impairment of
netabolism  ang reduction of energy supplwr (2) alteration of
sarcolemmal or transversé'tubular wembrane properties; and (3) impaired

function of contractile proteins. The latter two €vents are dependent
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on muscle metabolism and extra- and> intrﬁcellular fluid
physico—chenical, éand particularly lonic) broperties. The
physico~chemical pProperties in turn deﬁermine the biochemical and
phydiological charac:e;istics of skeletal muscle at rest and fatigue.

In the following order, the pProceeding sections will briefly
describe: (a) the physico—chemical Properties of Physiological
solutions; (b) the me:abolic, and (c) the ionic, events which affect
the physical chemistry of muscle; and  (d) excitation—contraction

coupling.

The analysis of wvariables susceptible to change within any
System must take into coasideration the physico-chemical cﬁnstraints
imposed . on the System by physical and chemical laws. The body's extra-
and intracellular fluids are solutions consisting of water, strong
ions, weak ions and proteins, and dissolved gases —- primarily oxygen

and .carbon dioxide. Stewart (1978, 1981, 1983) has outlined the

- fundamental physico-chemical relationships governing lonic equilibria

in physioclogical fluid systems. 1n his monograph, Stewart (1981) shows
the development of these relationships from a simple water solution tg
those solutions containing COZ, strong ions and ueak‘acids and
bases.

The terminology ang definitions used in the dissertation are
essentlally thoge used by Stewart. Quanticative analysis of th;

varlables 1in 20y system requires the distinction between irdependent

variables and dependent variable. The independent variables are those

variables which can be altered only by external mén;pulation; a change -
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in any other independent or dependent variable will exept éo influence
°n an independent variable in an open system., - A dependent variable is
therefore one vhich 1s faternal to the systeq and which is susceptible
to changes imposed by the independent variables. Within the system
there is gn equa:ién which describes the cq;ilibrium-relationship for
each dependent variable, and the dependent variables must
simultaneously satisfy all of thosge equations.
All physiological solutions consist primarily of water.

Therefore this outline of solution chemistry will begin with cthe
equations despribing the water dissociation equilibrium:

(1) (8] X [08") = v x m,0)

where Kw, the dissociation constant for water, is about 10-16 M
‘(Harned and Owen 1958). Since {Hzol is large (about 54 M) Kw has

negligible effect on [HZOI; the termm Kw x [H,0] may be

(2) (7] X [0R] = k'w

where K'w ig the 'ion product for water’. Its value igs sensitive o
temperature, osmolarity, solute concentrations, and ionic strength
(Harned and Owen 1958).

Strong ions are those electrolytes which, for al: practiecal
Purposes, are considered to be completely dissociated in physiological
solutions, In vertebrates, the predominant strong  ions are sodium

(Na+), potassium (K+), magnesium (Hg++), caleiunm



(Ca*+), chloride (C17), and lactate (La7). The organic ion
lactate is a strong fon due to its large dissociation constant (1.36 x

1073

EQ/1; PK' = 4.87). The difference between the sum of the
concentrations of the strong base cations and the suﬁ of the
concentrations of the strong acid anions igs called the strong ion
difference, or [SID]:

T~

(3) [SID] = ([Na™] + x*] + gt + [ca™1) - ([e17] + [La™])

Heﬁk acids and bases are cthose electrolytes which, by
definition, dissociate only partially in physiological solutions. In
the extra- and intracellular fluids of vertebrates there is =2
predominance of weak acids (primarily proteins and inorganic phosphate)
over ﬁeak bases. For the sake of simplicity the total concentrations
of intracellular weak acids and bases are pooled and represented by the
expression 'total weak acid concentration’, termed [ATOT].

In plasma, the value IATOT] represents the relationship
between the anion equivalency of plasma proteins and inorganic ions
(i.e. the protein-ion complexes from which the dissociation of the ion
is prevented or retarded).” The [ATOT of plasma proteins was

initially ‘quantified by van Slyke et al. (1928) with the following

relationship:

(1) A.mT = 0.78(A2b-N)(pH -~ 5.16) + 0.48(G1b=N)(pE-4.89)

where Alb-N and Glb-N are gram of albumin and globulin nitrogen.



. 6
Knowing the plaéna PH and the ratio of albumin to globulin in plasma,
the [ATOT] per granm .o protein nitrogen may be read from the
nomogram of Van Sly_ke_/ ot al. (1928) and divided by 6.25 to give tons
per gram of proteinm:” 1In normal man the Alb:Glb ratio is 1.8 and
[ATOT] is 0.243 mEq/g plasma protein (Van Slyke et al. 1928). This
value is very close to the valye of 0.245 de:ermiued'empirically by

Stewart (personal Communication). Using an average Plasma [protein] of

70 g/1 for man, then:

(11) “‘rorl * 0.243 mEq/g X 70 g/1 = 17.0 mEq/1

In terms of the dissociation of ﬁeak acid (HA) one can describe
the relationship between o and the number of anionic sites

(A7) by this dissociation equilibrium:
(4) (K] X (471 = &, X [54]

where KA is the weak acig dissociation constant. This KA is

thus 4. pooled walue Tepresenting the relative contributions of
physico—chemically active weak acids and  bases in the intracellular
fluids  (see Table 7). It must be assumed thar wma and A~

participate in a0 other Teactions, such thar the total quantity of

substance 'A' per liter solution is a constant termed [ATOT]:
- FAl o
(5) [A] + [Ha] [Apqr]

It 1s evident that the wvalue for [A,OT} can only be changed by



b

.external -manipulation, therefore, [ATOT] is an independent
variable. A’ wmanipulation of the concentrations of any other variables
“in the systea will have no effect on [ATDT].

Carbon dioxide participates in a number of ifonic equilibria ip
‘physiological solutions. The ctotal carbon dioxidé_ content of 3
solution is represent by dissolved CO (co d), carbonic acia
(HZCO ), bicarbonate ion (HCO 7)), and \:;;gﬁnace ion
(co.™. ¢

Henry's Law describes the quantitative relationship between the
concentration of (p_ g and the partial pressure of (o

2
(PCOZ) of the gas wich vhich the solution is in equilibriﬁm:v

2

(6) [cozd] =5 X PCO,

-~

where S 1is the CO2 solubility coefficient. The value of § depends

o1 temperature, solute concentrations. gnd ionic streég:h and is 3.51 ¥
1073 Eq/l.xmnﬂg“1 in intracellular fluids at 37°C (Siesjo and

Thews 1962). The value of [cozd] is very small (1«4 mM) and can
conveniently be neglected (Stewart 1981).

Dissolved CO2 €an react with warer to form Hzco3

and at equlibriunm:
{7) [Cozd] X [H'ZOI = K X [H2C03]
where K is the equilidbrium  constant, Since [HZOI is very large

(about 5g Molar) {¢ essentially remains constant. Substitutiag for

ICOZd] from the preceeding equation the quantitative relationship



may be expressed as:

(8) .. [8,c0,] = K52°°3'x PCO,
where- l{.ﬁ.2 3 is about 9 X 10~8 Eq/1/mmHg at 37°C, so
that [82c03] is usually less than 0.5 of [co d] it also
can be neglected (Stewarc 1981). '

Bicarbouate (HCO ™) may be formed by the combination of
Cozd with OH ion, or from the dissociation of Hzco as

described by the following 2 equilibria:

(9) [cozd] X [0B7) = K, X [Hco3']

'(10) A7} x [8co,”] = K, X [8,00,]

The quantitative relationships deécribing {aco -] equilibrium
maybe simplified by combining (9) with {7) and (2) and combining the
constauts Kl and K2 to vield the relation:

+ . -—
(11) fH] % [H003 ] = Kc X PCO2

Bicarbonate dissociates to form C03- and H+, and at

—

equilibrium:

(12) (e*] x [co,7] = X, X [HCO,”]

- =11

where Ry =6 X 10 Eq/1 in body fluids at 37°C.
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The chemical reactions between the ionic constituents of

physiologipal solutions may be considered to be in eéuilibrium at any
given tipe, In Qdaicion to  equilibria, cthe physico-chemical
constraints of couservation of mass.and electroneu:rality mst always
be met. For purposes of an;;;;is the équations for the individual
Teactions at equilibrium which fulfill the physico-chemical constraints
im;osed on the system are the following:
Water dissociation equilibrium:
(2) [E"] X [0R] = x'w
. Weak acid dissociation equilibriuﬁ:
(4) (8] x [a7) - R, X [Ha]
_ Conservation of mass for 'A':
(5) (BAY + (7] = (A, ]
‘ Bicarbonate ign formation equilibrium:
(11) (£ x [RCo;”] = k_ x eco,
.Carbonate ion formation equilibrium:
(12) [8*] x (€071 = & X faco,”]
Electrical Neutrality:

(13) [sI0] + [*] - (HCO,™1 - [47) - 1c0,™) ~ [ou] = o

Examination of these 6 equations will reveal thatr there are 6
dependent variables which must simultaneously satisfy all of the

equilibria. The three independent varfables are [SsIiD], [ATOT] and
—=rpencent

variables are thus [HAT, [A-], IHC03_], [COB-}’
[0H”], and [8%). -
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These six equations .can be rearranged ' and combined to obtain a

fourth order polynomial to solve fBr [H+].(Stewqrt 1978, 1981,
1983) : |

o 8+ fx, ¢ s} 5713+ &, ((sm) - (Argr]) -
(Kc x Pcoz_ + K'wj} [H+]2 - {kA (Kc x PCO2 + K'w) +

= 0.

A

+
K3 X Kc x PCOé}[H ] -1, x K3 x Kc x PCO2

L
where :he' physico-chemical constants used in.sélving this equation for
gzglecal muscle ICF are given in Table 7.

All of the independent and dependent variables do not have to
be simultaneously measured in order to quantify all of the variable
values. Indeed, if pH énd PCO2 are measured, the dependent
variables in equations (2), (11), and (12) can be calculated.
Similarly, 1f pH, [SID] and PCO2 are measured the remaining unknown
independent variable, [ATOT]' _and all the other dependent

variables, can be calculated.

Witﬁw the de?elopment of the pH and total CO2 or PCO2
electrodes, it became very convenlent to describe the ‘acid-base
equilibria® of the blood plasma or intracellular environment in terms
of oq}y one independent variable, PCOz, and c;; dependent

variables, [H+] and {HCOB—]. In his now classic paper,

Henderson and coworkers (1924) deseribed the equilibrium relationship

Y



between [R+], Pcoé and [ECO3—] of eq&ation (11) in 11

logarithmic form as:
. ) o _
(17) PH = pK' + log ([HCO3 ]/ sx Pcoz)

This relationship {isg usually referred to as the Henderson-ﬂasselbalch

equation.

By definition, such results presented on their own can only

describe a portion of the total physico—chemical'equilibria; they can

-

not be used to examfie the mechanism behind the observed results. It_

-

was common practice, and still is to a large degree, to report the pH

of blood, Plasma, muscle homogenate, muscle extracts, and intracellular

PH without also reporting the PCOZ, total CO2 or_temperature,'

and

s such these pH data are virtually meaningless. The reason the pH

data on their own are meaningless is because PH 1s very dependent on

temperature and on the other independent variaﬁles. The plentiful
reports in ;he literature describing the 'pH-dependency' of biochemical
Teactions and. physiological processes merely describe a relations?ip
betﬁeen the measured pH and the observed response(s) to changes in one

0T more of the independent variables. More often than not, these are

. omitted from the methods and results of the reports.

In addition to the physico~chemical relations - existing in
either the ‘ extra- énd intracellular fluids, there are also
physico~-chemical interactions between extra- and intracellular flﬁids.
These have been discussed by Manery (1954) and will be summarized as

fo!lows- 0 Electroneutrality must exist in each fluid compartment.

(2) Osmotic equality exists between extra— and intracellular fluids;

-
N
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however, under steady gtate conditions osmotic equilibrium ig probably

rarely attained but always approached. (3) Electroljte inequality: The
8pecles and Coucentration of the élec:rolytes_in the ECF differ from
those in the ICF. The excess of strong basie cation concentratign in
cells (eg. greater [SID]) over that in plasm; indicates that there i35 a

higher concentration of weak anion equivalen;s within cells. Thege

“~intracellular anion equivalents are ip large par: made up of high

molecﬁlar weight colloidal, osmotically active particles which reqﬁire

more than one cation equivalent pér mole to maintain e;gctroneutrality.

(4) Local concentrations of nondif%usible ions afféct the distribution
of diffusible 1ong according to the Gibbs-Donnan distribution. While

.the interaction between plasma and interstitial fluids is rélatively

simple, that between ECF and ICF. is Eomplica:ed bylthe'effect of

‘metabolic pProcesses on ibn movements. (5) Energy-yielding Processes

continuously alter the osmoric pressure, and the mumbers of ionie

equivalents such a way that simple equilibria are never establshed, but

contribute to the maintenance of 2 complex steady state.

ALl  of the Preceeding considerations muse be taken into account
when analyzing the lonic status of a solution. It should be evident
that ’acidfbase' regulation is ion regulation, for wihhout ion
regulation there cgq be  no  racid-base’ regulation. Cellular
Tegpiration and ventilatory gas exchange determine thg PCO2 of the
System which in tyen partially determines the equilibria between
B, o8, HCO,”, €0,7, and A" ions. 1n
addition, the concentrations of thesge Same 5 {ons, and [RA], are
simultaneously determined Sy the concentrations of strong ions and weak

aclids and bases within the solution.
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Fifty vyears ago physiélogists aﬁpear to have hai a better
working understanding of these fundamental relatioﬂships than present
day. physiologists and biocheﬁiscs. Fenn (1936) attempted to explain
his results on “the basis of the physico—chemical orﬁanizatiourof the

. ~
muscle™ and realiigd that changes in muscle electrolytes were related

to. acid-base changes in blood. He referred to a “diffusion of acid™ as

“the chloride shift” and “a diffusion of base into the muscles” as “the

.potassium shife”, Also, when frog muscle is exposed to high Péo2

“potassium is driven from the blood into the muscle to neutralize the-

acid inside the muscle”. While the principles for the changes in
" extra- and intracellular acidity may not have been fully understood,
the ilonic basis for acldity changes appear to have been recognized.

L

1.2.3 Biochemical Basis of Muscle- Fatigue

-~

1.2.3.1 Historical Perspective

' The initial reports of major metaboliﬁ and ionic parameters in
-bloo4 and muscle which have repeatedly been assoclated with fatigue in
skeletal muscle are listed in Table 1. The following paragraph has
been  summarized from Ehe excellent monograph on the historical
developmeht of muscle authored by Dorothy Needham (197).

The biochemical basis for muscle fatigue has been under
invéscigation for nunearly two hundred years. Berzelius, i{n work
éublished in Sweden in 1807, reported a marked acidification and
accumulation of laectic acid in muscles from hunted stags. He noted

that the lactic acid content of muscle is proportional to the extent to



TABLE ]

Biochemical factors within muscle

with skeletal mﬁscle fatigue, and

14

which have been associated

their discovery.

v

Factor

Inigia) Reports

aciaificacion

lactic 2cid accumulation
glycogen depletion
increase in Pi
ivhibitien of glycolysis

creatine phosphate depletion

-~

'Edﬁuine depletion

ATP depletion
changes in cell permeability:

increased [Na+],
reduced [R*],
P
reduced resting potential

reduced action potential

increasd [H¥)

Berzelius 1807/1840
Berzelius 1807; Ranke 1865
Nasse 1869 .
Embden&e: al. 1914
Meyerhof et al. 19727

Eggleton & Eggleton 1927

-

Fiske & Subbarow 1927
Parnas 1929

Lundsgaard 1934

Overton 1902; Berzelius 1912;
Mitchell & Wilson 192};

Fenn & Cobb 1936

Bernstein 1912;

Hodgkin & Horowicz 1959b
Meverhof & Lohman 1926;

Furasawa & Kerridge:1927
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which 1t had been ~previously exercised. Neérly 60 vears later Ranke
(1865) described that muscle fatigue resulted from the fnjecrion of
lactic ‘acid into froga' which _had been curarized to abolish nerve
stimulation. Glycogen was firse éescribed in muscle by Claude Bérnar@
in 1859, and tén years later Nasse (1869), finding that muscle glycogen
was reduced after rigor, concluded that glycogen Qas the source of
lactic acid ;ﬁ muscle. Later, in muscle extracts containing glycogen
of hexoéephosphates as substrate, Embden and coworkers (191&) observed
an increase 1in the concentration of inorganic phosphate (P1); and
Meyerhof's group (1927) reported the inhibition of glycolysis
simultaneously with P1 and lactic acigd aCCumulation. These findings
were soon followed by the discovery of creatine phosphate (CP) and its

loss and subsequent recovery following muscle stimulation (Ezgleton &

Eggleton 1927; Fiske s Subbafow_ 1927). Parnas (1929) reported- the

L]

depletion of muscle total adenine content as 3 resule of stimulation
and Lundsgaard (1934) later Proposed that, during muscle contraction,
Ccp ’;breaﬁaown was consistenc with the Tesynthesis of adenosine
triphosphate (ATP — the predominant source of total muscle adenine at
Test) and. the transfer of chemical energy. Within thar time, ionic and
electrochemical factors 1in muscle had also been identified Qnd
associated with musecle fatigue. These included the permeapility of the
muscle cell membrane to K and Nat (Overton 1902), a reduction _
ia the resting potential of the cell membrane (Bernstein 1912), and an
increased intracellular sodium concentration ([Na+]) and a
decreased intracellular {K+] in di;ectly stimulaced muscles of the

frog and rat (Fenn & Cobb 1936).
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1.2.3.2  Metabolism and Energy Supply

During high intensity exercise two major biochemical changes
occur ‘uhich have a ﬁrofound- influence on the physico-chemical
Properties of muscle. The firse is the rapid degradation of CP to
supply the energy required for muscular contraction. The reduction in
CP with exercige effectively lowers the KA of ‘the total muscle weak
acid pool by reducing its relatively large contribution to the K
of resting muscle (See. Table 14). The second is ' the large
intracellular accumulation of ia- resulting from the incre;se in
glycolysis. This increage in [La"] reduces the [SID] (equation 3).

Energy for cellular reactions is derived from the catalytic 

hydrolysis of ATP (Batley 1942);

(18) ATP(A-)‘ + Rzo = app(3-) + Pi(z—) + "

£

te form adenosine diphosphate (ADP}L The splitting of the terminal
high-energy phosphate bond yields the‘ energy required for muscle
contraction, muscle relaxation, and maintenance of intracellular ion
balance. A considerable proportion of the chemical energy in resting
muscle 1is ‘'stored' ip the high-energy phosphate bonds'of Cf. This
reaction is catalyzed by the action of the equlibrium enzyme creatine

kinase {Boyer et al. 1943):
(19) gt o+ ADP(B-) + CP ——> AIP(a-) + creatinecz_)'

The forward reaction requires both H' and ADP resulting from the

hydrblysis of ATP (equation /8. When cellular App concentrations

MEa-Laaa vy ny £l Eas
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increase and [ATP] decreases, ATP can also be produced by cytosolic

myokinase (Kalckar 1943):

(20) 2 app(3”) = arp{4”) +m(2")

Adenosine monophosphate (AMP) is .8ubsequently ‘broken down to inosine
monophosphatre tIMP) and ammonia (Nﬁ3)'by the enzyme AMP deaminase
(Smiley & Suelter 1967).

Average values for ATP aud CP in resting muscle are about 5 and
20 umole/g wet weight. Glycolysis of } mole of glucose from glycogen
results in the net production of 2 moles of ATP and 2 moles of pyruva:e
(Fig. 1). ar accelerated rates of glycalysis, pyruvate accumulates and
is converted to 1a” by the catalytfe action of the equilibriunm
enzyme lactate dehydrogenase. If pyruvate is channelled through the
ICA cycle, oxidative phosphorylation yields an additional 34 moles of
ATP. |

Experimental evidence in intaet muscle shows exercise-induced
increases in ATP turnover rate are assoclated with a decrease in Cp
Coucentration and an increase 1in glycolytie activity (Hultman and
Spriet 1986; Spriet, Soderlund, Bergstrom and Hultman 1986). However
CP and ATP concentrations are still 302 and 80X of resting values at a
time when exercised muscle is showing fatigue l.e. 2 &5; reduction in
power output (McCartney et al, 1986; Spriet et al. 1985a). Therefore
reduced ATP concentrations and production do not appear to be causes
of fatigue since its produetion and supply are relatively well]
maintained.

Decreases 1n the concentrations of glycolytic energy substrateg

¢
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Fig. 1. A schemat{c representation .of the glycotic pathway in
skeletal mgcle, All enzymes can function physiologically in the
reverse direction except*thoae marked with an asterisk. From:
Newsholme, E.A. and A.R. Leach. 1983. Blochemistry for the Medical

Sciences. Chichester England: John Wiley & Song.

-
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(8lycogen and glucose) in pus;le during‘exe;ciae also do not appear to
be the causes of fatigue. It hag been shown thie intramuscular
glycogen stores need not be depleted in fatigued muscle (Spriet et alj
1985a) and thac muscle may undergo significant glycogen depletion
without the development of fatigue (Fitts et al. 1982). Cellular
nétabolic pProcesses involved 1in .AIP production may, howevér, be at
lea;c partially responsible for the décrement in muscle performance.
Accumulation of the endp}oducts of glycolysis (La™) and arp
hydrolysis (aMP, Pi, Hg++) are intimately associated with fatigue
(Fites & Holloszy 1976; Sahlin et a1. 1981; Hibberd & Trencham 1986).
La-, 38 2 strong fon, exerts g major effect on the physico-chemical

Properties of fatigued muscle.

1.2.3.3 Events Related to Excita:ion~Contraction Coupling and

Relaxation
-_— X

The most important sequences of eveﬁts in muécle contracrcion
are the processes of excitation~contracrion coupling and subsequent
relaxation. The former eﬁenc leads to force generation by the muscle,
relaxation allows the muscle to recover (at least par;ially) so thac
the cycle of force generation can be repeated. All biochemical events
occurring at the mitochondria, in the sarcoplaém Or at the sarcolemma
can bé considered as leading toward these two essential processes of
contraction and relaxation. ~ An impairment of any one, or combination
of, key blochemical events can have three major outcomes which will
cause muscle fatigue. These are: (1) a.reduction ir the number of
actomyosin Cross-bridges formed; (2) 2 decrease in the rate of cvcling

of actomyosin cross-bridges; and (3) an increase in the relaxation time
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of the muscle. These events may thus be coasidered to be the proximsace
causes of muscle fafigue, but the sequence of events leading to one .or
more of the fatigue-causing states must be examined to find those which
exert wmajor influences. The most common of these fatigue-associated
factors, as they are presently understood, are briefly descritbed below.

Cell 'hcmsr;n; (sarcolemms) related events include changes in
menbrane permeability 1o electrolytes (including lactate), cthus
resulting in changes in the extra- and intracellular ion
coﬁbencrations, [SID], and rq*ﬁigg membrane poteh:iai. Exercige
induced changes in sarcolemmal permesbility o K+ {and possibly
Na+) have been reslized since 1902 (Bernstein 1912; Overton 1902).
Later, Fenn and Cobb (1936) showed a 50% decrease in muscle [K+]
and a, compensatory increase in [Na+] in directly stimulated
siele:al- muscles of ch; frog and rat. Subsequently Hodgkin and Horowlcz
(1959b) demonstrated that these changes te;uce Ehe resting membrane
potential and the amplitude of the azction potential. The decreased
membrane excitabilicy is linked to a diminished release of
intracellularly sequestered Ca++, resulting in reduced actin-myosin
crossbridge formation and recycling (Sandow 1965; Fink et al. 1983).

Excitation~contraction coupling is initiared by depolarization
of the sarcolemma caused b¥ a neural stimulus transmitted ;o the
deurcmuscular junctien. Sufficient wembrane depolarization results in
the development of a mscle action potential. ~ Simply, the Euscle
action potential s assoclated with fluxes oﬁ Na+ into, and of
K out of, the cells and leads to the rele#se of sequestered
Cg¢+ from the sarcoplasmic Teticulum. _The large increase 1in

cvtosolic ffee [Ca++] initiates the sequence of events leading to

«
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coutraction (Huxley 1969). - Ca™  binds  to high affinicy.

Ca _-bindiqg sites on ~troponin C moleCules of the contractile:
protaine:- The binding of & éa++ to one molecule of troponin C has‘

been posculated (Ebashi & Endo 1968) to cause a conformational change
1n the molecular struc:ure of troponin C which lifts the inhibition by
'tropomyosin of’ the myosin binding sites on che .actin moleiule. Thus
the number of active ac:in-myosin crossbridges formed is proportional

Al

to \:he amount of Ca'' released from the SR. The strength of -

conpfactioﬁ is direetly " proportional to the eumber,of actin-myosin.

cross—~bridges formed, and thus upon the amount of Ca++ released -

from the SR to bind to troponin C (Caille et al. 1985; Hibberd &

b4 '

Trentham 1986). MEEhanical work results from the cfclic interaction of
the troponin, ~actin and myegin myofilaments,cOuple§ to the hydroiys;s
of ATP and release of ADP and éi (gibberé &tTretham'(léss).

Relaxation of“EFe sarcomeres_is:initiaCed hy'repolerization of
sarcolemmal membranes_ due to . the restoration of the 1ionic and
electrochemical gradients across the membrane. The release of active
actin-myosin. crossbridges occurs by the pumping of Ca++ from the

sarcoalasm into the SR by a Ca++-AIPase (Huxley 1969). as ca™

is ;émoved, intracellular [Ca++] becomes low, ca™t is released

from 1its sites on troponin C and unmasks.the inhibitory sites on'the .

actin molecues. Myosin ATPase, the enzymatice ;omponént’ of-.the:'

actin-nmyosin complexes, derives energy from éﬁe hydrolysis of ATP w%ich
causes conformational changes in the complexes. }}n the presence of low
[Ca++] aﬁE\ ATP the myosin heads are released from acein ae:ive
sites, the troponin Inhibition of crossbridge formation is established

and relaxation results (Ebashi & Endo 1968; Hibberd & Trentham 1986).

Rl
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An  increase 1n intracellular [H+] is purported to exert its 22

major . effects 88 a causative agent in muscle fatigue by competitively

inhibiting ca™™ -binding sites on troponin C, and by impairing the

activities of Ca++; and myosin-ATPases. Reduced tension

development in the presence of high [H ] has been associa:ed with:

(1) decreased activity of the Ca'' --AI?ases responsible for pumping
Ca++ from the transverse tubular system and sarcoplasm into the
extracellular fluids (ECF)‘ and SR (Gonzalez-Serratos et .al. 1978;
Fabiaté & Fablato 1978; Fices et al. 1982); (2) decreased activity of
myosin-ATPase (Portzehl et al. 1969; Fabiato & Fabiato 1978); and (3)
the binding of- Rt to the high affinity cat™t =binding sites on
troponin C (Williams et al. 1975). These combined effects will result
in a reduction in the force of contraction by inhibiting both the
coantraction and the felaxatiqn processes. However there is no direct

. + - ' ! ' -
evidence . that | does,” in face, participate in the events cited

[

above; indeed the effects on enzyme activity are more likely the result
of conformational changes of protein active-sites caused by . the. much ]

larger changes in the concentrations of intracellular strong ions which

occur in exercise.
+ ++
The existence of a competition for H and Ca for
.
troponin and ATPase binding sites has been questioned hy Fuchs (1974).
o+
Also, since [H' ] is dependent on [S% T?CO2 and [&IOT]’ an
effect of 4 alone on "the biophysical events of
excitation-contraction coupling cannot be demogstrated. Recent studies
indicate that the observed changes in muscle contractile properties nay

be explained in terms of the effects of the energy state of‘che muscle

- ++ Iy
on the kinetics of Ca release and re-uptake and on the kinecics
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of myofilament crossbridge attachment and detachmen: (Bianchi & Narayan

1982; Scales & Sabbadini 1979).

1.3 HISTORTCAYL DEVELOPMENT OF SKELETAL MUSCLE ION REGULATION

1.3.1 Muscle Fiber éomposition and General Properties

Skeletal muscle was initially classified according to observed
relationships between muscle “fiber color and contractile prbperties
(Ranvier 1873) and metabolism (Gleiss 1887). Gleiss (1877) used lactic
-acid production in electrical stimulation as a means of investigatihg
thg behavioural differences between mammalian slow red and fast white
fibers, an& between frog and toad muscles (Needham 1971).

The present classification of the three main skeletal muscle
fibér types similarly depenas upon the biochemical characteristics and
contractile vproperties of the muscle fibers (Close 1972; Saltin and
Gollnick 1983). The red fiﬁers cﬁn:ract slowly when stimulated apd are
termed slow-twitch. Also, red fébers have a relatively high complement
of oxidative enzymes and a high oxlidative. capacity. Ac;ordfng to these
properties ?ed fibers ma; tbus be classified as slow oxidative (s
fibers. ﬁhite fibers on the other hand have fastwtwitgh‘properties

%, .
and have a relatively low oxidative capacity but a high glycqutic'
pﬁtential, eg. the ability to produce chemical energf (ATP) from
glycolysis -yia the glycolytic pathway ;eSulcing in ~ lactate
accumulation.. White fibers may thus be classifieé aslfast glycolytic
. . .

There 1is a gradation of oxidative and glycol}tic'muscle fibers

between SO and FG¢ types. Most of these fibers have fast-twitch
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properties and are thus termed fast oxidative glycolytic (FOG) fibers.

The dffferent muscle fiber types also differ in their fluld and .

electrolyte composition and resting membcane potential (Table 2), and
metabolites, proteins, orghnelles and capillary supply (Table 3).
Morphological studies have shénn that SO. fibers have a relatively small
dismeter and contain more sanccnlasm and mitochondria per unit area
than Fﬁ fibers, which have a large' diameter, high nhosphofylase
activity and low mitochondrial ‘density (Kirkwood et al. 1985).

' Skeletal muscle f£ibers are bounded by a.membrane permeable to

water, so the total muscle water consiscs of extra- and intracellular

'fluids. Intracellular “fluid (ICF) thus consists of intracellular water

plas all of the freely diffusible intracellular ions and molecules

which it contains. . Extracellular fluid (ECF) has been defined as a

-liquid which resembles plasma ultrafiltrate (Marery 1954) since it

contains lons and small molecules which diffuse freely from the plasma.
The extracellular fluid can be further divided into the interstitial
fluids, water associated with connective tissue, and ‘'trapped’ plaama
(Manery  1954). Trapped plasma consists of plasma in the fine
vasculature ' of the muscle, whereas interstitial fluid is the fluid
present between thk external surfaces of individual cell membranes {eg.

the interscitial Spcaces). The interstitial spacee are very small and

“the interstitial fluid volume has been calculated {(Manery 1954) ro

represent only about 22%2 of the total muscle extracellular fluid volume
(ECFV). In resting muscle the ECFV amounts to 7-15%7 of the TTW,

depending on the type of muscle.

Ihe' fact that muscle contains Na+, ct, K+

Mg++, Ca++, La  and phosphate was firse reported Iin 1840 by

A
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TABLE 2

. } T
-

The composition of mammalian. skeletal mscle fibers at rest. I, Métabolit:es,

fluid, electrolytes membrane __,restiug potential, contractile characteriscics,

and blood flows.

Parameter - Animal SO FoG FG - Reference
creatine-phosbhate ‘human  '52-56 - s7-g7 57-71 3
human  69-83 _ 76-88 13
rat 39-53 " 58-78 72~104 3, 6, 13
cat ¢ 50-60 80-86 12
ATP human  20-2¢ 23-28 20-22 -3, 1?
- rat = 17-25 25-28 26-31 . 3,5, 1¢
cat. - 14-18 © T 28-32 12
PL rac 17 S 11
cat 35-45 25-35 12
glyéogen (glue. units) human . 130~280 280—3;3Q 310-450 - 3
" rat 89-163  93-250  107-24) 3, 6,9, 11
lactace . hﬁm;n 16 (10-33) ‘_ 1
Tat 10~14 6-14 7-11 6, 11
g cat 53 4 12
triglyceride - human  23-37 13-23  13-23 3
‘rat o 6-34 8-13 6-11 '_ }, 9

ess cont'd
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TABLE 2 (cont'd)
Parameter Animal SO FOG FG Reference
ECFV rat +53-.72  33-.46 .34-.38 2, 4, 15
human 5-38 0.26 1
ey rat 2.72  2.64~2.75 2.58-2.63 2, &, 15
) buman  2.82 2.90 1
'[Na+] human 7-51 12-88 14
rat 13-40 10-26 12-16 2,4, 5, 6, 15
(&) human  120-191 131-175 14
‘rat '129-157 150~165 167-179 2, 4, 6, 15
[c17] rat 27-30 19-26 4, 15
gt human  11-19 10-15 14
rat 12-14 16-18. 6
[ca™™] rat 1.6~2.8 2.9-3.7 6
Em " rat -71 -81 15, 24
contraction time rat 38-135 *45=55 16-45 8, 10, 22, 23, 24
1/2 relaxation time rat 65~210 35-45 15-50 10, 22, 23, 24
blood flo;s rat 120-160 | 40-80 15-60 17, 18, 19
‘ (anesthetized)_rat 7-23 6=12 3-8 20, 25
(conscious) rat 28=40 13-19 6-14 25
cat 12-28 7-11 21
-
Note: some values coaverted from weé weight to dry welght using a factor of 4.5.

Fiber type composition, units and references are given the on‘g;&lowing two pages.

B |
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TABLE 2 (cont'd)

Mugcle fiber types:

animal muscle . 250 ' ZFOG“ ZFG Reference

rat see references 13 and 16

cat biceps brachii 5 20 75 12
soleus 83 7 0 12

human triceps brachii 19-60 40-81 14
vastus lateralis 29-78 2949 14-26 13, 14
soleus A 49-88  17-31  2-16- 13, 14

Units: Metabolites in Jmole/g dry weight

Fluid volumes {n ml/g di:y welght

Tons in mEq/1 intracellular fluid (ICF)
Membrane resting potential (Em) in ov
Contraction/Relaxation times—in milliseéonds

Blood flows in ml/wmin/100 g wet weight
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TABLE 2 References

l. sjogsard & Saltin 1962 2. Sreter & Woo 1963

3. Saltin & Gollnick 1983 4. Drahota 1961

5. Campion 1974 | 6.'éhutkow 1973

7. Fregosi & Dempsey 1986 * 8. Staudte et al. 1973

9. ‘Spriet et al. 1985h 10. Witzmann et al. 1983

1. Favier et al. 198¢ © 12. Meyer et al. 1985 o
13. Edstrom et al. 1982 14. Sjogaard 1983

15. Leader et ‘al. 1984 16. Armstrong & Phelps 1934

17. Ammstrong & Laughlin 1984 18. Laughlin & Armstrong 1982
19. Gorski et al. 1986 20. Mackie & Terjung 1983a § b
21. Folkow & Halicka 1968 22. Fl'-loittiez et al. 1985

23. Fites et al. 1982; Troup et al. 198g

24. Segal et al. 1986 J 25. JameS et al, lqs_6
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Table 3. The composition of mammalian skeletal muscle fibers &t rest,

II. Myoglobin, capillary density, organelle volume density

€nzyme activities,

Units: Myoglobin in mg/g dry weight ‘ =
Capillary density: capilpries per wm?
Organelle volume density 1nAZ
Organelle surface:volume ratio in pmzlme
‘ 20-25°¢

Referencesg:

Enzyme activities in umole/gram wet weight/min @

10.

11.

12.

13.

14-

Harms & Hickson 1983
Kirkuood*et al. 1986
Edstrom et al. 1982
Saltin aq§ Gollnick 1983
Hebi;ch et al. 1986
Thomason et al. 198§
Armétrong & Laughlin 1984
Kjeldsen et al. 1984 (32 wk. old rats)
Chi er al. 1986
Hoppeler et al. 1985
Stonnington'& Engel 1973
Kayer et al, 198¢
Andersen 1975

Sillau 1986



mitochondrial; SR = saTtcoplasmic reticulum.
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TABLE 3

Parameter Animal S0 FOG FG Reference
myoglobin rat 3 2 0.5 1
capillary density " human 287 =220~ 13.

Tat . 392 135 14
M volume density human 3-5 10

- Tat 11-17 7-10 2, 12
M surface:volume rat 5-8 6-9 2
SE volume density rat- 6.6 2.1 11
SR surface:volume rat 1.8 6-S 11
phosphorylase hu:'u.n 3 6 9 4 .
‘ rat 14 115 171 &

citrate synthase human 11 9 7 4

rat 20-~30 17-41 7=12 1,4, 5
phosphofruc:okinz;se human 6-8 11-16 - 4

| rat 21 69 100 4 |

PyTuvate kinase rat 64 493 696 4 /
lactate dehydrogenage human 60-110 180~260 160—22O 4

rat 42-51 775-830 9
succinate dehydroglenase rat 7-10 2-9 2=-7 1, 4

Tat 3-5 3-4 1-2 7 '
myosin: ATPase human 166 480-590 4

rat 180-240 520-600 660700 4, 6
creatine kinase human 222 333 4

Tat 114 ééé 4
Na+-K+—ATPase Tat - 120-130 115135 149-173 8

° M-
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Berzelius. Liebig (1847) noted that muscle was rich in &F and _poor

in Na* while the Teverse was true in the blood. Katz (1896) was
the first ¢to report that muscle tissue possessed nerves ang blood
vesscls_ in addition to connective tigsue and muscle fibers; he was also
the first to measure accurately the ionic composition of museclé fibers‘
from several animalg. Studies on cell permeability (Overton 1902;
Hober 1906) resulted in the first two theories which attempted to
expl&in the differenc conpositions of extra- and intracellular fluids:
(a) the wmuscle fiber was enclosed by a semipermeable membrane resistant
. Lo the diffusion of sugar and some salts, but more permeable to
potassium  salts; and (b) the muscle fiber behaved like a colloidal
Suspensidn of - gelatin and ;ibrin without z membrane (Ling's membrane
theory, see Manery 1954). These ;tudies also showedrchac nmuscular
conrraction was associated .with the loss or gain of water from theu

.nuscie fibers to the spaces Between chem.
&

Fenn and coworkers (Fenn et al. 1934; Fenn and Cobn 1938)
_considered the sarcolemma to vparticipate in transmembrane ion
movements by wirtye of its own enzymes and metabolic processes. Their

. ploneering investigations indigated that intracellular enzymatically
controlled - processes, together with physico-chemical pProcesses, govern

theé acrive transport of inorganic ions (Na', kY, c1”,

—+

Ca ', Mg ) and maintain concentration gradients. Manery (1954)

stated that the inorganic ions Fre now known to play a major role in
the specific function of cells such a5 contraction in muscle and to acr
45 enzyme catalysts in metabolic processes such as glycolysis (K+,

+—

+ -
Na ', Mg ')". These roles for inorganic ions were in marked

contrast .te statie maintenance of osmotic pressure and electrical
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-ueu:rality attributed to them by Overton (1904) and Hober (1906). 2
. Drahota . (19s1), using the extracellular c1™ space to
calculate ICFV in rat hiecdlimb mugscles, made the first report of
differences in <the fluid and ;onic' composition of -red and white
. muscles. Drahota showed that both the bl'.and inulin spaces (and
.thus the EEFV) of soleus (a primarily so muscle) was greater than 1
the primarily rg nuscles, tibialis anterior {TA) and extensor digitorum
longus (EDL). Also, the ICF of soleus had a higher [Na ] and
[C1T] but lower [K+] than the ICF of TA and EpI,. Sreter and
" Woo  (1963), #sing 1nnlin“gs‘a weasure of ECFV, confirmed and extended
Drahota's initial ‘observations to 12 skeletal muscles of the rat.
Recently, Sjogaard (1983) has shown that these same relationships also
occur 1in individual skeletal muscle fibers of man. Sreter and Woo
(1963) suggested that these differences in ionic composition of red and
white muscle "may be a factor in Fheir different speed of contraction”.
White fibers, which have fast conéraccile propertie§, are éasily
fatiguable. whiie red fibers, possessging sl;w twitch ;:;;erties, do not

fatigue essily (Close 1972) ang are often termed 'fatigue resistant'.

1.3.2 Intramuscular Compartmentation of Ions

In superfused ( in .33552 muscle bath preparation) frog auscle,
Fenn et al. (1934) reported that all of the muscle €1~ diffused
freely into the surrounding wmedium and concluded that Cl™ was
absent from the ICF. Since they presumed that all of the CL~ was
extracellular, the caleculated C1- Space gave a measure of the
volume of the muscle ECF compartment, or muscle ECFV. 'Using this

measure, Fenn and Cobb (1938) were able to estimate the size and

=N
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. composition of Ehe intracellular compartment under various experimental

v30

coﬁditions. Fenn (1936) concluded that the sarcolemma was impermeanc

to anions and that the large excess of cation equivalents over anion °

equlvalenta in .the muscles is 1arge1y made up by proceins. With
reapeet',:o‘ the contribution of intracellular pro:eins in maintaining
electrical - neutrality Fenn was correct, however it is now known that
Cl™ oeccurs 1ntracellularly.

Comparison of intracellular [€17] with a” activity

‘measured with eicroeleccrodes in barnacle (Hinke & Gayton 1971), frog

(Kernan et al. 1974}, mouse (Donaldson & Leader 1984) and rat (McCaig &
Leader 1984) muscle fibers . consistently show that between 80-90% of
intracellular C1~ is not detected by the electrodes (Table 4).

Thus most of the intracellular ¢1~ appears to be ‘'bound' or

' . sequestered within the’ intracellular compartment. Indeed, the C1~

content of intracellular organelles tends to be greater than that of
the sarcoplasm in both frog and rat skeletal muscles (Gonzalez-Serratos
et al. 1978; Sembrowich ec_al. 1982). |

The 1inicial studies in barnacle and frog muscle indicated that
cL™ may noc“ be passively distributed across the sarcolemma. This
was later _confirmed for mammalian skeletal muscle by Dulhunty (1978).
Recently it has been demonstrated that the muscle cells of frogs
(qironaka & Morimoto 1980) and rodent mammals (Dulhunty 1978) actively
accunulate Cl under physiological conditions. These findings have
been questioned by the studies of (1~ activity in cthe mouse

(Donaldson - & Leader 1984) and rat (McCaig & Leader 1984). These

workers found that the measured iatracellular €1~ activity was only

) slightly higher than that predicted by a Gibbs- Donnan equilibrium

| P



Table 4, Intfacellular conpartmentation of ions in skeletal muscles

at rest. Membrane resting potential,lion coancentrations,
activities, activity coefficients, ¥ ion seduéhtéred,
Z ion diffusible.
Units: Membrane resting po:entiai (Em) in oy
T6c31 concentration and activity ia mEq/1

Activity coefficient = {on activity/[ion]

Abbreviations: sartor, = shrtorius

References: 1. Hinke & Gayton 1971
2. Kernan et al, 197é.
3. McLaughlin & Hinke 1968
4+ Kostyk et al. 1969
5. lLee & Arm;créng 1974
6. Donaldson & Leader 1984
7. McCalg & Leader 1984
8. Cohen & Burt 1977
9. Leader et al. 1984
11. Juel 1986 |

ll. Maughan & Recchia 1985

"1
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TABLE 4
—_— ——————— -
Ion - Animal Muscle Enm total a‘ctivé_sy activicy Reference
- | éonc. coeff icient
.
Na* barnacle -80 35 9 0.26 3
| frog -85  13-29 513 0.38 4, 5, 11
mo;;se EDL =73 38 16 0.42 6
mouse soleus =70 8-1: 6 11
rat DL =79 - 18~26 7.4 .28-.4] 9
K barnacle -80 170-180  130-140, 0.77 1, 3
frog . -R6 91_#—146 | 70;110 48=.70 4,5, 11
) zouse BL <76 157 13g-210 0.78 6, 10
T - mou;;e so-ieues' -70% | _. 168 - 10
| rat CEBL 5279 168-180 99 -55-.59 9
Mg £rog . 13-23 - 5oy +30-.42 8, I1
C1™ barnacle . ~72 30 30 1.0 1
" frog - | =90 . 3.1 . -2
mouse DL <F -7 44 5.3 0.12 . 6
rat oL =79 7 1926 -6 .18-.24 7, 9
r _
*as actlvity higher than predicted on the basis of a Donnan
equilibriuym,



(Hodgkin & H_or:lowicz 1959a) and concluded thar Cl™ was passively z
distributed. However their studieg on mammalian muscle were performed
4t & temperature’ of 17-39 °C which would reduce the €17 pump
act1v1Cy,. thus allowing ;he p#ssive Cl- efflux to.predqminate
(Donaldao: & Leader 1984). " 1t is importane t:o"no!;e that all of the'

above studieg were conducted on41301ated-musc1e Preparations where the

rthe anion Permeability (Macchia gﬁ al. 1984) and also éignificantly
reduces (by about 20%) the resting membrane potential (Shgtty et al.
1985) of the. sartolemma. Consideration of the availablé data (Dulhunty
1978; Eironaka &-Horim6£6v1980; Donél&soﬁ & Leader 1984) sugéégks Ehat
o1~ may not be paséively distributed across the sarcolemma of
skeletal mus¢le under physiological conditibq;, and that there is" an
active inward flux of Cl™ -under physiological conditions.
Intracellyular Na+ wﬁs initially thought to pe absent or iﬁ
very small concentration in mOsSt tissues (Fenn 1936; Manery 1954)
because of the use of the cL” space for measuring ECFy. Since some
‘of the intramuscular Cr  ig intracelldlar, the Cl” space, as
used by .Fenn, Manery and their contempsraries, thus éverestimates ECFv
and undefestimateg both  the 1cRY and  the concentrations of
intracellular Substances. In some tissyes Na* Was measured to be
in excess of that calculateq ﬁy the C1™ space and soﬁe Nat was
deemed to be intracellular (garrig 1950). Like €17, Na' has
now been localized o cﬁe Sarcoplasm ang intracellular organelles
~ (Sembrowich et al. 1982). Studies on skeletal muscles of barnacle and -

¢rad (Hinke 1959), frog (Lee & Armstrong 1974) ang mouse (Donaldson &
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' Leader 1984) using Na' -sensitive microelecrrodes have shown that -
only about 40% of the measured total intracellular [Ne ] is free {n"
the 1sarcop1asm (Table 4). This has led to the conclusions that
significant amounts of Nat ions "are 'bound' intracellularly to
large molecules snch as myosin (Lewls & Saroff 1957) or ou the cellular
surface, or are rendered effecrively unavailable due to confinement
wichin subcellular organelles~ (Gonzalez~Serratos et al. 1978;
N Sembrowicl'_l et al. 1982). Na*, together with k", is capable of
.binding to myosin,'-bnt nor co actin‘or.serum albumin. (Lewis & Saroff
1957).  Nat binds to myosin more stronglyAchan K+, and binding
increases with increasing concentration of wNat or k. The

binding of Ne and K to myosin also appears to be sensitive to
temperature- and ion-related changes in the structure of imidazole and
amino groups of myosin (Lewis & Saroff 1957).

Potnssium et } has always been considered to be ia high
concentration in the ICF (Berzelius 1840; Ratz:1896). Some k" is
closely ;ssociaCed with muscle glycogen stores fHultman 1967; Pacricb
1977) and +wdith myosin (Lewis & Saroff 1957) while most is uniformlv
distributed in the sarcoplasm and intracellular organelles (Sembrowich
et al. 1982). Hultman's (1967) data for humans shows that
intracellular [K+] increnses 25 uEqQ per 200 bg of glycogen, such
that the maximum amount of ¥ bound to glycogen cannot be greater
than 5-6% of total cell K . This value is in keepinz with rhe
finding thar onlé abour 5% of the total mus%le ' can  not
participate in a free ZK exchange in resting muscle (Fischer et
al. 1950). Ion activity measurements for K in frog muscle (Lee g

Armstrong 1974) and in mouse white muscle (Donaldson & Leader 1984),
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'_.however, indicate ¢ abouc 252 of the intracellular g 1s bound .

/‘\"\.’J

or compartmentalized 80 that it 18 not detected by fon selective
‘electrodes (Table 4). . ' : ‘ -
The intfiéelluiar -conéentra:ions of free ‘Mé++ in most
tissues studied have been calculated (Veloso et al. 1973) or measured
by nuclear magnetic resonance (Gupta et al. 1984) to be about 0.5-1.0
mmol/l. Intracellular activities for Mg++ (Table 4) have been
difficult to obtain due to marked interference effeccs from other
cations. The concentration of ifonic Hg is believed to be low in

specific . sites within the fiber, wﬁich_ would explain its cetalytic

effects 1in trace amounts (0.5-1.0 mEq/1), although the concentration of

tota; intracellclar uQ** is considerably higher (Hanery-IQSA; éupta
et al. 1984). A substantial portion of mcscle Mg++“thus appears to,
Be bound co proteins or phosphcce esters (Tabor & Haetings 1943;
Maughar & Recchia 1985). However,  6£ the total intracellular
coccentracion of Mg++ (about 10 mmol/1) about 60% appears fo be

readily diffusable, at leesc in frog muscle (Maughan & Recchia 1985).

Intracellular Ce++ occurs in sufficiently high

concentration that in the presence of the high intracellular phosphate .

concentrations precipitation would occur unless the concectration of
free ifonic ca't was very low &Hanery 1954). Iccracellular ca’®

is -largely sequestered and morphologically separated from the
phocphatee. For example, Gonzelez—Serratos et al. (1978) ﬁave shown
that the ca™ content of the sarcoplasmic reticulum is 66-fold
greater than chac of the sarcoplasm.‘ The impcrcanc roles of Ca++

and _ phosphates on muscle function .continue to be areas of active

research (Hibberd & ‘Trencham 1986).
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analysis of frog semicendinosus muscle-(Gonzalez—Serratos et al. 1978)

and rat soleus and gastrocnemfus muscle (Sembrowich et al. 1982). 1n

ions has been greatly faciliated by the -technique of eléctrbn probe’

frog muscle the content of all major inorganic ions is greater in the

terminal cisternge of the sarcoplasmic reticulum than their respective
L C ‘

contents in the " sarcoplasm; for Ca++, notably, :hiq difference ig

N
.66-fold. In rat wmusecle cL” appears to be ‘evenly distributed

through the sarcoplasm, sarcoplasmic reticulum and mitochondria,‘while
the ot‘her stfong lons ?Na*', K+, cat and HgH) showed
an  uneven distribution between cytoplasm and organelles which differeq

with muscle fiber type (Sembrowich et §1. 19823.

1.3.3 Trans—Sarcolemmal Ion Hoveménts and - Membrane Potential

The 4initial 'membrane theory’' required Separation ofsextra- and

intracellular compartments by ga semipermeable membrane petneable "to

"smaller cations (H' and hyérated K+), but impermeable. to anions

B . \J
and to the larger hydrated Na+; K+'was kept intracellular by

large nonpenetrating anions, i.e. proreins (Overton 1902; Bernstein
1912). Bernstein Suggested that, due to the high intracellular
[K+], the 'sarcoplasmic membrane! wag responsible for maintainfné‘é‘;
potential difference between the inside and outside of the cell
(outside positive and inside ‘negative) and that qhanges in potential
should alter the fdnctional behaviour of the'muscle. The Tequirement
of external ﬁa+ for muscle excitation was firse reported by (verton
(1%02), who Suggested that there may be some exchange between

intracellular K* and extracellular Na+.
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An association between K+ movement and change in pH was

first Areported by Mond and Netter (1930), and led to the suggestion of
a K*/Hf exchange across the saréolemma._ Fenn and Cobb (1934)
reported that the diffusion of K from frog musc;é was increased
when the. pH‘ of the muscle bath waé lowered, and that external K'
nust 'ge added to -gi;e an equilibrium, but that an intracellular
acidosié resulting from an increase in C02 reduced the loss.of

XK. Frog mus?&e' in RC1 solutions increased in volume and took up

K’ in excess of Cl™. Fenn (1936) interpreted these results as

the wmovement aof €1~ from the muslcle bath iﬁto the muscle ECF and,
that Kf uptake into thg cells occurred by the diffusion of
undissoclated KOH instead ~of by exchanging with & . It was
generally agreed at the time that K*‘could not enter with another
anion since muscles were cénsidered to be 'anion-impermeable'.

The impergeability of wmuscle to anions, and to C1~ in
particqlar, was challenged as early as 1927 by Winterstein and
Hirschberg. They showed that c1” diffus;d through frog abdominal
muscle and conclﬁded that muscle is permeable to Cl~ (Fenn 1936).
Wesselkina (1932) used the same method as Winterstein and Hirschbery to
show that ﬁa-'could diffuse through muscle (fenn 1936), and Conway
and Rame (1934) demonstrated that La~ can diffuse into muscle ICF
from the surrognding medium. Fenn (1936) maintained that the muscles
were aﬁion impermeable and explained these results as‘due to cell
injury or to the diffusion of La from muscle as undissociared
lactic aeid (HLa). .

Boyle and Conway (1941) extended the membrane theory to include

free permeability to CL~ and probably also to R', OH
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HCOB- but maintained impermeability to Na', , and phoaphate

and protein anions. This theory fi: closely with the physico—chemical
constraints of . the system: the' diffusible ions were d;st;ibuted
according to the Gibbs-Donnan laws: that glectronentnality existed on
both sides of the membrnne; and that the snlutions on elther side of
the membrane ~were isosmotic (Manery 1954). .Howe‘ver, Boyle and Couway
maintained that the muscle cell was dimpermeable to Naf, in
disagreemgnt ‘with -che earlier reports of Overton (1902), Fenn et al.
(1934) and Fenn (1936). . Fean et al. (1934) confirmed earlier
snggescions that frog muscle contained intracellular Na~. This was
undoubtedly difficult to show at the time, because with the 1~
Space used as a -mgasure of ECFV, cthe.cell was shown o contain no
Cl - and very lictle, if any, Nat. Under conditioné of muscle
stimulation /genn (1936) Stated -that "sodium without chloride appears to
enter the cells 1in exchange for potassium". Thus, according to Boyle
and Coaway, cation (eg. K ) accumulation occurred passsively as the
result of the incracellular deposition of impermeant anions.

Ussing (1947), in  experiments on frog nmuscle using
radio-sodium, suggested a membrane model in which extracellular K+
exchanged for intracellular Na© without consumption of energy. The
idea of 2 Na+/§(+ exchange was an important development in our
understanding of muscle physiology, however by not invoking energy
consumption Ussing appears not to have accounted for the fact that both
Na* and K+ would be moving against Steep concentration
gradients. In his Croonian lecture Krogh (1946) suggested that the

-+
Na ' equilibrium across the sarcolemma represents a 'steady state!

which requires the continuous expenditure of energy to export Na*t

>
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gained by inward * diffusion. Based on the calculations of Boyle and

Conway (1941), Krogh thought it improbable that ﬁ+ was actively
transported in gkeletal muscle and that equilibrium was maintained by
the outwardly directed active transport of Na®. | .
The energy requirement for maiﬁtaining tﬁe'restiué potential
was subsequently shown. In resging muscle main:enance of the membrane
pocential does not appear to be dependent on oxygen supply or oxidative
metaboliSm but appears ‘' to be very dependent on Rlycolysis. In frog
sartorius mscle, ecyanide (a. potent inhibitor of oxidative, but not
glycolytic, metabolism) and anoxia did not pro&uce a significant fali
of the rresting po:eﬂ?ial (Fenn .et al. 1940; Ling & Gerard 1949).
However lodoacetate, a potent inhibitor of glycolysis while having no
effect on oxidative me:abolism resulted+ in a4 gradual fall of the
nuscle resting pot;ntial (Ling ‘& Gerard 1949). The rate of fall was

slowed by decreasing temperature or by the addition of external

Pyruvate, lactate, succinate or fumarate. This would seem to indicate

that the energy required for the maintenance of the resting potential

was ultimately 'derived from glycolysis. Iodoacetate and - anoxia or
cyanide together greatly increased the rate of fall of the resting
potential, and this was further increased 2-fold during depletion of
hiéh—energy phosp;;Ees 'by stimulation (Ling & Gerard 1949). These
results indicate that the energy required for mgintaining the resting
potential is, to a '1érge degree, derived from ATP supplied by
glycolysis. . |

Steinbach, iﬁ 1951,l‘further wodified the membrane theory to
include permeability to Na+, requifing that Some pumping device

oust  be operating to keep intracellular [Na+] consistently low in
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the face of constant inward dfffusion from the high external [Na 1. i

Kernan {1962) Teported that frog muscle actively pumped sodium out of
the cell,\\?uggescing the the Na' pump was ;urely electrogenic with
ol uptake being ent;rely passive. _ﬁﬁwever Frumento (1965) later
showe& that there was some chemical couplfng between KT and Na*
| pumping in muscle. The first direct evidence for the electrogenic
pump's contribution to the rescing membrane potential was shown in rat
muscle by Locke and Solomon (1967) who showed that oubain caused a
significant depolarization of the resting membrane potential in 3532;
In muscles with intracellular [Na ] elevated by prior stimulation,
Horowicz and Gerber (1965) showed that an increase in external [K ]
increaséé the rate of Na'¥ efflux in such a way that the membrane
potential remains above the K potential. This latter phenomenon
has been la:tributed to the operation of the Na+ pump in an
electrogeiic fashion (Adrian & Slgyman 1966) . Azide, an inhibitgr of
oxidatiye phosphorylation, greatly reduces the the oubain—sensicive‘
K+ influx and reduces the increase in Na' efflux induced by
high extermnal [K+] (Beauge & Sjodin 1976),.indicating an energy
requirement.

The sodium pump, also known as the membrane enzyme termed the
Na+—Kf-AI§ase, has been shown to require monovalent cations
(particularly Na+ and K+) for its activation (Sjodin 1971). In
nearly all tissues examined the 'pump' appears to have a s:oiehiometry
L of 3 Nal transported outward for ? K+ transported inward- for
each ATP hydrolysed in the reaction (Schwartz et al. 1972; Thomas

1972). Thus operation of. the ATPase appears to result in an

electrogenic polarization of the sarcolemma which contributes to the
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coupling to the: membrane ATPase in vertebrate skeleﬁai muécle appears
to be under metabolic control (Sjo?in 1982); When ATP decreases there
occurs a ﬁa+;Na+ ‘exchange  in  addirion to the normal
Na+;K+—' exchange' (Kennedy & DeWeer 1977).‘ This has been
interpreted_ to mean that the AIPase. operates in two wmodes, the.
Na+:K+ or Na+:Na+, and that ATP depletion begins to
limit the rates of exchange in these fun modes (Sjodin 1982). 1t is
evident that, during and'following muscular activicY; the sarcolemmal
Na+—K+-AEPase should play an important role in intraceilular
ion regulation and in regulation of the membrane potential. Activicy
induced . inecreases in‘intracellular [Na+] and extracellular [K+]-

ére expec;eq_,tq hévgm a2 stimulatory effect on the enzyme activity and

T — = T

facilit&te restoration of the intracellular enviromment and membrane
potential, |

Based on 'the findings of muscle f;ber type differences in
electrolyte composition (Drahota 1961; Sreter & Woo 1963), Sreter and
Woo postulated that vred fibers have a lower resting potential and a
longer time cour#e of action potentiél than white fibers. This wa§
first shown to be true using fsolated rat hindlimh muscles stimulated
in a muscle bath (Yonemura 1967). The resting and action potential
measured with glass micro-electrodes showed a greater resting potential
and a larger action potential in fast—cwiCCh_ whité EDL than inf“~
slow-twitch red soleus. The differences 1in electrical propertiesk\“’
bgtween the fiber types were correlated with a greater intracellular
[K+] and lower intracellular [Na+] in the EDL than in the

soieus. It has alse receﬁtly been reported that slow red soleus fibers
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of the mouse have a signficantly higher concentration of sarcolemmal
Na™. -K —ATPage than the fast-twitch EDL (Clausen & Hansen 1982;
Abdel-Aziz et gal. 1985). These obervations appear to be related to the
different contractile_ properties and rates of fatigue seen in muscles

of differing fiber type.

1344 Hydrogen Ion and pH in Skeletal Muscle

The first reported pR measurements of mammalian skeletal muscle
were conducted by Michaelis and Rramsztyk (1914) ég.homogenaCes using a
Platinum/hydrogen electrode. Due to the nature of the electrode and
the experimental conditious the pH values obtained were too alkaline-
the ‘authots realized that their technique had shortcomings. These
;nitial attempts at meéguring nuscle pH were largely descriptive and
n;t desiéned to answer questions related .to' muscle metabolism or
physical chemistry, although theofies regarding membrane permeabilety to
B and the nature of the transmembrane concentration difference
were proposed. ’

The  first ;eliable ‘measurements of intramuscular pH were
obtaiued using glass electrodes by Furusawa and Kerridge (1927) in cat
gastrocnemius cardiac and uterine muscles at rest and after electrical
stimulation. . Glass - electrodes overcame the problem of
oxida:ion/feduction effects‘ on the platinum/hydrogen electrode, 'They,
reduéed the problem of lactice acid and CO2 production by freezing
and mincing the dissec:ed muscles in liquid nitrogen and measuring the
PH of the hOmogena:e at about 0°C. While the muscle homogenates were
kept at 0 C the electrode was cooled to above 0°C to prevent excessive

formation of condensate on the electrode, and thus the measurements

\
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- were probably made at between 2 and 5°C. The PH at 0°C was 7.04, which

converts to 6;89 usiug, a facror of -0.00& pH uni:s/1°C (Furusawa &

Kerridge 1927) or to 6. 48 using a factor of -0.0152 pH units/1°C
(Reeves & Wilson 1970).

Ihe first careful studies of the effect of temperature on
tissue pH were conducted by Rahn, Rceves and coworkers (Reeves & Wilson
1970; Halan et al. 1976; Reeves & Malan 1976). In various tissues. from
turtles, frogs aod toads (including blood plasma and skeletal muscle)
these workers have found a consistent relation between temperature
(range 5 - 329C) and extra- and intracellular pH whlch is abou:( 0.016
+ 0.003 pH units/l °C. This value is significantly higher than the
early reports on dog and cat skeletal muscle (Table 5) but in very good-
agreement with recent findings in mouse soleus (Aickin & Thomas 1977)
and rat ventricle (Saborowski et al. 1973). It thus seems reasonable
to apply a correction Ffactor of -0.016 pH unit/] °C ‘change in
temperature to convert reported pH values in the literature to a PH
‘value at 37 9¢. Care must be taken in the interpretation since in
mammals, 1ian contrast to ectotherms, the relation‘between temperature
and pH at constant éoz content may not be linear (Reeves 1976).
However; within the temperature range with which.ue are concerned this
difference will not be greac.

Examination 0f intracellular pH (pHi)-values ‘corrected’ to
37 °¢ shows that the pH  at 37% in a2 variety of vertebrate skeletal
lmuscleo ranges  between 6.7 and 6.95 ar physiological CO2
concentrations in Ttesting muscle (Table 6). 1Indeed these values are
very similar to _in vivo 'measurements of pH in vertebrate skeletal

muscle wusing a variety of techniques (see Tables S & 6 of Roos & Boron
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References: ].
2'
3-

4.

Hinke & McLaughlin 1967
’ [

Boron and Roos 1976

Malan et al. 197§

Alckin & Thomas 1977

‘Saborowski et al. 1973

Furusawa & Kerridge 1927
Carlstrom et al. 1928

Spriet, Soaeéfﬁﬁd\/fhompson & Hultman 1986
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S  TABLE 5 |
\s . .
‘.an‘inml . tissue t:emper-:at:ure d pR/1°C  reference
. range (°C)
baraacle miscle 5 _ 34 ~0.008 1
- - 30 < 40 ~=0.020 1
- ro. 15 = 22 -0.006 \“‘\ﬁz
bullfrog * plasma "5 - 32 —0.0206 3
_" sk. muscle =0.0152 3
tu:.;tle plasma 5 - 32 =0.0206 3
= sk. muscle ’ —-0.0186 h 3
- heart -d-blzz 3
- live;' .. —0.0233 3
" S@. muscle - ~0.0141 3
" Tmouse soleus 28 -7 ~0.018 4
Fat heart 21 - 37 -0.016 5
cat blood 0 38 -0.009 6
cat gascrocnemiq 0 38 | ~0.004 6
dog ’\\. m{;scle' Juice 20 - 37 . 007 7
human :asl:us lateralis ¢ - 37 =0.0105 ‘_ 8




.

Table 6. Resting ouscle pH measurements in various animals 'corrected' from

‘experimental pH to calculated pH at 37°C. The correction fac:or'dsed wvas -0.016

PH umit/1°C (see text).

References: 1.
——
2.
L . . 3-
&,
5.
6-

7.

10.
11.
12.
13.

4.

Caldwell 1958
Galler & Mosger 1986
Fenn 1928 .

Stells 1929 - T

‘Root 1933

Fenn & Maurer 1935
Plontek & Herbst 1971
anzalez & Clancy 1986
Furusawa & Kerridge 1927
Wallace & Hastings 1942
éarlstrcm et al. 1928
Burnell 1968

Sahlin et al. 1977

Spriet, Soderlund, Thompson & Hultman 1986

~

Note: Values in brackets ( ) are the author's own corrected or measured value.

* Stella's (1929) correction using a PCO, of 20 mmHg.
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TABLE 6
. -

" animal’ tissue method T (°C) PCO, pH PHy 00 Tef.

- ' {omHg) i
crab muscle _homogenate 20 2 7.gi\. 6.938 |
- - "PHL electrode 20 ? 6.99  6.727
- - ' - 20 3.5 7.14 6.868 2
frog  sk. muscle A 7.20  6.96 3
e, 2 20 6:90°  6.66 3
f - " Co, in vitro 18 18.5 7.0 6-696 4
" - €0, in vitro 20 25 7.2 6.928 5
- - - ‘ 20 7 50 7.09 6.818 . 5
- - éoz in vivo 20 25 6.95 6.678 6
- " " | 20 35 6.90 6.628 6
= " dye 4 14 7.1 6.572 7
rat tib. anterior | MO 37 40 G.RQ R
- quadriceps " "37 40 6. 7§ 8
- diaphragm - 37 40 6.92 8
- heart - 37 40 6.83 8
cat gastroc. glass electrode 0 7 7.06 (6.89) 6.45 9
- - co, 3772, S0 6.89 10
dog » sk. muscle press Juice 20 ? 7.03 (6.91) 6.76 -1}
- meck muscle  pMp 37 29 : 6.8 12
humané .qd. femoris 002 in vivo 37 AO 6.95 13
- v. lateralis homogenate 2.6 7.50 (7.12) 14

0

h.912
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1981; Gonzalez & Clancy 1986).
' Several investigatora .over ‘the years have used the distribution

; of CD in muscle to calculate pE (Table 6). .The basis for the

method is that dissolved Co2 is freely diffusible across the cell

membrane and will eqnilibrete on either side of the membrane according

to physico-chemical contraintg. The dissociation equilibrium of

CO2 on either side of the membrane can be used to calculate pHi

if external pPH. and 002 content is known Fenn and Maurer (1935)

realized that coz or weak acid distribution methods give a pH value

1
Cl™ space .to correct for the :influence of external \pH on the

which  1lies somewhere in between external pH and PH,. Using the

measured pH, they 6btain a -pH; of 6.9 in frog muscle at room
tempe;atnre with an intact PCO2 le 6). .This was the best early
estimate of skeletal-muscle'pﬁi. Wallace and Hesting; (1942) used

the same approach for in ‘}Ezg cat skeletal muscle and obtained a
pHi of 6.89. '

The weak acid distribution technique has culminated.in the use
of radiclabelled S.S—dimethly-z,Aéoxazolidine—dione—z-14C (DMO) to
estimare pH1 (Waddel & Butler 1959; Malan et a1. 1976). The
advantage of DMO over other weak acids is that it is nonvolatile under
physiologic conditions, i{r has a PK of 6.1 at 37°C and has an ionic
strength of 140 nH when used in a final concentration of 1 mmol/l {Roos
& Boron 1981). The disadvantages‘of DMO are: that only one measurement
per tissue can be made because the tissue is destroyed in the enalysis;
ic depends on accurate measurement of. the ECFV; and it vields an

average pH of all of the intracellular compartments (Roos & Boron

1981). In a direet comparison of DMO and microelectrode measurements
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- of PE  in harnanle muscle fibers, Boron and Roos (1976) and Hinke and ¥
Menard (1976) showed that the DMO method consistently gave .a pH greater
k‘by about 0.05 than microelectrodes did.
The firs: direct mEhsurements of pHi were made by Caldwell ST
7(1954) by impaling ﬁlugle la;;;-ﬁnuscie fibers of the crab with
-semimicro ggrsensitive glasé‘eiectrodes; he reported 2 pH of 6.9 at 20°
C. This value was mot ‘in dgreement with a passive distribution for
B across the sarcolemma, ;nd Caldwell concluded that there must be’
a cellular membrane mechanism whereby B is actively transported
.across the sarcolemma. Similar findings follcwe& in skeletal muscle of -
the rat (Carte; et al. 1967) and frog (Kostyuk & Sorokina 1961). Glass
microelectrode;' arq‘ one of the most Hidel; used tools for measuring
pHi -and they appear to give reliable valuns.(Aickin é Tﬁomas‘i977-
Roos & Boron 198]1). They are limited, however, in that they can not be
used_ to record pEB transients during muscular coatractlion since they
will  break. They have been used with sucecess in following pH
. transients i1in 2z variety of tissues including skeletal muscle of mammals
- (Aickin & Thomas 1977) and invertebrates (Galler & Moser 1986) during
- and fo{lowing extra- and intracellular ionic perturbations. Because nf
the drawbacks of the ﬁHo and wmicroelectrode for measuring pH in
contracting muscie, the homogenate technique -(Sahlin 1978; Spriect,
Soderiund, Thompson and Hultman 1986) is the most widely used method of
estimating muscle pH in stimulated muscle. Most of the 1iniefial ~
drawbacks associated with this technique (discussed above} can be
carefully controlled (Spriet et-al. 1986).

Colorimetric techniques for measuring skeletal muscle pHi

have also been tried. In resting frog semitendinosus muscle Piontek
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and Herbst (1971) reported a PH, of 7.2 at 4°C and 2% co..

2 :
pﬂ-sensitive dyes have also been used with some success £0 measure
directional changes in PH, during 1sometrr‘.contraction (Herbst §
Piontek '1972). - The problem wlth most dyes -include metachromatic,
protein' end salt efrors, and the pregence of the d;e can alter pHi
.(Roos and ‘Befon 1981)..  The primary ‘advantage_ is 1ts nearly

instantaneous response to rapid ehanges in pHi, a fea:ure which has
lbeen- .used by Herbst and Piontek in exercising muscle (see Section
1.3.5).

The beet tool currently available for measuring transients in
intramuscular pH dufing ;ontractidn is nuclear magnetic resonance or
NMMR (Avison et a1, ‘1986). In rat skeletal muscle at rest the pH is

, 7+01 (Ackerman et al. 1980; Kushmerick & Meyer 1985) and in humans
values of 7.04-7.13 have been feported (Edwards et al. 1982; Wilkie et
2l. 1984). Once again, as with other techniques, the. disadvantage of
the NMR method . is thac the pH obtained is an average value reflecting

the pH of all intracellular compartments as well as the contribution of

nuscle extracellular fluids (Avisbn et al. 1986).

1.3.5 Activity Induced Changes in Muscle and Blood

Short-term high intensity exercise, on which this dissertation
is focussed, results in the changegﬁlisted in Table 1. The chenges in
metabolite cconcentrations are relatively easily explained in terms of
the biochemical reactions of muscle metabolism. Changes in fluid and
ilonic composltion, ou the other hand, are more aifficelt to explain
because of the complexity of fluxes cccurring between intraeellular

tompartments and between extra—- and intracellular fluids.
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The metabolic and ifonic changes occurring with -high intensicy

muscle activicy (Sectiop 1.2) may be symmarized. They include the
appearance of La, Pi, ammonfum and glycerol in blgod and a
decrease in plasma [glucosei. ~Intrace11ular1y, these changes are
associated with: La~ prodhcﬁioﬁ and accumulation from glycolysis;

an increasé in [Pi] resulting from contiﬁued hydrolysis of C? and ATP,
with the deamination of AMP as it accumulates from concinued-hydrolysié
of ATP and ADP;vaﬁ increased rate of triglyceride catabolism producing
a rise in incraceilular [glycerol); and increased uptake of $lucose by
muscle. It 1is known that musﬁle'waq permeable to Pi and‘tha; Pi loss
from muscle was increased by.stimulatfon; Lundsgaard (1934) realized
that the rate of loss.of Pi from muscle parallelled the decrease in ¢p
and the increase in intracellular [Pi]. Initial and continued muscular
activity resules in aitered permeabi}ity of the sarcolemma'resulci;;_in
the net flux of R our of tﬁe cells and of Na', C1” and

water into the cells.

The  incredse in total muscle water upon stimulation was
initially sﬁowu by Ranke (1865) and, Fletcher (1904) reported that
water uptaké by wmuscdle was .Iargely confined to the beginning of
exercise. Hill and Kupalov {1930) concluded that a 482 increase in the
vapour pressure of the whole muscle in extreme fatigue was due to
increased osmotic pressure inside fhe fibers. Meyerhof (1930) reported
that 75% of. the change in osmotic pressure EOuld be explained by the
increased phosphates, lactic acid audh ammonia in exerdise. Using
indireét .muscle stimulation in anesthetized rats, Fenn and Cobb (1936)
observed an increase of both the ECF and ICF; these changes were

reversed during recovery., The increase in muscle ECFV was attributed



stimulation ang that K+ was taken up during Lecovery. Using
electrical stimulation of cat hindlimp muscle, Fenn et al. (1938)

extended these observations to include 4 small increase in C1™, 2

. gain of Ba+ which balanced the x* 1ogs and C1™ gain, an ~-

increase in:  water content, a possible decrease in Pi, and no

e - &
significant change in ¢a and Mg ', In further studies on

cats, Fénn (1938) Teported that the losg of K+, and gain of water,

Na* and * C17 were increased if the number of tetani Per second

wWas Increased. Fenn (1938);~who was the first to quantify diffé?ences
in K iogs and La accunuldtion 1o . ‘different muscle fiver

tYpes, noted that the goleus Ralned less La” and lost legs ®*

for a gilven amount of - stimulatiOn. than the gastrocnemius. These
findiﬂgs were confirmed' using the indirectly stimulated in situ rat
hindlimb by Sreter (1963).  sreter algo noted that the changes which
occured in the plantaris were intermediate to those which occurted inl
the white Zastrocnemius ang soleus, consistent with the mixed fiber
type population of the plantaris._ Sreter concluded thar the
ﬁrogressive K+ loss  from Ithe white, but not red, fibers
"progressively alters the nic ) gradients and ultimately limirs the
ability to perform work despite the continued stimulus™.

Sembrowich er al. (1982) observed a loss of x¥ from all
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compar ts exam;ned _(sarcpplasm, mitochondria and sarcoplasmic
reticulum) -in faCigued rat Amuscles. In most compaptments'the K+ “?
loss was at , least partially balanced by a gain in Nat. They
coneluded that these effects may have marked effects on the membrane
potential and on the exci:ability of the sarcolemma Ca was also
elevated in al1 compartments, but most strikingly in the sarcoplasmic
reticulum: the gt coutent of the SR ianastrocnemius muscle
increased"frqm 8 to 135 pmole/g dry wt. Sembrowich et al. (1982)
suggested that the general elevation in [Ca ] was related to the
fatigue state. -They‘ also showed a swelling of the transverse tubule
system.

In view of the effects of extra- and intracellular‘[K+] and
[Na+] on membrane poten:ia@r'deseribed'_ﬁy the Nernst equation
(Hodgkin & Horowicz 1959b), intense exercise 1s associated Qich a
significaat reduction in the magnitude of both the resting potential

and the action potential. This in turn is assoclated with a decrease o

- in muscle tension deveiopmenc. Particularly during exerclise, it 'is

evident that the active Na+—K+ transport must be tightly

Hax#?al. activicy of the Na+—K+-AIPase depends on the
concentration of €ytoplasmic ATP, on the coﬁcentrafions of Na+'énd

K+ on  either side of the sarcolemma, and on the mediators of acute
hormonal control — ingulin, epinephrine and norepieephrine (Clausen
1986).  Hodgkin and Horowicz (1959b), in isolated frog sartorius
showed thatr electrical stimulaCion resulted in a sharp increase in the
rate of 24-Na' efflux from muscle, indicating an acute- activation

of the Na+-K+-ATPase by muscle contraction. This has been



muscle of dogs (Bazeyama & 3parks 1979; Hirche et al. 1980) and humans

(HcKelgie et al. 1986). -
. Pethaps the mogt important observation of the past 40 Years is.
the direct association of extra- and intracellular PH changes with
movements of 16ns across the cell wembrane (Aickin & Thomas 1977;
Galler & Moger 1986). These relationships had not previously been
examined in skeletaf miscle during and following cont:racl:ile activiecy.

A reduction of muscle pH on stimulation has been consiscently
reported in the literature. Heyerhof and Lohman (1926) reported a
change in pH from 7.11 at rest to 6.31 at fatigue in frog muscle
extracts, Furusawa and Kerridge (1927) Teported that exercised cat
muscle had a PH, of 6.11 compared to 6.89 at rest (T = 37 ().
Carlstrom et ai. (1928) showed that the pR of dog muscle extracts was
reduced to 6.57 after exercise from 7.02 at rest (T =20 0).

The pH changes in the early stages of activity were ‘studied in
frog muscle by the CO2 method (Lipmann & Meyerhof 1930, Meyerhof et
al. 1932' HL11 1940). The intercellular (between cells) PH changes of
contracting muscles of  the frog (Dubuissoaq 1939) and of rabbit and
humans (Maison et a3, 1938) ‘were also studied at the onset of
contraction using glass electrodes. Herbst and Piontek (1972) studied
the same events in frog ﬁuscle using pH-sensitive dyeS. All of these
studies showed that there was an Initial alkalosis associated with the
onset of high intensity exercise correlated to the rapid breakdown of
Cp. The acidosis associated with the larer stages of fatigue wag
attributed to the formation of lactic acid in excess of cp breakdown,

éo that the mscle became acid. This was accompanied by significant
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decreases in the external PH of the medium during muscle contraction. '

Dubuisson (1939) summarized the relations between muscle
contractile events apd” intercellular PH changes in a carefully
performed series of experiments on frog skeletal and smooth muscle as‘

follows.' The initial Precontractile phase 1s agsociated with an
alkalosis; at present this is explained by the rapid influx of strong
cations (Na+ and Ca++) into the intraceliular compartment

during depolarizetion of the membrane potential and development of toe
action potential. This ;as followed by the contracwile phase, which
was assoclated with a drop in pH proportfonal to the amount of tension
developed and attributed to ATP hydrolysis. The initiation of
relaxation was accompanied by an alkaline phase presumed to result from

‘¢ hydrolysis and aATp resyathesis. The fourth and final phase of

- contraction was associated with acidification due to lactic acid

formation. This schema of events also appears to be representative of
muscle contraction in humans (Spriet, Soderlund, Bergstrom and Hultman

1986).

1.3.6 Dependence of Metabolism on Strong Ions

The organic and inorganic composition of muscle fibers
determine its phjsico—chemical biochemical and physiological
charateristics. Changes in the concentrations of the constituents of
extra— and intracellular fluids may be expected to alter the
blochemical and physiological functions of muscle. From the pPreceeding
discussion it ig evident that the magnitude of lonic, metabolic and

fluid changes in muscle fibers are related to cthe {ntensity and
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duration of muscular activity. The fluid and ionic disturbances will

ie turn ‘affect protein scfuctufe and-function and, hence, cellular and
organ function. The diontc. couposition of the intracellular fluids
determine the solubili:y of colloids, the viscosity of the ICF, the

1ntegrity of the cellular membranes, and the ratdﬁ of enzyme-catalyzed

-y
wr
-—

regctions.

Changes in the intracellular coﬁcentrations of strong ions may
exert cheir ‘effects on proteins in two ways: (1) by altering the
equilibria between [H I, [ORH ], [A"] and [HA] and thereby
changing the state .of ifonization of active sites on key enzymes, or
their substrates, products and cofactors (Dixon & Webb 1979), and (2)
by a direcc requirement for a specific ion in an enzyme 8 active site
in order for wmaximal catalytic activity to occur (Mildvan 197&). The
former have been extensively studied‘_ig vitro and analjéed and
interpreted in terms of a 'pH effect' on eniyme function (Dixon & Webb
1979); -in these blochemical studies the undérlying cause(s) for the 'pR
effect’ shAuld bé kept in mind.

Stadtman (1970) stated that -"many regulatory enzymes are either
dependent upon or are markedly affected by specific inorganic ions™,
therefore variations in the concentrations of specific ions may have
"tremendous potential importance in the regulation of metabolism™. In
general, the requirements for divalent, cations by many énzymes is
widely recognized and, with a few éxceptionﬁ, will not be discussed
here. Instead, this section will attempt to show that the
concentrations of Kf and Na¥ can contribute to the regulation
of some wmetabolic events 1in skeletal muscle Huring contraction.

Specific attention will be given to regulatory enzymes which are known



coucentrations” (Newsholme & Start 1973).

Potassium has loug been knowm to be important in metabolism.

: Lardy (1951) demonstrated in -experiments using liver particles in

all-Na™ or al1-gt media, that KV was required to obtain

maximum respiracion. Lehninger and Kennedy (19&8) showed that k'
and/or Na' were essential - {Pr facey aéid. oxidation by 1liver
psréicles. Boyer et al. (T;AB) showed, in minced rat muséle, that
k' is required for the incorporation of phosphate into creatine
phosphate; without K pyruvate oxidation continued at & rapid rate

but no phosphate wag fixed- In the presence of glucose, liver (Fenn
1939) and muscle (Kamminga et al. 1950) were shown to absorb -l

from blood (Flock et al. 1938; Fenn 1939) or bathing medium (Kanminga
et al. 1950) and this was correlated to the diappearance of glucose and
Pi from the blood (Fenn 1939; Ramminga et aJ. 1950). Hultman (1967)
showed that the K+ content of glycogen-depleted human muscle in
yivo increased 6-8% {from 400-430 RHEq/g dw to 460 mMEq/g dw) when muscle
glycogen stores were restored tro 200 pg/g  dw, such that ! mmol of
K in cells was assciated .with 2 g of glycogen; it was postulated

‘that kT may be required for glyconeogenesis.

In additfon to its association with glyconeozenes%§, K" was
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. algo shown to - be aséociated with glycolysis. ‘ Dufing muscle’

"contraction, the breakdovn of glycogen and x* release were noted

over 50 years ago (Fenn & Cobb 1936). More recently, Hultman (1967)

Teported an associacion _between glycogen breakdowu and 3 release ; -

- from skeletal muscle and between hepatic glucose output and K

release in man during exercise. The cell'a ability to cdnceﬁtrate

| specific cations (eg. K ) while simuitaﬁeousl& excluding other

cations (eg. Nat ) may be important in the regulation of cellular

<

—
metabolism and in the delay or p;evention of fatigue during muscular

contraction. , ' s

A direct involvement of K+'in miscle glycolysis‘was first

shown by Boyer et al. {1943) with chg enéyme pyTuvate kiﬁQSe (i 1943

temmed pyruvic phosphopherase). - Pyruvgte kinase catalyzes the

re&ction: L |
phosphoenolpyruvate + ADP 7= pyruvate + ATP

Pyruvate kinase had .previously been shown to require Mg++ (Lohman &

Meyerhoff 1934) and Boyer et al. (1943) showed that K" s OT

+

NH& » Wwas required for maximal enzyme activity, and that

ca™t  was strongly inhibitory. Kachmar and Boyer (1953) later

stiowed that k' was not only stimulatory, but essential

(NE&+ or RbT could be substituted for K& but the
required coacentrations. are not physiological) for cthe reaction.

Enzyme activity was found to 1increase with increasing [K+] and

increasing [phosphqenolpyruvate] to a maximum with Q.15 M Kf., They

'also showed that Iithium and ‘Na' counteracted the K activation

presumably by competition with Kf; 25 mM Na® inhibited the

vl activation by 5% at unphysiologically low [K+I (55 M),



K while;.lbo oM Nat ichibited by 202.l Whether this degreée of %6
{inhibition would be physiolgicaly significant at physiolgical k'
and Na concentrations is oot known, and its 1mp1ications in the
~ regulation of glycolysis .remain to be investigated.
During glycolysis, the catalytic conversion of

-

fructode-ﬁ-phosphaté to fructose—l 6-bisphosphate by vertebrate and
mammalian muscle phoaphofructokinase (PFK) was fonnd to require K
_for maximal activity (Paetkau and Lardy 19671\ and to be better
activated by K" than - NHA , Rb -or Pt (Sugdén and _
'Nes_mho;j; 1975). At physiological [K'] (50 and 100 mM) Pi further
attivated Jthe enzyme at non-inhibitor§ concentratiots of ATP and .
NHa+. The role of Pi appears to be that of a stabilizing agent
‘to enzyme confprmation‘ and elevatedA free [Hg++] may also be
stimulatory (Paetkau & Lardi—-1967). Sugden and Newsholme concluded
that elevated {[P1] and [NHA+] could be important in the
regulation of glycolysis under condition; when thé/glycolytic flux is
stimulated (during muscle conttaction) by activatiﬁg or de-inhibiting
PFK. |

Fructote—l,6-bisphosphatase (FgPaae) ié an _enzyme]'closely
assoclated with PFK and in face catalyzes the reverse reaction of that -
catalyted by PFK. It appeart, at first glance, that it {s an enzyme of
gluconeégenesis; Recent evidence indicates that PFK and FBPase are
involved in substrate cycling of fru;tose«l,6—bisphosphate_ and
fructose-6—phosphate (Newsholme 1978}, and this cycling may be.
important. in increasing the sensitivity of the forward glycoiytic flux
to meet sudden increases in energy demand. FBPase from a variety of

vertebrate tissues, including rabbit skeletal muscle, has‘been shown to
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be activat - monovalent cations and especially physiologic

concentrations sf" (150 aM), and inhibited by AMP (Huberl: et al.

1970).

Myokinase, which reversibly phosphorylates .a.denylic‘: acid in
.vertebrate msele:
2 ADPT==>ATP + AMP

is. p&\r:tially activated by Hg'H' (Kslcllca'r 1943). This enzyme is

'in:portant in fatigue ' states )where intracellular ATP production is .low

and' ADP high, allowing -for the synthesis - of ATP. from ADP. The

. resultant AMP is prevented from accumlating to excessive levels by the

enzyme AMP deaminaSe. .

-

:  AMP deaminase is more abundant in skeletal wmuscle than in any
other tissue i_n‘ which 1;: has been found (Smile.y & Suel_ter 1967). The
enzyme catalyzes the»reaccion: | /

7 AMP Lnosinemonophosphal:e + NH3 = .

and 1is strongly activated by, but does not appear to require, K+
and Na+, and elevated PLi 4is a 'poor inhibitor of. the.
K+—actj:vated enzyme (Smiley & . Suelter 1967). These’t'indins‘:s are

important upon consideration of t:he role of the‘ enzyme in muscle
- V.

.function during exercise. Thus, in contracting- muscle when 'l

"falls andq'Na+ "and Pi increase, Na' can replace X with
» -

N

_equa! efficiency witchout inhibition by _Pi. ‘:I'he enzyme-.i‘s allostefie
-'l:oéard‘ Ats, substraca ame such that in the. presence of opt-imal [K 1

: &
(100 aM) IT5 Rm (0.4 mM) is less than%affftlfat withOut .

M

The mode of action of/monovalent cations on enzyme accivicv has* .

not  been' r@ronsly studied an‘d is open to speculation- Honovalent
/"\ —

- cations m.ay be ° i.mportanr. for the maintenahce of an. enzyme conformation

e

)
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. b
necessary for optimun catalytic efficiency; the anionic field strength

and nonhydraced size of the monovalent cation may he 1mporcant factors
1n activation of the -enzymes' active site; and ;he monovalent cation

may act as a bridge between_ the enzyme and substrate (Nakashim{ & Tuboi

-\ | . -

\\‘\;‘

Y
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2 METHODS

2.1 Introduction . . . B

N ‘ ‘ .

. The purpose of these studies was o -examine the
physico-chemf{cal properties of skeletal muscle at rest and at the end

of intense exercise. The relationships between glycolysis and lactate

- production. on inerCellular‘ ISJD} were examined, and the effécts of

changes in intracellular ion status on the regulation of metabolism
during exercise were evaluated. Before the experiments designed: to

study these /;elationships could be conducted and evaluatgd it was

first’ necessary to modify existing, or develop new, methods to measure

the parameters of interest.

2.2 Animals (

l All expérigents described in the present thesis utilized adul;
male Sprague-nawley, rats ©  (250-550 2 body mass). ~Animals were
maintained in healthy condition in a'humidity— and light-controlled
environment (12 b lighe, 12 4 dark) and had free access to food and
water. All animal handling and- experimentation conformed to Uﬁiversity

guldelines for animal care; sacrificing of the animals was done ag

L]
¥

humanelzr[as possible within experimental design. All experiments were
d

con&uttl under approval of the University's Bthies Cépmittee.
v,
1 . .

2.3 New Techniques

»

One of the Purpose of these studies .was to develop & working
59 .
{ ;
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model of trans-sarcolemmal 4on .movément3~ between extra- and
intracellular fluids. Por these studies the isolated perfused rat
hindlfhb_'prepar;tioq was useé//gi;hﬁt exclusively, To be satisfied
that the obgerved -lon fluxesu were repreéentative of a healthy and
viable muscle mss,-'ue had to ensure that the artificial, single~pass,
Perfusion wmedium behaved bhysiologic;ily. The suvitability of the
bovine erythrocyte.peffusion nedium for sugtained muscle viability was
1niti§lly demonstfated by Spriet et al. (1985a) during 30 min rese
perfusiong followed by 20 of perfusion during'electrical stimulation,

thé respiratory apd physico-chemical préperties of the perfusion
lmedi 5 wére subsequen:{y showm to clésely resemble those of rat blood
ke

P

pdii A; Lindinger eg ala 1986).

Quantification of the intracellular concentrations of strong
ions reqqired thatb the  ECFv, ext;acellular (plasma) ion
Concentrations, and total ion content bhe reasured for each musele
sample. This led to the use of radib—labelled mannitol for measuring
ECFv, and ofr inscrugental ne;gron- activarion analysis for
simultaneously measuring the "contents of the major strong ions in
muscle Samples. IThese two techniques are fully dnigribed and
discussed in Appendix B. B _

The third methodology developed is Ehe use of homogenates of
free;é;dried muscle to measure muscle pj ;nd to detemine E:f'
physico—chemicai properties of skeletal_.mus;le. These methods are
described in detail ig Chapter 3, and they form the foundation for

~
which the interpretation of the results in the proceeding chaprers is

based.
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2.4 Experimental Design

Two experimental’ designs were employed, the isolared perfused
stimulated rat bindlimb, and ‘exhaustive swimning exercisge. Comparison
of 'muscle, metabolism snd 1ntracellular ion concentrations between
chese two exercise protocols ‘forms the basig of . Appendix C. We

concluded cthat cthe metabolic changes in the stimulated perfused rat

hindlimb were representative ofintense exercise‘ig vivoz and that the

one pass perfusion system of the isolated hindlimdb model permitted
quantification of gas, ion and metabolite fluxes at constant arterial

composition.

2401 The Isolated Rat Hindlimb

. The . isolaCed . perfused and electrically stimula:ed rat
hindlimb- Preparation 3§ed in the present scudies was developed in this
laboratory (Spriet et a3, 19853). Prior to surgery the animals were
anaesthetized with sodfum ﬁentobarbical (60 mg/kgfbodv mass):; deep
anaesthesia reqeired aﬁwait of 10~20 min before surgery could begin,
Animals were - sacrificed by a single inCra-cardiac injection of sodfum

pentobarbital (40 ng/kg  body mass) ipmediately prior to artificial

perfusion and electrical stimulation of the hindlimb,

The dinitial hindlimb ‘preparatiEn' (Spriet et al. 1985a) was
modifiee to mage it more suitable for quantifyving the flexes'of
respirarory gases, ions and metabolites retweeq auscle and blood
(Spriet, Lindinger et al. 1986).  Initially the lef: hindlimb was

perfused via the abdominal aorta and flow was restricted to the

hindl;mb, as wmuch as was possible, by_ligating several 'extraneous'
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blood vesgsels. Fpllowing this procedure ouly séz of the total
perfused ruscle *;;ss was scimdlated to contract via elect;ical
stimulation of the sclatic nerve (Spriet et al. 1985a). This
proportion of non-working to working muscle would have made the
quantitative coantribution of working jmuscles to arterial-to=-venous
concentratiou changes very difficelt to assess._ Subsequently,_the
catheters vere insepced directly into rthe femoral artery ané véin

Jjust above the kuee (Fig. 2). This preparation was nearly id#hl for
studiés of wmuscle ion fluxes because the working muscle now’

represented 82X of the total verfused muscle mass (Sprie:,_Lind;nger

et al. 1986){ s of this preparation ére also given in Appendix

3
c-

2442 Intense Swimming Exercige

" The second design used iive rats which were injected via a
tail vein with 3H—mgnnitol and 1"“C--‘DMO (to measure ECFV and
pHi) three hours before the aninals were sacrificed. These
animals were divided into .a coﬁtrol resting group And an e#ercise
group. ‘ Initially, a separate group of rats were fitted with various
masses of tail ﬁéights in order to cause exhaustion of the rat In
about 5 min. In, the Exercise Rroup, swimming was performed to.
exhaustion (animal unable to surface for 15 s) with a tail weig?t
corresponding to ’about 5 body mass of the rat. This pemitted a
direct comparison between the intense swimming and the electrical
stimulation models. Since Slood and muscle samples had to be obtained

’ L

48 soon  as possible ro ;hg end of exeréisc, icvw?s decided that these

* animals would be sacrificed by cervical dislocation. This procedure



Fig. 2. “Schematic representation of the perfused stimulated rat
hindlimb preparation as used in the present studies. GPS =
gastrocoemius-plantaris—-soleus muscle grOup;'Pa = arterial

Pressure transducer.
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wasg very rapid and ¢ffective, permitting blood sampling within 30 s of

~

Picking up the animaj.
" The intense swimming ‘exercise protocol was developed for rwo

major " purposes. The firgt wag Lo - compare rthe intense tetanie

-

electricai stimulation model with iucenge exercise in vivo to

hindlimb ag 4 physiologically representative model of-high intensity
eéxercise (Appendix ). Iﬁ:ense swimming was chogen because it wag
éimple €o perform and very effective; trials indicated that the use of
high-speed treadmill fpnning would have ﬁeceésitgtg& training the
aﬁimals, an  effect which would have confounded intérprgtation of the
results, The second reason was Lo assess Ehe suitability of using NMo
to measure rapid :ransien;s in 'ﬁﬁscle pﬂi dﬁring exercise by

com%aring ic wiQh other techniques. Thé swimming protocol permitted
both hindlimbs to be simultaneously sampled frog resting and fatigued

animals, thusg yielding sufficient tissue to perform the several

analyses required.

2-5 Statistics
Results are expressed ag mean + standard error (SE). Ion
concentrations are expreésed in milli-equivalents Sér licer (mEq/1), a
form which takes the ionic valency into consideration, Therefore, for
monovalent ions | mmol = | mEq, and for divalent ions } mmol = 2 mEq.
Differences between muscles and treatments Vere compared wusing
analysis of variance. The Student's ¢ regt was used to compare means
when a significant ¥ ratio was obtained. Statiscical significance wag

accepted ar p.ﬂ 0.0n5. o



AND FOLLOWING-INTENSE EXERCISE

3.1 INTRODUCTION

variables. This chapter deals with the intracellular flutld
Compartment gg such a system, Within any Such system pwo fundamental
laws of physical chemistry TuSt be followed: the maintenance of
electrical Reutrality within the solution, ang the conservation of
nass for any given subscance.

The physico—chemical variab{es which we can measure are
categorized inte dependent ang 1ndependent variablec. The indepeadent
‘variables are those which can only be changed Sy Influences external .

~to the systenm. The effect: of changes in any other variable in the
8ystem, by definicion, has no effect én an independent variable. as
defined . by the physico—chemccal Drinciples {see Section 1.2.2)

outlined by Steware (1978' 1981; 1983) :he_ independent

-

physico—chemical variables in ionie solucions are the PCO2 the
total . eﬁfeccive concentracion of weak acids and bagag ([Ard?]),
and the strong ion difference ([SID]). The PCOz'can be easily
Zeasured using electrodes and  [SID] ean be calculated :from the
measurements of the concentrations of Strong ions in solution. 1n
contrast, the variahple [ATOT] cannot bhe directly, nor easily,

67
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relationships governing the: equilibria between the independenc and
dependen: variables [AToé}v’Ein be indirectly determiued from
simultaneous measurements of pH, PCO and [SID]. This approach was
developed using ‘homogenates of freeze—dried muscles (of which the [SID]
was known) equilibrated to known coucentrations of an and strong
ions and 1is described in the present chhpte;. These measurements also
permit:ed an evaluation of the dissociation constant for [ATOT to
be ade and an appropriate value for mammalian skeletal deternined.
These physically effective values for [ATOT] and K permit the
functional behaviour of skeletal muscle to be described in relatioe to
its ionic status.

| Punctional dJdifferences (physiological and biochemi;al) between
fibe¥ types EoA a large extent reflect, and partly depend upon, the
physico-chemical composition of the intfacellular Eomparcment. For
éxample, slow ctwitch oxidative wmuscle fibers differ in their {onic
composition from, and have a lower resting membrane potential than,
fast twitch glycolytic -muscle fibers -(Sreter\5963; Yonemura 1967).

Ny _ _
They also have lower fatiguability assoclated with low myosin ATPase

activity (Barany 1967; Brooke and Kaiser 1970), high oxidative capacity

and low glycolyt;g pocential (Saltin and Gollnick 1983;. Spriet et al.
1985a) Uhe£eas the fast twitch fibers are highly fgtiguable, have high
myosin ATPase activity, low oxidative capacity and a relativély higher
glycolytic po:en:ial.  ) These diffgrénces. in~ 'physiological and
biochemical characteristids may alsc be associated with differences in
;he physico-chemical proPe;ties of these muscle £ fs.

During intense exercise, the increased rate of glycolysis

. 66
uneasured. Instead, with an understanding of the physico—chemical
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Tegults ia elevated rates of production of hexose-phoaphates, pyruvate

and lactate (Fig 1). Miscles uith a high proportion of fast twitch
- high glycolytic fibers sghow large changes in extra~ and intracellular
ionic camposicion (Sreter 1963; Sembrowich et al. 1982;"Sjogaard et al.
1985) 1including iacreased [H'] and large accumulations of La~
(Sahlin et al. 1981; Spriet et al. 1985a). In conﬁrast, Quscles
composed predominantly of slow twitch high oxidative fibers show
significantly smaller changes 1in these variables. High intracellular
[H ] during heavy exercise has often been implicated as a cause of
muscle fatigue (Sahlin 1978; Hultman and Sahlin 1980). The loei for
fatiéue .have 'been suggested to residé in excitation~contraction
coupling (Fablato and Fabiato 1978; Hultman and Sjoholm 1986), control
of glycolytic flux at the levsl of phosphorylase (Chasiotis et al.
1983) and phosphofructokinase (Sahlim et al. 1981; Bultman and Sjoholm
1986), and impairment of ionic pumps and exchangers on the sarcoplasmic
Tetlculum and sarcolemma (Nakamura and Schwartz 1972; Gunderson et al.
1983). The regulation'_of intracellular homeostasis during exercise
necess{tates the minimization, and ﬁltimate correction of, associated

large changes in intracellular ionic composition, such as increased
[La”] and strong ion}hhifcs. ¢

The primary purpose of this SCudy‘.was to examine the
physico-chemical composition of skeletal muscles taken from resting and
exhaustively exerciged animals. Thé present study also compares three
methods for measuring 1ntra§uscular PH in resting and fatigued muscie:'
(n the distribution of the ' weak acid
5,S—dimethyl—z,&-oxazolidine-dione—z-14C (pR-DMO) ; (é) measurement

of pH on homogenates of freeze-dried musg}e'{pﬂ-homog;?\ird (3) and
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calculation from measured independent physico-chemical variables

(pH-SID), The effects of. changes in the independent physico—chemical

varizbles on the dependent variables are described. This chapter also

- discusses the implications of the differeaces in ifonic composition for

the mtef-relatiouships between muscle fiber type, muscle metabolism,

intracellular {onic and fluid contents and membrane potential.

3.2 METHODS
3.2.1  Animalg - -

Male . Sprague-Dawley rats (o = 21) weighing 430~530 g (478 + 11

g, mean +- SEH) were used for the study. The amimals were houged in.a

humidicy and light-controlled (12 h on,

-

12 h off) environment. Food,

~ and uater' were available ad 1libitum. The animals were randomly

"~ assigned to two groups: .resting non-exercised control rats (n = 13),

and rats exercised to eﬁhaué%ion by swimming with tail weights (n = 8).
3;2-2 Protocol |

The pHi of diaphragm and hindlimb muscles was measured
using the distribution of '“c-DMO (Malam ec al. 1976; illigan and
Wood 1985) im conjunction with 3H—mannitol as an ECFV marker (Page
1962; Appendix B). Animals were Injected with 0,50 ml of a 0.9% saline
solution cohcaining 5.7 pel. of  %copMo  and 20.0 +pCL of

H-nannitol (New Eagland Niclear) via a tail vein 2+5=3.5 h before -

blood and muscle samples were obcained. Handling stress was minimized

-
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by allo-ing the racs to enter a smal} restraining chamber from which

the tail could be vasodilated vith varm water (50°C) to ellow easy
injeccion of :he tracer solution.

Resting .controls (n = 13) were quickly sectificed by cervical
dislocation. Both hindlimbs were skinned and Prepared for muscle °
aaopling.‘ The abdomen was opened and a 2-3 nl bdlood sample obtained

in a heparinized syringe from the abdominal aorta. The entire soleus

" (SL) and plantaris (pL) _msc"les, t‘ne medial (red) gastrocnemius . (RG),

and a large portion (0-3—0-5 § wet wt) of the superficial (white)
gastrocnemius (WG) were removed from both legs, The diaphragm was
exposed, diosected free of the thorax; "and entirely removed. The
muscle sgample oas immediately freeze~clamped with aluminum tong\'
cooled in liquid aitrogen. The muscle was wrapped in aluminum foil
and stored {n liquid aitrogen until analyzed. The total time for
sacrifice, blood and tissue sampling was_less than S min. The blood
sample  was immediately analyzed for pH, blood gases, ions and
metabolites as described in Appendix Q. L . -

The exercise group rats ( ﬁ = 8) were fitted with tail weights
(amounting to 52 of body mass) and 1ndividually swum to exhaustion in
a 35° C water bath., The bith wag vigoroualy buboled with afr ro
prevent the animels from ¢linging to the sides of the bath and to
eosure contimucus exercise. The - end - point uao “determined oy the
eniool's inabilicy ¢to 'remain at the surface of. the bath for a 15 g
pegiod. The exhausted animal was removed from‘ the waler and
immediately sacrificed by cErvical dislocation. Blood and;muscles

were immediately sampled as described above.
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3-2-3 M!!es

Each !iggggr zuscle sample was pulverized in a s:ainléss steel
mortar under Q&quid nitrogen using a cooled stainless steel pestel.
The muscle fibers were reduced to a powder_whilé the connective tissue
remained in strands. The connective tissue was dissected from the

frozen powder and the sample divided iato two parts. One part was

L
-

veighed (Cohn roller balance) to determine tissue wet weight, and
transferred o cooled polyethylene crubes for freeze-drying and

determination of tissue dry weight. The remaining part was further

divided for wmeasurement of !

&C and 3H :adioactivic§ and for

measurement of total ctissue ion contenc. Since paired muscle samples
were obc;ineq from both hindlimbs from each rat, the muscle from one
leg was used for one procedure while the sample from the other leg wms

used for the other procedures.

DMD-pHL and ECFV. The frozen muscle for measurement of

L4

qu and 33 radioact{yi:y weighed from 100-200 ng wet wt.
Inmediately following measurement of the frozen tissue wet weight, the
sample was placed into glass liquid scincillatiﬁn vials containing 2.0
ml of ctissue solubili#er (NCS, Amersham). When a clear solution was
obtained (7-10 days) the solution was neutralized with 60 pl glacial
acetic acid and .13 ml of scintillation fluor (0CS, Amersham) added.
The samples were mixed, stored in a cold dark room for two davs ro
reduce chemiluminescence, and counted for 1"‘C and 3H in an LKB

1211 Rackbeta  Scintillation Couater (Beckman) preprogrammed for

standardiration and quench correction. Plasma radioactivity was

deternined on 100 ul sanples similarly prepared as the corresponding
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muscle samples. _Muscle ECFV, ICFV and pHi were calculated using
standard equations (Malan et al. 1976).

Tissue ion content. The dinorganic ion (Na+, K+,

M7, ™ ad A7) contenc (uEq/g dry wt.) of

freeze—dried nmuscle wag determined using instrumental aneutron
ac:igaCIsgﬂ-‘;halysis, and the & intracellular ion concentrations
calculated as described iL Appendix B. This procedure does not alter
the compositipn of the tissue and the sample can subsequently be used
for further analyses. Muscle lactate (La”) was measured on
extracts from these freeze~dried samples using enzymatic fluorometric
techniques (Bergmeyer 1965).

3.2.4 .Muscle homogenate titrations

The freeze-dried muscle isamples Temaining f;om ion analysis
and from dry weight measuremencg were pooled for each muscle. This
sample was divided 1into two  30-40 mg drvy weight samples, where
rossible, for measurement of muscle homogenate pH during €0, and
strong ion titrations of the solution. The nuscle was welghed, added
to 1.00 ml of the homogenizing solution (see nexr paragraph) within a
10 wm x 75 mm polyethylene test tube and dispersed using a glass rod.
The tube was placed in a 37 °C water bath for equilibracion to
temperature and 10 ul of 2-octanol (an antifoam agent) and 10 Bl of a
Tabbit muscle carboni; anhydrase (Signma Chemical) solution (100,000
Units/1.0 ml homogenizing solution) were added. ‘The carbonic
anhydrase increased the rate of equilibration from 15-20 min to about
5 min during coz titracions. The addition of 2-ocranol and

carbonic anhydrase had negligible effect on rhe physical parameters of

Q@
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the homogenizing solution during strong fon titrations when compared

to ctitration of the solution without 2-octanol and .carbonic anhydrase.
Equilibratien of the homogenate to the gas nixtures was performed by
passing a fine stream of bubbles from pr-50 tubiﬁg through the
%omogenace; the 2-octancl prevented foaiing caused by the presence of
zuscle proteins.

The honogenizing solution consisted of 145 mM KC1, 10 mM NaCl
and 5 mM sodium iodoacetate (Spriet, Soderlund et al. 1986). Since
ail of these compounds are strong ion pairs, the [SID] of this
solution was zero, so that it did zor interfere with Ehe messurement
of wmuscle pH. The iodoacetate blocks glycolysis st the
phosphoglyceraldehyde dehydrogenase step (Carlson and Siger, 1960),
and reduces the progressive acidification of the homogenate (Spriet,
Soderlund ec.al. 1986). The PR of the solution was adjusted to near 7
(6.95-7.05) at 37°C by adding small smounts of dilute (0.02 N) NaoOH.
The solution may be stored for up to 2 months at 4 °C.

Homogenate PH was monitored with a PR electrode (Radiometer
@odel GK2421C, for wicro-samples) connected to a Radiometer PHM 72
Mark 2 digital acid-base analyzer. The pH meter was calibrated with
PH  electrode calibration solutions warmed to 37 °C before each
titration. Folloging temperature equilibration (about 5 min) the
initial pH of the homogenate was recorded. In some trial experimentcs
the homogenate was equilibrated for a further 5 ain and the pH was
found to decrease by less than 0.04 units, therefore 5 min was deemed
éufficient time for equilibration. The homogenate wag equilibrared to

0.032 CO2 by bubbling with air for 5 min and the pH recorded when
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.2 stable ‘readinq was obtained, The homogenate wag titfated with
increasing C!)z by equilibration to 5%, 10X and 15% (:02 in
nitrogen. The ambient barometric pressure (Pb, it mmAg) was

recorded and the P(:O2 (=mAg) calculated using the equation:

(21) @2 - ((Pb - 47) / 100) % zcoz

where 47 mEg is the value assigned to the partial pressure of water
vapour at 37°.

Immediately upon completion of the 002 titration the
homogenate was Te-equilibrated to air and titrated with strong ion
(0.2 N NagK) dispensed from a Gilson maicroburette in 5-29 rl aliquots.
The homogenate pR was recorded following equllibration (about 5 ain)
to each addition. If the QR of the homogenate was above 6.5 prior to
titration with Na+, the pH was firse reduced by the éddition of
5=20 pl 0.2 N HCl, the pH recorded and then N3+ titration begun.,

All muscle samples were treated in the preceeding fashion., If
there was insufficient musecle sazaple (i.e. only 20-40 mg dry weighe)
for two series of :itrgtions, this first procedure was the onlv one
used. When there was sufficient sample, the second muscle sample was
titrated with lncreasing CO2 (as before) and then equilibrated
with 5% CO2 (resting sampgz;jzor 15% COZ_(exercised samples)

for titration with strong ion (0.2 N NaOH)..

3.2.5 Calculations from homogenate titrations

The physico-chemical relations describing the equilibrium for

the ionic equivalency of weak acids, [ATOT}' are given by the

S



following equations from Section 1;2‘.2 (Stewart 1981; 1983).

Weak acid dissociation equilibrium:

v

@ A" x (A7) - x, x [aa)

where KA is the weak acid dissociakion constant.

Conservation of mass for 'A':

(s (HAD + [A7] = [A,]

Ele.ctrical neutrality:
(13) [si0] + [W') - [Hcos'] - [AT] - [cos'] - [0H] =0

The conceatrations .of H+ and OH are very small and are
ommitted from equation (13) for  calculation purposes.
concentration of bicarbonate {on ([HCO, 1) 4s in turn

3
described by the following equilibria-

Bicarbonate ion formation:

+ - e
(11) (8] x [HCO3 ] = Kc X 'f?CO2

and carbonate ion (003-) formation:

(12) '] x [COB-] = Ky X [RCO,”]

74

The



“124) SID = Na* + g* + Mg /2 - 01T -

75
where K is the apparent dissociation constant of bicarbona:e |
formation and K3 is the dissociation constant for carbonate
formation, The valun of K i3 thus the product of the apparent
dissociation constant for CO2 (X') and _the C02 sqlubility
coefficient, o

The values for these c&hstancs are giveg in Table 7.

g

To calculate homogenate [ATOT] equations (4,.5 & 13) are

combined and rearranged to give:
™~

@) IArgrl = ((IS10] - [HCO 1) x (ky + [4'])) / Ky

wheras the homogenate [HCO3—];is calculated ffLm equation (11).

The value for homogenate [SID] is calculated from the whole
mus&le. not 1ntracellular, strong {on content (REqQ/g drv weight). The
SID content {g calculated from the contents of the sStrong lons using-

the equation: T

The Mg++ content i{s  halved because about SOz of total
intracellular Mg++ 1s non—diffugible (Maughaa and Recchia 1985).
The homogenate (SID] (mEq/1 = REq/ml) 1s calculated as che product of

Ehe 'SID content (equation 24) and the muscle sample dry weight divided

by the volume of the homogenate solution:
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(25) (SID)yomog = SID (pEq/g dry weight) X dry veight (g) /1.02 ml

A co:;parison of [AmT] values calculated, using equation
(7), from COZ and strong 1o§,titrations for a given muscle sample
show consistent diffefeuces, indicating the ‘presence of unmeasured
(and unaccounted for) ioms. - A correction factor was required ro
account for any unmeasured ions (OMI) and to vield consistent values

for [ATOT] between titration methods. Equation (23) thus becomes:
26)  [Agge-= (([SI0] - [KCO ] - [UMI]) x (Ky + (K1) 7 K,

where [UMI] 1is the c;ncencra:ion of unmeasured ilons in the homogenate
and 1is calculated from a muscle UMI content of 70 BEQ/g dry weighe:
the calculation of homogenate [UMI] 4is the same as for homogenate
[sID] (equation 25). . This procedure yield; nearly identical
[ATOIE\ Galues. when [ATOT] was calculated from the rtwo
titration methods.

Titration with 0.2 N NaOH alcered both the homogenate volume
and bomogenate [s1D], vecessitating che re-calculacion of homogenate
[SID] at each new equilibrium. The ney homogenate [SID] ([SID]n)
is  equal to the product  of the previous homogenate [SID]
([SID]n—l' qu/ml)l'and the previous homogenate volume (Vn;I,‘
ml) plus the qQuantity of Na® (uEq) added, all divided by the new

homogenate volume (vn) :

(27) [SIDI; = CfsIDl,_, xv_ +wa® . )/ ¥
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solution (eg. 0.2 Eq/1 = 200 PEq/ml) and the volume (eg. 0.10 ml)
added :

. . -
(28) Na ' dded ™ 200 pEQ/ml'X 0.010 ml = 2 pEq.

Calculation of ‘muscle intracellular [ATOT] requires

coaversion of homogenate [ATOT]' back to the tissue value and

cooversion to intraceliplar fluid;

Coaversion of homogenate [ ] to tissue content;
Aot |

(29) Apgr (BEa/g dry we) ,- N
‘ b
= lApop] (uEa/al) X homog. vol (ml) / sample dry we(g)

Coaversion to intracellular concentration [ATOT]i:

(30) [A’ror]i = Apgr (uEq/g dry wr) / rcFV {(nl/g dry weight)

No correction isg made for the contribution of the EC?V to the ATnT
value because [ATOT] in plasma is only 17 mEq/1l (van Slvke et al.
1928) and trapped Plasma within the muscle sample cozposes only [0-20%

of the nuscle ECFV, i.e. 1-2% of ouscle tortal sigsue water (Manerv

i954).

g ot = ———
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Cnlculscion of pHi from [SID]). The intracellular {SID] for

each wmuscle was calcula:ed from the intracellular concentrations of

strong ions using the equation:

(31) (SID] = [Na*] + K]+ ™32~ -e1] - [La’)
ThisigﬁIqulation assunrs-:ﬁat free intracellular [Ca++] is very low-
and 'siuilar to free 1nig{ce11ular [H+], and that about 507 of total
intracellular [Hé++] is boﬁnd (Maughan and Recchiz 1985). Lac:aCe.
is considered /:;b be a strong ion because with a pK of about 3.8 Ao is
about 99% dissociated under phvsiological condi:ions.

A pHi w3s calculated for each zascle samplg using (a) the
intracellular [SID] (equation 3i). (d) an intramuscular PCO2 of Sd
mRHE 3t rest, and the nedsured plasma PCO2 in exercised Tats, and-
(e) the calculated [ATOT] (equation 30). vValues for the chemic;}ﬁ
constants used for muscle intracellular £luid are listed in Table 7.

*SID was calculated using equation 4.

3.3 RESULTS
3.3.1 Performance
—=i.ofmance

The nmean ;:ime to facig;e of swimming rats was 4. «4 + 0.5 min.
The compostion of arterial blood in resting and fa:igued rats {s showm
in Table 8. The significant increases- in plasma PCOz, protein
(weak acidj concentration, and [La-} (therefore reduced plasma

[SID]) =resulted in g significant acidification of the extracellular

fluids.
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Physico-chemical coéxstants used in the calculation of muscle

ionic compositionm.

value reference
i "1& 2
S 4.4 x 10 (Eq/l) Harned & Owen 1958
- "

Ke 2.34 x 10”11 (Eq/l)z‘/mﬂg Siesjo and Thews 1962
K, 6.0x 107 gg/1 = Edsall & Wyman 195
I(A (rest) 5.5 % 10_7 Eq/1 this study

(exercise) 4.0 x 1’0-7 Eq/1l this study
*

calculated frowxc = KX S; where K, the apparent

dissociation constant for Co, = 7.541 x 10*7 Eq/1;

and S5, the coz solubility coefficient = 0.0351 z:-.Eq/l.rtxn:I-Ig—1

at 37 C and intracellular ionic strength (Siesjo and Thews 1962).
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Coapostion of the arterisl blood of rats at rest and at the end

of inteuse swimming exercise. All animals sacrificed by cervical

dislocation.
variable unics ™ean + se or (range)
Rest (o = 13) Exercise (n = §)
. . *
PH - 7.413 6.588
(7.401-7.426) (6.863-6.914)
*
BCO, wmRg 40 + 2 §2 + 12
- *
(8C0;7] mEq/1 25 + 1 15 # 2
*
PO, maAg 81 + 3 48 + 12
*
[Bb] g/1 142 + 2 154 + 6
- *
(La ] aEg/1 1.5 + 0.4 20 +1
+ ®
{Na'] REQ/1 139 + 0.3 154 + 2
("] mEQ/1 4.4 + 0.3 8.9 + 0.7"
™) ‘ =Eq/1 9% + 1 95 + 1

Hb = hemoglobin; La~ = lacrate

*
indicates values significantly different (p < 0.085)

from resc. \

TN

-
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In resting muscle, the Telationships between muscle fiber types

and  fluid angd lon contents are described and discussed in Section 1.3.)
w

and in Appendix B. The major differanceq are that [K+]i is
significantly, lower in SL than in WG, and [Na"']i and [C1l7] tend

. ~ 4
to be higher in SL than in W5, The concentrations of these lons

t

determines the.[SID]i of rescing muscle.

;he changes from gresi cb fatigue in intracellylar strong ion
concentrations and {n Duscle fluid volumes in rat . hindlimb miscles are
shown in Table 9. The quantitatively important changes in a1} muscles

vere the increases in {La”]4, [Na+]i, [C17]1 and muscle

fluid vol;mes, and  the reductions in [R+]i snd CP content. The
.increase in {Lajji was responsible for 502, 54%, 60T and 673 of the
reduction in [éID]i in the SL, RG, PL and W Tespectively; the balance
of the fall in [SID]L wss nearly all due to the loss of intracellular
K (Table 9)-‘£}he increases in TTW and ICFV with exercise were aot
significant, however ECFV increased by 9%, 28% and 128 {n RG, PL and w6
Tespectively. CP coatents were significantly reduced with exercise in
all muscles: 37, 58z, 67%, and 75% in SL, RG, PL and WG respectivelyr
(Table 9).

.

3.3.3 Effect of
-_“—-——.

)
The value of KA used in the equations has a marked effect

A

on the calchlatién of [ATOT] (equarion 26) and the intracellular
dependent variables (equation 14). For example, when the KA for
the histidine groups of intracellular protefns of 1.5 x 107" E¢/1
was used (Stewars ‘1981), there was ga large difference in the zweo
Separately determined (br PCO, and trong ion titrations)

-

IA”OT] values, and thig calculated [ATO,] was about 307 greater
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than  the approximately 200 mEq/1 predicted (Stewart 1981)- Also. wich

NaOH titrations, the homogecate [Lm.r]_ should decrease as the
—felution is citrated, as a direct result of ‘dilucion. Wieh K, =
1.5 x 107 EQ/I (pK' = 6.82), the bomogenate [Ay.] for any
given laaplé decreased to a greatet extent than predicted and chus
Yielded erroneous values of [ATOT]. In resting wuscle, a K
5.5 x 1077 EQ/1 (pR' = 6.26) gave the best consis:cn: agreement
betwaen [&m.r] values separately determined by m and strong
lon titrations, and yielded homogenate [ATOT} values consistent

with the progressive dilution of the homogenate.

™ In resting and eie:cised muscle; the KA values of 5.5 x
~ :
I and 40 x 107 B4/l (PK' = 6.40) (Table 7Y weme
\\-' .

datermined by— icarstivel; chang ng the KA to derive coﬁsis:ently
similar values for muscle [kro,r] from rcoz and NaOH titrations

of the different muscles. As noted in the Methods, a [UMI] equal ¢o 13
mEQ/1 ICF also had to be used to obtaim consistent values of [ATOT]

{or 4 given KA in both resciné and exercised ouscles. The
aecessity of using this (MI] temm indicated that cﬂére were anion
equivalents contributing to the [SID] which were not measured. The
KA's are average values ( + 0.2 x 10-7 and + 0.4 x 10-7

Eq/l at rest and exercise, respectively) vhich best represent
[ATOT] from all of the titrations of resting and exercised muscles:

only these average values (Table 7) were used in the calculations.’

~_3:3-4  Muscle o \ | -

L r—

Intracellular pE-SID of WG  at rest, calculated (equation 14)
from the three independent variables PCOZ’ muscle IA_OT] and

intracellular [SID], are compared to muscle pR-homog ﬁH-DEO in Table
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TABLE 10

CO-p-rhon of white Zastrocoeaius pH values derived by l:he

DHO (Pﬁ-Dm)‘ and howmogenate (pH-homog) methoda.

SID (ph-5ID),
The individual arl:ernl

Pooz. lutclc I&m,r] and mcraullulnt (SID] values used in the

caleulation of pH-SID nrc also shown (n = 17).

7

Sample - l’t:‘o2 [Lm,r] [SID] pE-SID PH=-DMOD PR-hoaog
(amg)  (aEq/1)  (aEq/1)

59 48.6 208 174.8 6-863 7.002 6.770
70 41.2 186 159.4 6.905 £.989 6.780
218 46.8 175 154.8 6.824 6.999 6694
237 69.1 188 156.8 6.870 6.990 6.721
247 31.9 203 169.4 6.880 7.058 6.755
247 A 31.9 189 169.4 7.027 7.058 6.945
263 44.3 158 145.5 7.020 6-990 6.932
304 56.2 163 157.6 7.082 6-864 6.920
319 65.7 194 163.0 6.827 6.795 6.887
319 A 65.7 180 163.0 6.948 6.795 6.871
328 39.1 178 160.2 6.985  7.014  g.q25
328 A 39.1 183 160.2 6.951 7.014 6.878
337 38.9 201 168.1 6869 7.084 6.750
337 A © 33.9 188 168.1 6.999 " 7.084 6-859
350 - 3700 181 157.0 6.936 7.099 6940
350 A 37.0 167 157.0 7.102 7.099 6.960
362 41.7 181 163.0 7-001 7.049 6-815
mean 45.5 184 161.0 6.946 6.998 6.847
sd 11.8 14 8.0 0.085 0.097 0.087
sem 2.9 3 2.0 0.021 0.024 0.022

sd = scandard deviarion, and sem = standard etrror of the nean.
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Table 11

85

Iotrasuscular pH measured by DMO, SID and homogenate uethods in rat hindlimb

*
indicates values significantly different from the other two methods.

(rest, n = 10; exercise, o = g),

auscles.
Muscle Condition pH-NMD ) pH-SID pH-homog.
Soleus Rest 7.03 + .03 6.72 '+ .09 6-43 + .04
Exercise 666 + .06 - 6.44 + .09 6-25 + .09
Red gastroc.  Rest  6.98 + .02 6.89 + .04 6.68 + .03
Exercige 6.62 + .05 6.47 + .05 6.41 + .03
Plantaris Rest 6.99 + .03 6.93 + .04 6.82 + .03
Exercise 6-65 + .05" .49 + .06 6.48 + .06
Wh. gastroc. Rest 6.98 + .03 . 6.946 + .02 6.91 + .02
®x
\ ) Exercise 6.64 + .03 6.51 + .04 6.47 + .06
Note: Significant difference between methods for rest values of SL, RG and PL.
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10. There is good agreement between the three methods, but pH-homog

consistently yeilded significently lower values than PR-DMO and pH-SID.
Vllues of muscle pH determined for hindlimb muscles at rest aed
at the end of exercise are given in Table 11. Only in W6 was there
good agreement _bepween the methods. At rest, pH-SID and pH-homog
| showed a significant decrease as the percentage of fast twitch fibers
dec.reasea (WG 100% fast twitch; SL 137 fast twitch; Armstrong and
Phelps 1984). This trend was not evident with pH-DMO, and pH~DMo
showed no significant differences between muscle fiber types at rest or
after exercise.
Following exercise, muscle PH determined by all methods showed
8 significant decrease from resting Ivalues (Table 11). For a given
method, at the end of exercise, there were no significant differences
between the PH values of the different hindlimb muscles, except for SL
with pH-bomg. pE-DMO showed the least change from rest to exercise
{about 0.35 units) of .the three mnethods, aed vellded significantly
higher values than the other two methods. Both PH-SID and pH-homog
showed simila; PH  reductions for a given wuscle, and greater pH
reductions in fast twitch muscles (WG and PL, PH = —0.4) than in slow
qutch muscles (SL, PH = -0.25) (fable 1. 1In exercised muscles,
Nh\//ﬁ%-homog gave similar values to pH-SID in WG, PL and RG, but in SL
PH-homog was significantly lower than pR-SID.

3.3.5 Physico—chemical Relationships in Muscle

The calculated intracellular ionic composition of rat hindlimb
muscles at rest and following exercise are shown in Table 12. In
resting animals, the SL had the lowest [SID]1 whereas.there were no

significant differences in [SID]1i between RG, PL and Wwg. The
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[ATDT]i of BRG was significantly lYigher _ than that of SI, and WG;

there was no signifiéanc difference batween SL, PL and W [ATOT] at

375

rest. It was agsumed the intramuscular Pco2 was 1déntical in all
muscles an& approximately equal to the venous Pco2 taken as 50 omHg
(Hogg et al. 1984). The 1lowest {SID]L values (4n SL nmuscle) are
associated with the lowest [AT], [Hcos'] and f[OH ], and

the highest [HA] and [H+], whereas the.reverse is true in the WwG.

The theoretical effects of changes in the independent

‘physico-chemical variables on the dependent variables were calculated

by computer using equation 14 and are shown in Fig. 3. The range of
values for the independent variables are based on literature and
experimental values, and represent the physiological range for
mamnalian skeletal muscle. Within \these ranges, changes in PCO2
(Fig. 3A) exert _the least effect on the dependent variables while N
changes in [SID] 'greatly affect the intracellular concéntrations of the
dependené variables (Fig. 3C). Changes in [ATOT] (Figj 3B) exert
an effect intermediate to those of changing PCO2 aqﬁ\[Sip].

The majority of intracellular total ‘weak aéid, ATOT]’
consists of creatine phosphate .and proteins which conCﬁibute to the
ionic status of the intracellular fluids. It is_dfgll known that
changes 1in the ionization state of proteins affects brOCein structure
and function, the blological activity of enzymes, and hence the rates
of enzyme catalyzed. reactions (Dixon & Webb, 1979). The lonization
state of intracei}ular proteins are represented by the variables
[AT] and [RA]. From Fig. 3 41t 1is apparent that physiological
changes in [SID], compared to those of the other independent variables,

have the greatest effect on [4& ] and [HAf and hence on the
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Pig. 3. .The effects of changeﬁ 1n the independent variables

PCOZ, [ATOT]’ nnd [SID] on the concentracious of the

dependent vuriables. The range of values for the independent
variables are within the physiological range for skeletal muscle at
Test and during exercise, Changes in Pco (upper panel) exert

the least effect on the dependent variables while changes in {sID]
(1ower panel) exert the greatest effect. The plots were constructed
usiag computer—derived values for the dependent variables, with
constant or altered 1ndependent variables, using equation 14, .The-
physico-chemical constants used in the equation are listed in Table

7; a K of 5.5 x 10 =7 Eq/1 for [ATOT] was used.,

-
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Fig. s. i&e effects of changing PCOZ, [ATOT], K, and

[SID] on {H ] in the white gastrocnemius (WG) during inCense
swimming exercise. The three shaded regions Tepresent the change in-
[H ] for [Am,r] values of 170, 184 and 200 nEq/1 within the

PCO, range of S0 - 85 mmg at a K, of 5.5 x 1077 £q/1

(rested muscle KA value), The [ATOT] values used represent

the lower, mean, and upper liniés in ﬁc. Increasing the [ATOT]

at any [SID] increases [H+], bowever the effect ig moTe

pronounced at low [SID]. Coupared to the effects of changing

[ATOT] or [SID], the effects of changing PCO2 on [H ]

are small. The effect of a 50 mBEq/1 reduction in [SID] oa the
change in [H+], at any given [ATOT]' 1s less 1f the inictial _
[SID] 1is high (180 ﬁEd/l) than if 1t is low (140 mEq/1). The effect

of Increasing | ] during a reduction in [SID] would
OT

accentuate the increase in [H'].

N
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ionization state of intracellular proteins. Within intracellular

'fluids, changes in PCDZ (Fig. 3A) have minimal effects on the
ionization state AE proteins.
-

In all muscles during exercise the PCO increased and [SID]
decreased (Table 12); there were no significant changes in [ATOT].
The 42 mallg increase in PCO (Table 8) would have had a relatively
small effect on the dependent variables, whereas the changes in {SID]
would have a 3reac‘effect (Figs. 3). . These concepts are emphasized in
a plot of intracellular [SID] versus IH+] (Fig. 5), which was
generated using the computer model of equation 14. For any given
[ATOT] (shaded aréas), increasing the Pco2 from 50 to 85 mmﬁg
(upper and lower 1imits of each shaded area) has relatively little
effect on‘[H+] comp;red to the fall in [SID] from 161 to 109 nEg/l.

The relative contributions of the changes in PCO2 and [SID]
to the total chﬁnge in [HT] can be calculated using measured values
f;r the independent variables of WG as an example (Fig. 5). The total
change 1in Wo [H+] from rest (polnt R) ro exercise (point E)
averaged 2.02 x 10-7 Eq/l. At an [SID] of 109 mEq/l and an
[Age] ©f 182 ®Eq/1l (from Table 12) cthe calculated change in
[H+] due to increasing PCO2 from 50 to 85 wmHg (assuming no
change in K,A from rest. to exercise)' is the difference between
points 'a' and 'b' in Fig. 57 4.122 x 10~ - 3.954 x 107/ -

0.168 =x 10—7 Eq/l. Thus the contribution of increasing PCO. to

2
the total change in [E'] was (1 - 0.168/2.02) x 100 = 17%; che
reduction in [SID] accounted for the remaining 83%.

Perhaps the nmose important feature of Fig. 5 conceras the

effect of reducing KA from resting (point R) to fatigued muscle
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(point E) in pr!venting large 1increases in [H l. Point' 'a' | 3

represents the vrodicted [H 1 in fatigued uc at a K of 5.5 x
10-7. The diffcrence between points 'a’ (6 12 x 107 Eq/l- PR
= 6.385) and E (3.20 x 10~ Eq/l' PH = 6.51) shows how decreasing
the ‘A brgvants larger changes in intracellular ion status caused
by reductions {n [SID] during intense exercise, i.e. lowering Ky
has a "protective” effect. med&aofmmmsmgrﬁiﬁymc

COZ’ [ATOT] and [SID] on the dependent variasbles are shown in

Figs. 6. Lowering the KA reduces [H+] and [A”] and raises

pH, [0E7], [BCO."] and [AH] (Fig 6). The effect of changes |
in K, on the ionization state of weak acids, i.e. [A7] and [HA]
are sugll. . .

3.4 DISCUSSION

The present study has examined the physico-chemical composition
of rat hindlimb muscles at rest and following intense exercise. fotal
.intracellular ion status {s determined bv the concentirations of strong
ions, weak  acids and bases <[ATU£])' and an in th?
intracellular fluids. Changes in intracellular ion status cannot occur
without a concommittant change in at least one of these threé
independenf._' physico-chemical variables. Furthermore, a methodology for
detérmining the contributions of {ATOT] and KA to the
intracellular ion status of muscle has been demomstrated. -The resulrs
show that the independent variables may be used to calcularte
iatracellular pH of skeletal muscle at rest and following exercise.
There {s a close association between changes in the lonic status of

nuscle during exercise and the phvsiological and bdlochemical
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characteristics of the musele.

3.4.1 Theoretical considerations

v T

The ion status of " any solution depends -on the relative

'contribuéiogs of three important iudependént physico-chemical
variables:- PCOZ, the [SID], and the [ATOTI (Stewért 1978; 1981;

1983). ' The maj&r agsumptions t;‘calculating the dependent varisbles of
muscle .ion status from the intracellular independent physico-chemical
variables are: 1) that all of the important strong ions are measured
and represen:ed in :he calculation of [SID] (equation 14); 2) that all
of the contributions of 1ntrace;1ular wezk acids and bases to the
physico—chemical equilibria are represenced'by [Aforl; and 3) that
‘the intracellular PCO2 h(SO unHg) is similar cé;thac in the venous
blood draining the miscle (Hogg et al. 1984).

The intracellular concentrations of strong - ions reported in

Table 9 are in agreement with previously reported values (Drahota 1961;
Sreter 1963; §gmbrowich et al. 1982). However, activity measurements
of intracellular strong: ions consiscéhtly vield lower values than those
determined . by chemical analysis (Donaldson‘and Leader 1984; Table 4).
Those ions not detécteé by intracéllular.accivity measurements appeaé
to be bound to intracellular macromolecules or seques:e;ed ia
subcellular compartments (Maughan ~mnd Recchia 1985; Sembrowich et al.
1682). Tpe fact that the independent physico—chemical variables
ylelded values for [HCOB_], [87) and PR similar ro those

reported in the 1lirerature (Sahlin et al. 1978; Roos and Boron 1981)
suggests that the elec:rically silenc' components of the strong ion
pool do contribute to the total intracellular ionic status.

-

Freeze-dried muscle 1is not usually’ used for the measurement of
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‘muscle pH (Spr;et, Soderlund, et al. 1986), and to our knowledge it hag
not previoqsly been used qu thiq purpose.’ However, in view of the
major influences exerted by the inﬂépendent'physico—chemical variables,
1t saemed reasonable to assume that those quantities which determine pH
J
in wet muscle homogenates should be the same ;:'those which determine
PH in homogenates of freeze-dried muscle.
=~ It 1is useful first to examine briefly the cofncidental manner
in which the honogenate technique can be used to yield reasonable
estimates of.pﬁi, but first a digression 1s necessary. Measurement
of PH in muscle homogenates necessitates the dilution of the muscle
sample (wet or dry) in g given volum; of solution containing compounds
to inhibit blochemical reactions which may otherwise lead to changes in
pH (Spriet, Soderlund et al. 1986); these compounds' have negligible
effect on the‘homogenate pH (Spriet et al. 1986; preseat study). Thus
muscle strong ions, [ATOT] and P002 are all diluted, and the
PCO2 of the sample approaches equilibrium with air. Table 13 shows
the effect of diluting 83 mg of wet muscle (or the equivalent 19.4 mg
&ry muscle) in 1.0 wl of solution (12~fold and 52-fold dilution
respectively). In the case of the wet and dry muscle the total
quantities of the strong ions and ATOT are identical so that the
effect of dilution on both rsamples is identical-r Coincidently, the
[ﬁf] (and thus pH)\of the homogenate solution is very close to that
- predicted (from wvalues for intracellular independent variables) td
occur in  vivo (Table 13). Of the calculated dependent variables in.
vivo and in the homogenate, only homogenate [H+] 1s similar to {ts

-

in  vive predicted value, therefore the homogenate technique cannot he

used to estimate any other dependent variable.



TABLE 13
Muscle physico—chenical variables in vivo
and iz homogenate solut:ion- why the muscle
homogenat:e :echnique works for estimating
muscle pH. Values based on a 12-fold dilution

of wet muscle or 52-fold dilution of dry muscle.

Variable 1o vivo in homogenate
~Isip] (mEq/1) 160 13.3
[ATOT] (mEq/1) 180 15.0
PCO,, (mmHg) 50 3.0
[a7] (mEq/1) 150 T 1246
fHA] (mEq/1) 30.5 2.36
[Hco3'] <(mEq/1) N4 . '0.69
[0 ] (Eq/1 x 107) 3.93  4.29
! " (Ea/l x 1077 1.12 1.02
o - 6.951  6.989
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Contrary to the premise of Madias and Cohen (1982) and Sahlin

(1976) dilution of "buffered solutions” does exert a significant effect
oﬁ the ratio of fon pairs ia solution. From Table 12, the ratios of
the “ion pairs [0 ]: [H ] and [A T :[HA) Ao vivo are-
calculated to be 3.51 and 4.91, while in the homogenate solution the
ratios are 4.19 and 5. 37, respectively. This reSult is in direct
contrast to statements by Hultman and Sahlin (1980): that “when a .
solution containing a non-volatile buffer is diluted or concentrated,
practically no change will occur in PH because the concentration of
free B+ ions is 'neéligible and the concentration of weak acids and‘
their conjugates shows the same relative change ,-and Hadias .and Cohen
(1982): “diluting a buffered solution has a negliqible effect on the
brevailing [B+] of the solution; because dilution lowers the
éoncentrations of . both components of a given buffer pair

- proportionately, their concentration ratio 1is not changed appreciably”.
The concentrations of weak acids and their conjugates do not, in fact,
show the same relative changes with dilution. From the defining
equations for these solutions o ___z when a single weak acid is present
PCO2 is zero, and the [SID] value of close to [ATOT]/2 are the
concentration ratios constant; iIin any other situation, notably when
PCO2 Is not zero and‘ several weak acids and bases are present,

dilution changes all ion concentrations and ratios (P.A. Stewart;
personal comﬁﬁnication). In the homogenate solution, where [ATOT]
is 1less than [SID] and PC02 is not zero, [SID] is the predom;naﬁt
factor determining total intracellular ifon status. -

¢ ‘ Muscle [ATOT] is the most difficult of the three

indgpendent physico-chemical variables cQ measure. However, [ATOT]

hY
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differs only slightly between different muscles and does not change

significantly with strenous exercige (Table 12). Also, because
[Abe] exerts only a moderate effect on muscle ion status (Figs. 33"
& 5), a small difference (‘:_10 mEq/1) between the actual and assumed
[ATOT] - values used to calculate the intracellular dependent
variables will not significantly alter estimations of intracellular
ioqic gtatus.

An important factor in the calculation of PH~SID is the KA
of the total intracellular weak acid pool. The major_intracéllulaf
substances contributing to the appar;nc KAlof muscle are given in
Table lh. The histidine residues of intracellular proteins are the
primgry contrlbutors to the KA (about 50%) and CP is next in
importance (about 25%) ' in resting muscié. With the exception of Cp
ﬁith a high KA of 3.16 x 10-5 Eq/i, all of the subgtances have
KA'S in the order of 2 x 10_7 Eq/l. Thus, given the.
contribution of the large KA for cp and chg quantity of CP in
muscle, the experimentally determined K, of 5.5 x 1077 Eq/1l in
resting muscle 1is reasonable. The effects of changing the value of
KA on [H+] and [ATOT] are giveg by equations 14 and 23. TIf
[H+] is known and the equation\\solved for [ATOT]’ then an
increase 1in -KA reduces the valqe of [ATOT]° If [ATOT] is
known and the equation is solved for [H+], then a change in KA
exerts minimal effects on the de;:;denc variables (Fig. 8).

In the present study KA decreased with exercise (Table 7),
and thus had the effect of preventing larger increases in intracellular

[H+] (Figs. 5 & 6). At rest, the primgry substances contributing

to the KA are the histidine residues of intracellular proteins
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which have an apparent ‘acidic dissociation constant (Ka) of 1.78 x

10*7 Eq/l, creatine phosphate, with a relatively large Ra of.3.16 x

107

. Bq/1, and. Pi with an apparent Ka of l1.66 x 10-7 Eq/1 .
(Table AIA). During intense exercise the concentrations of proteins
remain relatively unchanged, buf CP may decrease by 75% (Table 9). The
hexose—-phosphates and fnorganic phosphate contribute to thg [ATOT]

and KA of the intracellular fluids (Table 14), and the substaﬂtial
increase in thege compounds - during intense exercise (Sahlin et al.
1983; McCartney et al. 1986) are expected to increase the [ATOT].
Therefore, during dintense exercise, the contribution of CP to the
FA is greatly reduced while that of Pi and thg hexose—phoséhates
increased. These combined effects would contribute to the lowering of
KA’ as we havg found (Table 7), with little or no apparent change

in the calculated [ATOT] from rest to exercise (Téble 12). A
reasonsable, assumed value of [ATOT] for Ea}tulation of

inﬁrécellular ionic status is therefore justified.

3.4.2 Comparisen of methods for muscle pH

" The values for‘ muscle pH at rest and exercise calculated from
[SID] and the distribution of DHOI£Table'll) are within the range of
values tabulated by Roos and Boran (1981) from a variety of mouse and
rat skeletal muscles in which pHi was measured both in vitro and
in  vivo using microelectrodes and weak acid distribution techuiques.
However, muscle - pH-homog gave sigaificantly lower values than the two
other techniques. The reasons for this discrepancy are not knowﬁ, but
may be related to muscle fiber type and possibly muscle protein
composition. There exists the possibility that this discrepancy may

have affected the caleculation of muscle [ATOT] from titration of RG

gl __-_3,..}.5___ L] P
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TABLE 14

Acidie dissociation constants (@ 259%) of intramuscular weak acids

and bases, and their contents and relative abundance in muscle.

Substance PRa Ka mmol/kg dry wt.. 4
° (Eq/1 x 1077y at rest abuﬁdaqce
hisci#ine pKz = 6.04

pK3 - 9.33

app = 6.75 1.78 130~150 46-53
cp 4.5 316 68-83 2429
Pi PR, = 7.198  °

PRy =12.375 ’ }

%PD = 5.78 1.66 36-41 13-14
ATP 6.97 1.07 21=-27 7-10
ADP 6.75 1.78 2.7~3.7 1
G-6-P 6.11 7.76 l.0-2.5 !
total 283

."‘r

CP = creatine phosphate; Pi

G=6-P = glucose—ﬁ—phosphate.

= inorganic phosphate;

Adapted from Hultman and Sahlin (1980); dissociation constants from

Robinson and Stokes (1970) and Hultman and Sahlin (1980),

2Pp = apparent dissociation constant.
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and  SL muscle homogenates. In resting and exercised muscle, pHE-DMo may

~ Overestimate pHi (Table 11). In resting barnacle muscle, pH-DMO

averestimated the pH1 weasured sirultaneously with microelectrodes

b7 0.05 uoits (Hinke and Menard 1976; Borom and Roos 1976). This is
the magnitude of the difference between pA-DMO ang pH—SfD in WG and PL
at . rest (Table 11); so that PH-SID represeats the average pH 6f the
pooled intracellular fluid reasonably well. The reason for the

pProgressive discrepancy between miscle pH methods with increasing

proportion of slow twitch fiber in the muscle is unknown at this time.

A combination of factors inclnding the contribution of whole musc 1

[SID], the effects of sample dilution, and the volatility of CO2

may be responsible.

With the probable exception of intracellular microelectrode
@easurements of pH, . all other techniques of estimating pHi’-
inciuding PEH-SID, vield an average value . represeanting an assumed “total
intracellular compartment™. The major contributors to this compartmen:
are the cytosol (702-907 by volume), endoplasmic reticulum (22-7:) and
mitochondria (7%-177) (Stonnington and Engel 1973). The same is true

for intracellular streong ion concentracions determined by methods other

than electron microprobe analysis or with ion specific microelectrodes

(Appendix B). anecheless, there is good agreenent between techniques

of measuring 'average" intracellular pH and mleroelectrode pH
teasurements (Roos and Roron 1981}, so that these ‘average' techniques
will  continue. to be  valuable 1in assessing the state of the
intracellular enviromment following perturbacioﬁé Lo the system. In
addicion to the podled intracellular enviroament, pH-homog also

contains the contribuﬁion of the extracellular compartment to rhe

101
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measured pH, and chua tends to overestimate pH (Sahlin 1978

Spriet, Soderlund at al. 1986). In the present study, in comparison to
the other methods incraeellular pH estimated from the distribution of
DMO during large non-steady-state 1onic disturbances of short duration
gave higher pH valyes and appeared to underestimate the change in
pHi ‘(Table 11). Thig observation is inconsistent with previous
findings concerning the relatively long equilibration time (10 - 15
min) for pMo across cell nembranes (Roos and Boron 1981; Mllligan and
Wood 1985), since incomplete equilibration of DMO across the sarcolemma
should yield lower estimates of intraeellular pH when external pH is

lowered.

343 Effects of ehanging the independent variables

Two important features of intramuscular ion regulation involve
changes in the lonization state of weak acids: (a) changes in [A7)
and [HA] are legs at high ‘values of [ATOT] than at low values of
[ATOT] (Fig. 3B), and less at high valyes of [SID] than at low
values. of [SID] (Fig. 3C); (b) changes in [HCOB-] and [0H ]
are greater at low values of [ATOT] and high values of {SID] (Fig.
3). High {initia] values of [ATOT] and [SID} may therefore prevent

large changes 1in [A7], f{mA] a&5+] (Fig. 3) during intense

@uscular activity. Resning musclea possess values for the independent

variables [SID] and [ATOT]’ i.e. 161 mEq/1 and 184 mEq/1.(Table

12), which 1lie near the polnts of inflexion of the [Hco3'],

[0B") and [H+] curves .in Figs. 3B and_ 3c. "Witn intense

muscular activity there 'ig g3 reductinn in fSID} {Table 12}, such that
o A

the mscle ICF moves to the lefe on ‘the carves of Fig. 3C. These

changess are in the direction which wili minimize changes in fA™],
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(BA), [OH ] and EH+], and hence will result in a minimum of
perturbacion of the ionization state of intracellular weak acidg and
bases. .

[H+] is the fonic variable in- lowesc concentration (Table
12), and changes in [H ] wi:h changes in the independent variables |
are always less than those of the other dependent variables (Fig. 3).
Why then {is 80 much dimportance given to [H ]? While it ig
recngnized that the [H ] of a selution is associated with certain
states of dfonization of proteins . (Dixon and Webb 1979), there is no
direct evidence that the [H+] of a solution exerts a direct effect
on protein séructure and functiom. As pointed out by Stewart (1978;
1981; 1983), the only way to change . [H+} iS'Iby changing the
concentrations of one or more  of the strong ions,lby changing the
PCOZ, or by changing the concentration of weak acids. The effects
of these changes are not only a change in [H+], but also changes in
Ei& "of the other dependent variables. Therefore, because [H+]
depends on the independent variables, it is incorrect to postulate an
exciusive pH-dependency of any given response on a change in the ionic
status of a systen,

3.4.4 Significance

There are major differenees in the ionic composition of
skeletal muscle at rest and following exercise which are related CO
1
muscle fiber type population and’ to muscle function. The {SID] at rest
aud following exercise (Table 12) reflects the intracellular'
concentrations of strong ions (Table §). The relatively low [SID] and
high [H+] in resting SL, compared to fast twitch muscle, results

from the significantly lower [K+] and higher [C17] in this
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tissue than 4n tho other mugcles. Following exercise, the [SID] in all

Buscles was ‘similar (Table 12), therefore the decreage in [SID]) was
greater in fast twitch wo (-52- mEq/1) than in slow twicth SL (-32
mEq/1); correspondingly, the increage in (8" '] was greater in wg
(2.02 x 107 Eq/1) than 1n SL (1.62 x 10 7 rq/1). Despite this
greater change 1in [SID] in fast tuitch muscles, [H ] did not reach

the higher concentrations. seen in SL. TIandeed, [H ] followtng
Q\

‘muscles, with Wg having the lowest and ST, having the highest :0 ]
(Table 12). A high [SID] in resting muscle has a protective effect
against large changes in [H+] caused by ionic disturbances.

The major contributor to the reduction in [SID] in all muscles'
was the increase in [La ] (Table 9) The increase in [La"]
contributed 50% and 67% to thE Fa3l in [s;n] 1n SL and WG respectively;
the reduction in [Kf] wa; respousible f&; an additional 20%-30z.
This. fall 1in [SID] was the major contributor to changes 1in the
concentrations of the intracellular dependent ionic variables (Fig. 3;
Table 12). Muscles with a relatively high glycolytie capacity (WG and
PL) produce and accumulate La  ap a2 high rate during intense
exercise (Table 9; Spriet et al. 1985a), and should incur the greatest
disturbance in ion status. During and following intense exercise the
Predominant mechanisms for ionic regulation appear to be a2 high rate of-
La~ movement from wmuscle to blood (Table 8; spriet, Lindinger at
al. 1986) and a reduction in La~ production by Zlycolysis (Spreit
Lindinger et al. 1986, McCartney et al. 1986).

An important factor in thig apparent regulation of glycolytic

rate with sustaiped high intensity exercise may be changes in [érD],
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and  even more directly, changes in the relative Intracellular

concentrations of Nat and K', -Within the'glycolytit pathway

(Pig. 1) in -ZEEEQ at least one key regulatory glycolytic enzymes,
Pyruvate kinase (Boyer et al. 1943; Rachmar and Boyer 1953).£§;known to
have  a requirement for, or theif activity ig allosterically modified
by,chhanges in the concentrations of';he monova%iét catioas Na* and

K. Pyruvate kinage catalyzes = the conversion of
phosphoenolpyruvﬁte Plus ADP to pyruvaté plus.AIP,‘and is maximally
activated at high [K+] (150 mBq/1) and low [Na+] (KRachmar and

Bo}ér 1953). It is well established that intraceliylar [Na+]
increases and [K+] decreases‘ during mﬁscle contraction (Sreter
1963; Sembrowich et al. 1982. The wagnitude of reduction in [K+]

and inqrease in [N;+] Seen at the end of intense exercise in wWo
(Table ¢) Bay * significantly fnhibie PYruvate kiﬁase activicy (Kachmqr
and Boyer 1953), however whether or not thig degree of Inhibition of
catalytic activicy significantly affects flux through che:system ha;
1ot yet been determined. & significant inhibition of pyruv;:;-kinase
would result in reduced pyruvate and lactate production, as well as
fall in gl}colytic ATP production.

The mechanism of these allosteric regulatory effects of
monovalent cat?ons on énzyme activity appears to be mediared through
Structural and con-fomational_?:mzes in active site residueg (see
Section 1.3.6). Given that rthe inCracellﬁla; protein pooi is
adequately Tepreseanted by [ATOT]’ and the concentrations of ioﬁized'
and unionized forms of the proteins by [AH] and [A-], it is evident
that exercise Induced changes in [K+] and [Na+] (Table 9) and

et

[SID] (Table 12) have a marked effect on rhe protein ionizarion state



represented by the changes in [A ] and-[HA] (Pig. 3). The largest
‘chahges in [A” ] "and [AH] occurred in WG, uhile the SL showed the

o
’smallest changes {Table 12).

3.4.5 Sunmary and Conclusions
' Intracellular ionic status at rest and followin# exercige in
muscles of differing 'fiber type composition can be estimated with
reasonable accuracy £rom measurements of the three independgnt
quantities PCOZ, [ATOT] and [SID].

Changes in [SID] are responsible for the bulk of the changes in
1ntrace11ul§F acid-base state {n skeletal muscle during exercise.

Chaéges in ihtracellular [SID] 'during exercise exert the
laréest influence of any of the independent variables on profein
ionizacionrstaCe,.and hence protein structure and function.

Highly fatiggable fa;c CHitcﬁ muscles such as W and PL have a
higher regting [SID] and a iower resting [H+] tha; slow twitch SL.
The, high resting [SID] 1in wo may eﬁféccively prolong continued muscle
function during exercise by Protecting the intracellular fluids from
large changes in protein ionization state anq [H+] as [SID] is
reduced.

The three major protective effects against incurring large
changes in protein ionizatcion state and | [H+] during
exerciée-induced falls in [SID} which a ouscle may utilize are: (1) a

high resting [SID]; (2) a decrease 1in KA; and (3) no change in

[ATOT]' %

quqo

—
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4 SKELETAL MUSCLE ION FLUXES IN THE STIMULATED,
: PERFUSED - RAT mt.;rng
&1 INTRODUCTION - )

It has previousij been shown that electrical stimulation of
the perfused rat Rastrocnemius-plantaris-soleus (GPS)- muscle group
resulted in a 45% reduction in isometric teunsion developmeﬁt in 5 min
(Spriet et sl. 1985a). This degree of fatigue was assoclated with
significant reducci-ons in the Wrmust:ular contents of creatine
phosph&te (CP), adenosine triphosphate (ATP) anQ glycogen. However,
at the end of the 5 ‘min of stimulation there _still remained
jsubstantial sﬁpplies of CP, ATP and glycogen within the working
;;écles (Spriet et al. 19853), suggesting th;t depletion of metabolic
substrates and high energy phosphates was not solely rﬁgpons{ble for
the observed decrement ia force production.

) Intracellular 1{oms appear to play extremely important roles ia
numercus cellular activities including glycolysis (Kachmar and Bover
1953; Rrebs et al. 1959; paetkau and Lardy 1967) and muscle
contraction (Donaldson 1983; Hultman and Sjoholm 1986). Therefore, an
ilavestigation o? intra- and extracellular ion changes during muscle
activity was appropriate. As Stewart (1981; 1983) has shown, the
concentrations of weak d1ons in solution are dependent on cthe
independent variables PCOZ, [SID], and the total concentration of
weak acids and bases ([ATOT]) (see Section 1.2.2). The strong

ions are, for practical purposes, always <£ully dissociated 1in

solution. {SID] 1is &efined as the difference between the sum of the
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conceutrations of -the atrong base cations (Na ’ K Mg++)

and the strong acid anions (€17, ra).

In Chapter 3, increases in the 1ntrace11ular concentrations, of

La and Na© and reduced [K'] were demonstrated in vivo to

have . a. direct and profound effect on intracellular weak.ibn status

and impairment of enzyme fuction was suggested. Also, a decrement 1in

membrane potential caused by accumulatiou of K+ in the

A

'extracellular spaces coupled with a reduction in intracellular K

—

-concentration duriug exercise (Tibes et al. 1977; Hirche et al. 1980;

Sjogaard et al, 1985)'uay contribute to a reduced action potential and
impairment of excitatat{on/contraction coupling by reducing the amount
of ca™t released per impulge (Bigland—Ritchie and Woods 198&).

The purpose of the present study was to demonstrate the magnitude and_

importunce of changes in intra- and extracellular strong {ions,

including 1La , tce  metabolic, Hipn, and sarcolemmal-mediated

wechanisms of fatigue in skeletal muscle during intense exercise. The
present study employed the isolated, perfused, electrically stimulated

rat hindlimb described 1in detail in the Appendices and by Spriet,

. Lindinger et al. (1986).

4.2 METHODS

Male Sprague-Dawley rats welghing 423 + 5 g (6-16) were;usoo.
The animals were fed Purina laborarory chow ad libitum and housed in a
controlled\\euvironment with 12 h of day and niéat. The animals were
divided into‘ two groups: perfused resting (421 _* 8 g, nm7) and

perfused stimulated (62&__1 6 8, n=7). Two animals were not perfused

aad used ﬁor control measurements only. Three to 5 hours prior to
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tissue samnling the rats were injected via a tail vein with 0.5 ml

0.97 saline solution c.ontaining 25 uCL of 3H—mannitol (New England
Nuclear) for determination of muscle extracellular and intracellular
fluid volumes (ECFV and ICFV regpectively) as described in Appendix B.

4.2,1 E:perimental Protocol

The surgiceli preparation and electrical stimulation protocol

are described in detail in Appendix C and by Spriet, Lindinger et al.
-(1986) The prepared rat was placed in a 379C perfusion chamber and
the left hindlimd perfused with a bovine erythrocyte perfusion medium
(Appendix A), with the characteristics shown in Table 15.

Each rescing muscle- group was perfused for 25 min at a flow
rate of 2.0 ml.min"} then the gastrocnemius, plantaris, soleus
(GPS) muscles sampled. The samplee were immediately freeze-clamped
and stored in liquid,nitrogee for later analysis. The exercise group
was nerfused for 20 min ‘at resting flow rates, and then for 5 min at a
flow rate of 7-8 ml.min~ ! while being electrically stimulated;- Ac
these flow rates tissue oxygenl consumpcion was Iindependent of
perfusate flow rate. Arterial and Jenous perfusate was sampled via
syringe at 5 min intervalg during rest and at | min infervals during
exercise. The working GPS muscles were saapled (as described above)
at the end of the..stimulation period. The elevated perfusion flow
rate and electrical stimulation were continced until all muscles were

sampled, about 90 s.

4.2.2 Analytical ?rocedures

Atterial and venous perfusate samples were analyzed\for gases,

PH, plasma ions and- metabolites as described in Appendix A. Muscle

fluid volumes and {on concentrations were analyzed as described in
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TABLE ‘15 S
Chiraccerisl:ics of the arterial perfusate; ion concentration are
for plasma. Values are the mean + SD of 55 measurements on 16

batches of perfusat:e.

.3 tmAg [Na¥] 153.1

PCO, 38.7 + * 4

PH - 7.438 + .004 - K% 543 + .02
[8CO,™] 21.0 .2 [c17) 114.0 + .4
gy  36.5 nmol/1 [Laé_ca:e'] 0.91 + 0.04
[NVA] Lb v [ca™] 2.8 4 .02
(Bemoglobia]  13.5 + .1 g/ay [s1D] 46.2
Hematocrit 37.9 + .3.1 | [Glucose]  3.95 * .07

0, sat'n 99.2 + .2 % 4 (Albumin] 43 + 1 g1
'3h:mannicol 160 uCi/1

Non-volarile acid ([NVA]) and [HCOa-] were. calculated using the

nomogram (Fig. A-3). a1l units, except PH, mEQ/1 unless indicaced.



techniquiis (Bergmeyer 1965).
A cerm usually referred to as 'base excess' or 'base deficic!
is .of:en calculated in ionic discurbances in plasma (Siggaard-Andersen
1963; Severinghaus 1965). Theae terms represenc the theore:ical
'quantity of strong base catiou or stroug aeid anion respectively,
which has been added to the venous blood plasma responsible for
change from arterial plasma acid-base' status from a defined gtarring
point (pH = 7 .40 PCO = 40 mmHE). 1In the present study have
referred to the theorecical amOurt of scrong acid anion\added to
plasma during muscle stimulacion as non—volatile acid (NVA) to avoid
confusion associated wich the other cerminology. With respect to the
perfused hindligb preparation, the elasme non-volatcile acid
codcentfaCion ([8vA]l) represenCS the theoretical quantity of strong
acid * anion which must be ‘added to the perfusace to’ account for the

change in perfusate pH and [HCO ] from‘defined perfusate

values of o (7.4), PCO, (40 mafg) and [RC0,™], (20 mEq/1)

where [NVA] = 0 mEq/l. It must be realized that the removal of strong

base cation \from the ﬁlasme is equivalent to the addition of strong
acid anion, and ig thus reflected as an increase in [NﬁA]. nder
conditions of ~alkalesis (4n Chapter 5)- [NVA] -may be negetive
indicating the net removal of strong acid anion from the plasma from
the pre—defined values.

Muscle pHi was ealculeted from equation }4 using [SID]
determined in the present scedy and [ATAT] values determined in

Chapter 3 (Table 12). Intramuscular PCO, of resting muscle was

assumed o be 350 mmHg (Hogg et al. 1984); that of stimulated muscle



was assumed to be 70 mmAg, {.e. about 10-15 mmHg higher than in the

venous plasma draining the muscle. Tﬁis large muscle ¢o plasma
Pco2 difference reflects co diffusion from regions of high
PCO2 to low pco « Any differeEce in actual muscle PCo,
from these values will be smal]l and will not significantly affect the
calculated values of the dependent variables (see Chapter 3).

The potassium equilibrium potential (EK in wmits of mv),
used as an estimate of the resting membrane potential of Testing and

stimulated musclea was estimated using the Nerust equation (Hodgkin

and Horowicz 1959):

(32) T = RI/F Ln((§']_/1x*) 0

wherd RT/F = 26.7 wy ar 137 °c, [ic"']e 1s the ECF xt
concentation (assumed equal .ta that of intersticial fluids), and

[K+]i is the ICF K+-concentration. .

4.3 RESULTS
4.3.1 Performance

The flow }ates ;employed in the present stuqy were 0.§
1::11..1f1111:1-1.g—1 at.rest and 1.5 + 0.1 ml.min-l.g-1 during
| stimulation. Arterial perfusion Pressures increased from 80- 1éo mmHg
at rest to 173 _+ 15 omHAg at the start of stimulation and to 223 + 7
mmHE  at the end of stimulation. Hindlimb oxygen uptake increased from
2.9 0.2 pmole .min™! at rest to a constant 15 + l‘pmole.min-l

during stimulation.. Glucoge uptake by the hindlimbs increased from an

average of 0.35 umole.min ! at rtest to 0.52 ole.min 1 during
Vs -
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stimulation, '

-1

The peak isometric tenslon generated by the gpg muscle group

vas 2.85 _+ 0.10 kg; which .occurred immediately at the start of
stimulacion (Pig. 8). Tension decre&sed by 242 and 457 afrer 2 and 5

min of stimulation., - The rate of decline in tension in the first min

of stimulation averaged 471 g/min Compared to 222 g/min during the

next 3 min and 137 g/miﬁ in the final min of stimuiationa
4.3.2 Perfusate e

- .

| There were peo significant changes with time 1g venous

perfusage variables during the 1last 10 min of resc. perfusion,
indicating that the perfusion medium ;nd perfused muscles were in g
Steady state.

Electrical stimulation reduced venous pH fro 7.403 to 7.304 +
-008 at the 4th min’ then increased slightly during the last min of
stimuiation (Fig. QA).' Veuous PCO2 increased ro 53.2'1 1.5 nmHg
after 3 min gpd remained elevated during the last 2 min (Fig. 98).
Venous [HCO3_] (aot shown) remained unchanged between 20.4 and
20.9 mmol/1 during stim;lation. Venous [SID] increased signifiéantly
by 2 mEq/l and 3 mEQ/1l within the firse and third min of stimulation,
respectively (;ig. 9C); the elevated venous {SID] was maintained
throughour the temalnder off the stimulation period.

The fluid shi%éf_ into perfused auscles during stimulation

(calculated from the change in  arterial to venous protein

concentration) are shown in Fig. 9D. The magﬁitg?e of the increases

in chese protéin concentrations reflect the shifts of fluid” from rhe

Perfusate into the éxtra- and intracellular spaces of the myspele

8lnce in maximally vasodilated rat hindquarters perfused at hi?h flow

AN
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_, 6{2.8510.10 kg/hindlim
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Fig. 8. 1Isometric tension generated bv the verfused hindlimb during 5

min of electrical stimulation. Initial force was 2.85_-_*_ 0.10

kg/hindlimb (n=7). Pperfusion flow rate was 8.0 _+ 0.3 ml/min and

perfusion pressure was 220 +7 mmP!g/durihg stinmulation. Resting flow

rate was 1.6 + ! ml/min with-a pressure of 170 + 15 mmHg. All values

are significantly different from rest (0 min).



.

Fig. 9. Venous bﬁ (4), PCOZ (B), strong ion difference ([SIb])
(C), and plasma fiuid shife (D) during 5 min of electrical
stiﬁulation. The fluid shifts were caleulated frém'the arterial to
venous change in plasma protein conéentracion. Asterisks indicate

 values significantly different from rest value (0 min).
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and intracellular flutg volumes (ECFV, ICFY) during rest perfusioq
(hatched bars) and stimulation (open bars). The net fluid shife
from control rest conditions (righe hindlimb muscles) to the end of

stimulation {s the sum of the two bars, signg considered.
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rates, albumin has a ‘reflectiou coefficient clbse-to 1 (Rippe and

Haraldsson 1986). The - hemoconcentration corresponded to a 2.57 and 5%
reduction in plasma volume during  che first and fifth minute of
scimnlation, respectively (Fié. 9ﬂ).' Thel arterio—-venous . protein
concenttacion difference was paralleled by proportiona:e increases in
hematocrit and hemoglobin concentra:ion during stimulation.

Perfusion of resting muscles resulted in a 0. 5-2: increase in

TIW of all muscles, significant only in PL and WG (Table 16, Fig. 10).

There were uo significant changes in ECFV or ICFV during perfusion of
rescing mescles except t‘or a significant 3.3% inerease in WG ICFV.
Five min of electrical stimulation resulted in a 2-6: incféase of TTW

. . .
and a 7-36% increase in ECFV of all muscles, with the change being

'significant in the SL, RG and wo. There were variable, but not

significant, chauges in the ICFV of all muscles,

Artericvvenous ion and metadolite concentration differences
cannot be used to quantify the fluxes of fons and metabolites between
muscle and perfusate because the fluid shifts also contribute to their
concentration. To correct for the fluid shifts at each time point,
the venous concentration of the subsfance is multiplied by the factor:

(1 = ({pr]v ~ (Prla) / [Pr]a)
where [Pr]Ja and [Prlv are the arterial and venous- plasma protéin
concentrations, ‘respectively. The data presented in Figures 11, 12
and 13 have been corrected for the fluid shift so that the actual net
movement of ions across the hindlimb could be quantified with greater
accuracy.

Stimulation caused significant increases An /Elui&

shift-corrected venous plasma [NVA], fra J, [K+], and a
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significant dacrease 1n [c17) (Rig. 11). [Nva] increased rapidiy

(Pig. .118). fra7) increased slowly by 2.3 meq/1 during the firge

6‘ min. of stinmulation (Fig. 11B). -The‘increase in [La") aceounted
for ohlz‘zoz of the rise in [NvA) during the firs; nin of stimulation,

but [La”) fully accounted for the elevateﬁ [NVA) during the fingl
théea nin of stimulation. [K+] Peaked at 1i0% of resting valueg
within 2 min of stimulation and ~rémained elevated (Fig. 110).

[Cl-], and [Na+], (not shown) , progressively decreased during

1 stimulation, g that by 4 min [Cl-]_was 96X of Pre=-stimulation

valueg (Fig. 11D); the decrease 1in venous plasma [Na+] a# the end

of stimulation was not scatiscically'significgnt.

The aqet fluxes between perfusate and rerfused muscles of the 4

in Fng 12, A positive net flux (calculated as the prodgc:‘of A-v
difference and flow rate) Tepresents an 'uprake' by muscle, and a
négative flux rTeépresents 'releasge! from muscle. All values during
stimulation are slgnificantly different from rest (time 0), As
indicated byﬁ Fig. 12, Na' and C1~ were taken up, and K+
" and La~ released, from musele ac high rates during stimulation,
Tﬁere Was also a parked iacrease in the rate of anpea;ance of Nv4,
which 3t the end of the firse min of sciﬁulacion exceeded that of
Lat by a factor of 12; this ‘'was Teduced to a faeror of 2 during
the fifth min of stimularion,

The - total change ip perfusate 1{ong and Nv4 during the 5
minucés of stimulatien are summarfzed in Fig. 13. The uptakes of

‘Nat and Q17 by muscle were equal (peaked at abour 7.4

|



fig. 11. Venous plasua non-volatile acid ([NVA]), [lactaCe],

[K i and [c17] concentrations, corrected for fluid shifes,

during S min of electrical s:imulacion. A;;;;isks indicate valyes
significantly different from rest (0 min). Plasms [Na* ]

followed a course similar Lo that of [C177, .

i
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~ Pig. 13.

_ uon—volacile acid (NVA) during 5 min of elec:rical stimulation.

e e e N

4
%

A summary of the total change in perfusate strong -ions and

All
values are. significantly different from 0.
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yEq/min.g-l) and represent the largest flux of strong ions between

© muscle and perfusate. The total flux of Nat exceeded that of

K+ by a factor . of 14, while La~ exceeded that of K by a

factor of 5, and the appearance of NVA wasg &-fold greater than thac of
La”. |
4.3.3 “Mnscle‘Ions T

Total muscle ion contents measured using instrument‘al neutron
activation analyé;s were corrected for the quantity of ion in the
nuscle ECFV (Appendix B) to obtain the intracellular ion concentrations
(I 14, in nEq/1 ICF) shom in Table 16. Perfusion of resting muscle
resulted in  emall (7-14%) significant reductions “in [R']i,
significant decreases (14¥3éz) io [Hg++]i, significant increases inl
[C17]1, and no change ia [Na']i. The combined changes in
intrecellular fon concentrations resulted in a significéqt reduction

+

(9-20%) in [SID]i, and hence increased intracellular ([H ]

calculated- .from physico-chemical variables in all muscles (Table 18).

Because of the readjustment of incracellular ion status during -7

perfusion of resting muscles, changes during stimulation will be

described relative to the values at . the end of resting perfusion.

Stimulation sfgnificantly reduced (8-193) [K']1, with the loss

increasing. in proportion to incfeasing glycolyric capaeity of the
muscle (W6 > PL > RG > SL) (Table 16, Fig. 14). [Na"14 and
[Cl—]i' increased up to 257 in SL, RG and W¢ muscles, and increased
significantly (56%) 1in the ?L. [Mg+4]i was significantly reduced
by 16-202 'in all umuscles but SL, - while ctoral [Ca*™)1 showed

variable changes with stimulation (Table 16, Fig. 14).

\
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Pig. 14, The total change —in the intracellular concentrations of
strong lons in hindlimb muscles after S mip of electrical
stimulation. - La~ accumulation {s plotted reversed to show its
close asgociation with g effiu;:. Muscle work is associlated
with increased concentrations of Na¥, C1” and La and

reduced conceatrations of MgH' and K+ within the muscle

cells,

t«.'
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rmns11

Total flux of iomns across the sarcolemma in hindlimb

' muscles during 5 nin of -electrical stimulation, and

the percent contribution to the entire hindlimb flux

(from Fig. 13).

Muscle : K Na® cL”
Soleus =2.30 +0.28 - H).53
Red gastrocnemius =4.05 H.47 ~0.13
Plantaris -14.97 +4.36  +6.68
White gastrocnemius -70.03 +15.27 +3.94

- . L
Total GES -91.35 +20.38 +11.02

. :

Total hindlimb T =2.26 +30.9 +31.5
T GPS to hindlimb 4,042 66.0 35.0

Units are umol/muscle per 5 min§ +ve = uptake by muscle;
-ve = loss from muscle. The calculations were made as

follows: ION flux = ([ion]rest perfused

[ion]stimulated perfused (mEq/g wet wt)) x muscle wt ().

The [ion] in mEq/g wet wt was obtained by dividing the [ion]
in mEq/1 ICF by the ICFV (values from Table 15). The muscle

weights used uére calculated from Table c-2.
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The total changes in 1ntrace11ulnr ion coucenttations during 5
min “of stimulation (Fig. 14) are compared to the total.gggggfate ion
.flufeg (Fig. 17) . 1a Takse 17. The quanti:y of k¥ lost from rhe
.GPS~'nntciesl greatly exceéqg (by a factor‘of 69).that.uh1ch can be
accounted. tor by ‘the increase in venous tlasma [k+].' The‘tptake
. qf. 204 umol ﬁat and of 11.0 gmol c1” by the 6PS group
accounted for 80% and 42% of the observed decrements in venous plasma
{Ha+] and [glf]; S o . ‘ ‘ :

4.3.47" Musile [SID) and [m+]1

A increase in {H ]1 will result Erom one or a combination

"of these three events:. a reductioan in [SID], an Increase in PCO2

and/or an 1ncrease ia [ATOT (Section 1.2.2). The changes in
.1ntrace11ular ion concentrations resulting from electrical sttmulation
(Fig. 14) significantly reduced [SID]{ by 22%, 34% and 35~ in RG, PL
and WG, respectively (Tqble 18).' The relative contributions. of the 20
mnﬁgf,tise in P002 (assumed) and the decreases in [SID]L to the
increase 1{n '[H+]i ‘can be dqtermined by caICulating the dependent
'variables at pCo,'s of 50 and 70 %iﬂg and at’ resting and
stimulated m;;cle [SID]i’s. It was also assumed that {ATOT] for
egch muscle remained unchanged (Section 3.1) during stimulation. The
conttibutiqn of‘ the increase in [La ]{i to che reduction in pH-SID
accounted for 53X, 48%, 37% and 557 of the total decrement iy {SID] in
the SL\\ RG,{PL and WG respectively. Through its effect on decreasing
{siD], tks//;qcrease in [La }]i was thus ::5ectly responsible for
increasing ([g'] by 482, 86, 592, and 74X in the SL, RG, PL and We
respeétively, during 5. min of high intensity exertise. The

3
-

- countribution of the increase in PCO2 to the- increase in [H+]
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was greater in_ - slow twitch muscles (13% and 8% in SL and RG) than in

fagc tuitgh:unscles.(éz in both PL;and WG)a

4.3.5  Membrane potential
. The calculateA' K" equilibrium potential- of reéting musgie
is larger uiﬁh‘incréasing glycolytic capacity of the muscle (-88 mV in
-wc, =81 aV in SL; Table 18), reflecting the lower [KT11 in sL
(slow oxidative fibers) and higher [K+]i in'WG (fastc glycolytic
fibers). There was “no chhnge in the potentials ddring perfusion ét
rest, However, at the e;nd of electriéai st:imqlation, the combination
of elevated .eitracellular [K+] andj‘réduced [K+]i increased |
“(made less negative) the K+ equilibrium poteantial of all muscles

by about 10% (Table 18).

4ot DISTUSSION
The preseqﬁ study has shown that- high inteﬁsiCy exercise
results in. large changes in excré— and intracellular strong ion
concentrations. The exercise-induced changes in  extra- and
. in:ragellular strong ion concencratioqs, which cgused changes- iﬁ
intracellular 'geak fon concentrations, are assotiated with factors -

linked to muscle ‘fatigue. The 457 reduction in ﬁuscle performance
during 5 min of stimulation (Fig. 8) was assocdlated uicﬁ large‘changes
in protein ionizati;n state ([Af}:[HA] ratio), a 2-fold increase
in W&' and PL [B+]i, and a 6-10% decrease in the &' equilibrium
.potential of the bPS muscles (Table 18).

Several major chemical events are associéted with intense

contractile activity {n skeletal muscle: increased CO2 production

and  release (Fig. lh); teduced [Na+]i, increased [K+]i;
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increased [La']i, and reduced [SID]i (Tables 16 & 18); altered

protein ipnization' are;e (Table 18); and increased [H Ji (Table
18). Similar changes have been documenced by several investigators
(Sahlin - 1978; Tibes et al. 1977; Hirche et al. 1980 Sjogaard et al.
1985), and their significance will be discussed below.

L2 Fluid balance

The changes in muscle fluld volumes and ifonie cornposir:ion
during perfusion of resting muscle (Fig. 10, Table 16) indicated that
initially a nonsteady—staca existed ‘between the mnecles and the
arterial perfusate. . Examination of the venous effluent at 3 min
inﬁer;als during resting perfusions showed chat after the initial 10-

min of perfusion, venous perfusate electrolyte composirion remained

constant. Therefore the npuscles and perfusate were 1in a new

The increase in muscle TTW during exercise was due mainly to an
increase in muscle ECFV (Table 16), a finding consistent with the
observations that the X intersticial concentrations of osmolytes
' increases during exercise (Tibes et al. 1977; Hirche-et al. 1980). The
observed increase in TTW is similar to that found in previous studies
in stimulated rat (Sreter 1963) and rabbit (Tibes et al. 1977) hindlimb
..muscle, and In  human quadriceps muscle ’during-intense dynamic knee
extension (Sjogaard et aj. 1985). Sreter (1963) Teported that the
increase in  msecle TIW was also‘assoeiated‘with a small increase in
ICFV of stimulated soleus and gastrocnemius muscles. In the present
study f%?v (Fig. 10) did not change significantly, perhaps due to the
.one-pass perfusion used in rhe presenr study compared to the intact

circulation wused in Sreter's work. 1In contrast to the findings by both

J
0
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Sreter {1963) and the presen: study, the largest increases in fluid

occurred in the ICFV of- working mugscle in humans conducting maximal

: .dynamic knee extension exercise for § min (Sjogaard et al. 1985).

reason for these differences are not knowu, but they may be due in part
to a larger muscle to ECP {La"] difference 1n human muscle than in
rat muscle, causing a larger flux of fluid into the ICP of human
muscle- .
4.4.2 Ion Balance )

Muscle stimulation ‘reeulted in increased [La7], [Na+]
and [€17], and decreased [K+] and [Hg++] within the
-1nEracellular muscle compartment (Table 16; Fig. 15), .along with
increased [K+] and.‘[La-],rgnd.reduce& [Naf] and [C17]
in venous ;slasma (ngs- 12 & 13). Skeletal mescle contraction in man
(Sjogeard et al. 1985). acd in isolated‘cr in 5153 sci;ulated muscle
preparations (Fenn and Cobb I;ES'A Sreter 1963; Tibes et al. 1977;
Hirche et al, 1980) has also been shown to cause an increase in venous
plasma IK 1 and a decrease in venous plasma [Naf] and
[C17]. These changes have been attributed to incomplete re-uptake
of K+, and higher influx of {Na+] and [Cl-j during muscle
contractions (Tibes et al. 1977; Hirche et al. 1980; Sjogaard 1983).

The reasons for the large- discrepancy between the observed
g flux 1ntc perfusate, and muccle concentrations (Table 4) may be
two-fold. First, .the erythrocytes are capable of removing a
significant  proportion of ¥ added to the eirculation from
exercising. muscle. (HcKelvie; Lindinger and Heigenhauser, Appendix D).
Second, Tibes et a1. (1977) thave demonstrated -that interscicial

[K+] in working muscle may be at least 2-fold greater than plasma
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i[xf]. The differences between perfusate and muscle Nat and

Cl” fluxes are in reasonably good agreement given the contributions
- of interatitial fluids and inactive tiSSues. The contributions of the
}ed blood cells to ion balance were not assessed in the present study,-
houever 2 complete accounting of ion fluxes between -muscles and
perfusate requires that :zgge analyses should be performed.
Lactate accOunted. for . only a small proportioc of the
. A

theoretical total acid anion load (INVA]) to the wvenous plasma

perfusate during the initial two minuhes_of mscle stimulation (Fig.

12). Becausc of the large differences in A-V [NVA], the apparent flux

of NVA from SCimulated miscle always greatly exceeded that of the major
contributing strong anion La . This SuggESCS_thac sonme proportion
of fhe net strong anion, i.e. La , efflux .from_muecle 1s not
meacurec as a change in plasma [La_];‘ At least part of this may
result from the movement of Lz~ from plasma into inactive_tiesues
_(erythrocytesj in exchange for another strong anion, perhaps Cl .
For example in man following high intecsity exercise, the erythrocftes
may carry 32X of the totel blood La load (Appendix D). -

_In frog sartorics- muscle Adrian (1974).535 estimated that a
single action potential can reduce the interstitial [Na+] by 0.5
mEq/l and increase [K+] by 0.28 mEq/l. In Adrian's scudy, assuming
that the ECFV averaged 100 ul/g wet muscle, the increase in ECF X'
contenc‘ is 0.028 chl/g wet muscle while intracellular Na+ would
increase by 0.05 jmol/g wet muscle. In the present study the total
theoretical K+ efflux and Na' influx from muscle during 5 min

stimulation of the WG can be estimated by multiplying the number of

stimuli by the Na+ and K+ fluxes/impul se repofted by Adrian

-

tu
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(1975). Dvuring 5 min of s::;nulation there were 10 action potentfialg
evelr'y 2 s for a total of 1,500, Using 8 WG ECFV of 100 pl/g wet we,
‘the total theoretical increase in ECF k¥ conte¥ is 42 pmol/g, and
the decrelse 1o Ne* 15 75 ymol/g. Prom Table 17 the amount of
K" loss from W was 33.4 pmol/g (80X of theoretical) while the.
increagse in tua+11 was 7.3 umol/g (102 of theoretical). Therefore,
during cthe i{ntervals between action potentials, ouly 20 of the g
was pumped back into the cells while 902 of- the Na was pumped back
out into the ECF. These persistent fluxes of Na and K ‘may be
due to 1inadequate or impaired Na+/K+. ATPase pump activity
(Milner-Brown and. Miller 19865, in the face of increased sarcolemmal
conduc:uaeces of K+ and Na+, at a time when ATP demand is very
high. tThe result 1s reduced resting membrane potentia] and reduced
rates of action potential propagation resulting in a deerease in muscle
coatractile foece (Dulhunty 1982; Biglane-Ritchie and Fbods 1984;
Milner—Brown and Miller 1986). ‘

Total-‘[Hg .]i decreased significantly with exercise {Table
16, Fig. 15). The free and diffusible Hg+f coetent of skeletal |
muscle has been measured to be 40-50% of total HgH (Cohen and Burt
1977; Hess and Welngart 1981; Maughan and Recchia 1985), while Mgt
bound to CP and ATP contribute an additional 197 and 27% respectively
(Cohen and Burt 1977). The large reductions in incramuecular CP and
ATP duriog heavy exercise (McCartney et al. 1986) shEuld contribute to
an increase in free [Hg++]i (Cohen aed Burt 1977; Hultman and
Sjohola  1986) which favors the efflux of Mg™ from the cell. Since
free Hg++ competes with Ca' for the binding sites on troponin

(Donaldson and Xerrick 1975), an increase in free Mg++ in exercise
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could reduce the number of active actomyosin cfosSQB;idges formed.

Therefore gt efflux, to keep free MgtT11 low, wmay be

beneficial to the maintenance of force generation dufing the

development of fatigue.

4.4.3  [5ID] amd [HH1

WG forms the largest portion of perfused, stimulated and

sampled musecle mass in the rat hindlimb preparation (Table C-2 of

Appendix C) and may be considered as representative of stimulated rar

hindlimb muscle (Wottiez et al. 1985). . Using stimulated WG as an

" example, the decreases 1in {[K'J{ and fincreases in [La )t

contributed 45X and 50%, respectively, - to the reduction in [SIN]i

(Tables 16 & 18). 002 release from muscle was increased during

2

stimulation - (Fig. 9) indicating an increase in muscle PCO
LATOT] does oot change with exercise (Chapter 3). -Therefore the™

, and

major factors contributing to the change'ih intracellular acid-base

status during exercise are ghe'increase in Pcoé, the reduction in
[s1D]i," apd. the decrease in KA' .The decrease in KA from 5.5 x

10“7 Eq/l to 4.0 x 10*7 Eq/l appears to result primarily from

the decrease in muscle CP coatent during inte;se exercise (Chapter 3).
In SL, CP content is not significantly changed during 5 min of

stimulation (Spriet et al. 1985a) and therefore the K. in SL would

A
not be expected to change significantly. In the calculations of the
depgndené intracellular variables a K, of 5.5 x 1077 Eq/1 was

used for SL because Cp concentrations remained elevated, whereas a
KA of 4.0 x 10-7 Eq{l was used for the other muscles (Table

18).

Hindlimb muscle [H+]i, calculated from independent
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physiéo—chemicgl varib}g‘f/fat the end of S5 min stimulation were about

2-fold higher than those at rest in a1l muscles exﬁept SL, which showed I
only a smali increase (Table 18). - Using the WG_as an example, the
relative contribucions of increased pco and reduced [SID]i to the

* total change in [H 11 from the resting perfused state to the end of

" stimulation (2 215 Eq/l x 10 Eq/1) can be estimated as follows-

the 20 mmHg increase in -PCO2 accounted for 4% (0. 09& x 10

Eq/l), and the 51.5 mEq/1 decfease din [SID] acgounted 94% (2‘332 x
10"7 Eq/l)f The contribution of the rige i [La"] can
similarly be estimated and was calculated to account for 74% of the
increase 4n' [H+]i in WG. Thus, compared . to the reduction in -
'fSID]i, physiological increases in PCOf;appear to-have relatively
little effect on pHi during efercise; the increase in [La ]i is

the major coantributor to changes 1in the total ionic status of the

intracellular fluids. A T

Muscle CO2 production is high duriﬁg exercise, but CO2

does not appear tol accumulaﬁe to aﬁy great extent within the cellg
{Sahlin et al. 1983) despite large increases in intracellular PCOZ.
Intracellular [?COS-] is only-about-lo mmol/l at rest and may
be reduced to below 3 mmol/l in heavy exercise (Table 18; Sahlin et al.
1983). From physico-chemical principles [HCO "1i is not only
dependent on PCOZ, but also on [ATOT]i and [SID]; (Fig. 3);
therefore changes ;n [HCOB_] do not have to parallel changes in
PCO2 and, as in heavy exercise, their changes may be opposed (Table
18). h '

What factors are responsible for the increase in_mus;le Cco

2
output and  venous PCOZ? Muscle metabolism is increased
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sdbatanki:lyy in th; stimulated perfused rat hindlilb, with glycolysis
coﬁtributi&g only 237 to the elevated ggtabolic rate in the first S min
of scimulation (‘sér'i’et et al. 1985a). Thus with aerobic metabolism “’
contributing about 772- to the elevated metabolic rate, a subsgtantial
increase in PCO2 should result.’ The rapid and large reduction in

[SID]i also appears to contribute to the elevation in Péoé with

exerciée; this makes tﬁe assumption that the intracellular compartment

L

of  the mﬁscle is behaving as a partialf§ closed system. In
explgnation, " the rapid reduction in [SID]1 determines (by
physico-chemical  equilibria outlined {n Section  1.2.2)  chat
'[HCO3-]i must'decrease; the equilibrium relacionshipg show that

reduced [SID] together with reduced [HCOB—] must be associated

with an }ncrease in Pcoz. Therefore, in:gxercising muscle, :ﬁere
'appears t::? be a disequilibrium for coz, with muscle behaving as a—
partially closed System, and with (SID]) partially determining the
PCO2 ({.e. PCO2 is behaving 1like a dependent variable-wicﬁ

respect to [SID]. The relative cdhcributions_of increased metabolism
. and reduced [SID] to the elgvation in PCO2 cannot be distinguished

at this time. |

S 4404 Significance

Muscle f#tigue may result .from one or a combination of three
key processes occurfing within muscle: ;nhibition of metabolism,’
reduction 1in the number of actomyosin ‘crossbridges formed and decreased
in the rate of cross-bridge cycling, and wembrane depolarization
céusing reduced act:!._oh potentials. As discussed in Chapte:s 1 &3,

exercise-induced changes in the concentrations of [Na*li and

[K+]i, and in [SID]i, may indirectly decrease the activities of key
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glycolytic enzymes by alcering accive site conformation and by exerting

direct allostcric cffects.

The ‘strength of contraction 1is .directly proportionallco the
number of actomyosin crossbridges formed',and to the. quancity of
Ca++ released from the aarcoplaémic reticulum (SR) to bind to
tropon;n‘ C (Ebasci 1976). Relaxation of the sarcomeres is iniciaced by
repolarization of sarcolemmal membranes and actlve uptake of Ca
from the sarcoplasm (Ebashi 1976). A decrease in ATP production and
Cucpover . with ‘;;crgzcing [SID]i may rcduce the ATP su@cly recuired by

myosin  ATPase for relaxation of the active actomyosin complex

(Kushmerick 1983). Increased intracellular [H+] has been
) : )

postulated to exert its major effects on the modulation of free

Ca++ concentrationg of extra- and intracellular fluids, thereby
affecting the force of cchtraction._ Changes in ion status associated
with 1increased [H ] have been implicated in decreased activity of

the ca't ATPases required for pumping of Ca'' into the ECF or

SR (Nakamaru and Schwartz 1972; Fabiato and Fablato 1978), decreased
activity cf myosin  ATPase, and binding to the high affinicy
cat- -binding sites on troponin é (Fabiato and Fabiato 1978;
Donaldson 1983; Hultman and Sjoholm 1986). The first two events result
in an 1increase ing sarcomere éelaxation time while the latter evect
results in reduced rates of crossbridge formation and recycling. oOf
particular relcvance to these 'pH effects' » Chapter 3 has shown that
conditions causing an increase in [H ] also causes an increase in
[HA] and a decrease in [A] (Fig. 3), reflecting changes in the
icnization state of incraccllular proteins. It is proposed that any

conformational or electrostatic alterations (Nakashimi and Tuboi 1976;
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Hbodbury 1974) could also be imposed on the enzymes and proteins

involved with ‘the contraction ptoceaa per se,

The \ concentratiop of inotganic phoaphate a{?i) loereases
markedly es ATP and cCp 'ia:‘hyéiolyzed during intense muscular
contraction (Wilkie 1986). 1In the intraceilular{fluid Pi exists in
monobasic and dibasic forms . (BP0, and HPO,",
respectivel;), therefore conditions associated with an l1ncrease in
[H ] will also be associated with a2 decrease in the dibasic form _
and an increase in the monobasic form of Pi (COOke & Pate 1985; Wilkie
1986). Recen: evidence strongly suggests that increases in [Pi] during
intense muacular contraction is directly responsible for me of tﬁe
inhibition of force generation (Hibberd et al. 1985), and it seems
likely that the Tesultant high [HZPOA-] assoclated with .
changes causing an increase in [H+] may be a direct inhibitor of
tbe actomyosin ATPase system (Wilkie 1986).

Reduced trans-sarcolemmalfNa+‘an& K+ differences during
‘muscle activity depolarize the muscle cells. This depolarization may’
decrease the magnitude of the miscle action potential and reduce
catt releas (Bigland-Ritchie and Woods 1984; Caille et al. 198s),
decrease frjé\ ‘Intracellular [Ca I, and thus contribute to the
decline in—»férce during muscle activity (Juel 1986; Section 1.3. 3.
Using the WG as an example, the increase in ECF [K'] during 5 min
of 'clectrical stimulatioa was  calculated (equation 32) to be
resﬁonsible for oaly 29%7 of the change in the potassium equilibrium
potential; the decrease in ICF [K+] was respousible for the

balance.
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4.4.5 SEEEEEZ and Conclusions

The . two events which™ appear _ﬁo ﬁave the greatest effect on
muscle 'pe-.:fomnce dui‘:f.ng intense .exercise are tt:e‘ large decrease in
[8*]1 and the marked accumilation Gf La~ vithin ofscle cells.

These two major ion perturbations reduce ;ntracé;lular (SID] and the
4 equilibrium potentizl, B both of which are intima:elf associated
_with muscle fatigue. Correct;on of the ionic disturbances would be
directed cowardé restoration of nomsl muscle ion status and muscle |
function.> In particular, recovery from fatigue reﬁuirés a critical
readjustment of intramuscular electrolyte balance, which is energy
dependent. The 1loss of wuscle contraccilel force at a time when
cellular ATP stores are depressed may be beneficial by prevenéing the

muscle rigor associated with a large fall ig ATP. Muscle fatiguelmay

provide a means for the self-preservation of muscle cells.



5 . MoDYLATION OF SRELETAL MDSCLE METABOLISK AND TON FLUXES -
BY ALRALOSIS

5.1 INTRODUCTION

-

significantly to the total energy production of the working muscles.

The intramuscular accunulation of lactate (La") ang hydrogen ions

causes of muscular fatigue (Hermansen  and Osnes 1872; Spriet et al.

1985b; Hultman and $Sjoholm 1986). In support of this theory it has

been shown that artificially induced acidosis {s associated with an

increased rate of decliﬁe of iaitial force, a decreased rate of

glycolysis and a2 1lower rate of La -release in rat muscle

prepara:ions (Spriet et al. 1985b} and exercising humans (Sutton et al.

1981). Conversely, L2 release from contracting muscle appears to

be enhapced iq condicions of extracellular alkalosis, and in
paraiculariy__wich high ECF [HCO,”] (Mainwood and Worsley—Brown
.19?5; Seo 1984) resulting in increased concentrations of La in the
blood (Sutton et al. 1981; Davies et al. 1986). :

. Artificial acidosis is traditionally induced by the addicion of
excess Cl~ (strong acid anion) to, or che__removal of Na+

(strong base catiqn) from, the extracellular fluids. Alkalosis, oan rhe
other hand, is typlecally induced by the addition of Na' to the ECF.

The present study tested the hypothesis that changes in the strong ion
composition of the extra- and intra-cellular fluids influences the
regulation of metabolism in contracting skeletal muscle.

There appear to be two components to the enhanced release of
139

Durinﬁ high intensity" exercise, glycolysis  coatributes

Vi
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Lg._- from wmuscle in alkalotic com\i':ions.f-' k- non-ionic (HLa‘) '
conponent: is thonght: to be related to the [H ] of the ECF, while an '
ionic (La®) conponent may be a_ssoci_ated with extracellular
[HC03:] (girche er a}- 1975; Hainwood and Hbrsley-Brown 1975;
Seo 'i984; Mason ‘et al. 1986)- A combination of low extracellulaf?
[H+] and high [HCO ] {metabolic alkalosis) is associated |
with a high rate of [La ] efflux, and loy.gxtracgllular (et
with normal [HCO;B-] is associated t:rith a lower rate _i;.a-‘
release. The lowest rates of La  release- aref’.lgft;ﬁ‘ when ECF
[H+] is high ‘and [5003_] low, i.é. metabolic acldosis
(Birche et al. 1975; Seo .1984; Sprié%'et al. 1985b). 1In exerciéing
humans, metabolic acidosis is also Véssoc;ated with, redused plasma
[i.a"]' (Jomes et al. 1977; Sutton et al. 1981; -Kowalchuk et al.
1984) . . | |

According to physicoéchemical principles, the acid-base status
of a solutio; .is dependent upon theg;fiudependencl vﬁr;ableg: the
PCOZ, the total concentration of weak ac%ds and bases ([ATOT])
and the strong ion difference ([SID]) (Stewart 1981; 1983; Section
1.2.2). Disturbances of ion status caused by changes in [ATOT] and
[sIn], but where PCO i1s unchanged, are referred to as metaholic.
Resfiratory disturbances, on the other hand, agre caused by changes in
PCOZ. Metabolic distqrb;hﬁés appear tb exert significant effects
on muscle La release and the change in [NVA]. Tﬁe implicacion is
that changes in the concentratiqns of strong ions_othér than La in
the ECF and ICF directly affect the movement of the strong ion La
between  body fluid compartments. Under conditions of elevated

intramuscular La  production and accumulation, La released

-

S
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frou'.uusgle to_ bloog is expected to be the primary contributor to :hé;

‘rige in [NVA].

The p;esent study used an isolated, perfused rat hiqdliéb
preparation (Sptiet et ai. 1985a) to examine the effects of induced
alkalosis an akele:al muscle metabolism and performance du:ing 5 min of
electrical stimula;ion., The model served as a closed metabolic and -
ipniq .systeu, -enabliﬁg precise measurements to be ,made of: (1) the
ene;gf sources utilized and the wmetabolites produced by the wo;Eing
muscle; tZ) the fonic fluxes between muscle and perfusate; and (3) the
changes_ in intracellular ion concentrations in hindlimb muscles, during’
tetanic {fﬁtimulation. _ Isometric force production by | the
gastrocnemiuéjhlantarISLSQIEus (GPS) muscle group was also meaéured.

| The aims of.lthe present study were four-fold: (1) to examine
the effeéce of alkalosis on the isometric tension development of rat
skeletal muscle; (2) to assess the relative contributions of_the major
energy sources :q force producﬁion d;ring alkalosis and control
conditions; (3) to compare the effects of respiratory/zreduced eit:a—
and id:ramuscular PCOZ) and metabolic (increased extra- and
intramuscular [SID]) alkalosis on the rates of La_lrelease and
other strong ion fluxes from working muscle; and (4) to test the

hypothesis that alkalosis reduces the degree of intracellular ionic

disturbances in exercising muscle.

5.2 METHODS -
Male Sprague-Dawley rats weighing 405 + 6 g (n=50) were used.
The animals were fed Purina laboratory chow ad libitum and housed in a

controlled enviromment with 12 h of day and night. Six groups of
rd .
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experimen

‘parameters: cont?ol acid-base status (C), resting (n=7); Cfexerciae_(s
I min -stimnlation: n=11); metabolic alkalosis (HALK)‘restipg (n=6); MALK
| exercise (n=12); respiratory alkalosis (RALK) resting (n=5); and RALK

exercise (a=9). The control animals from these: groupagwere used for

]

the comparison of muscle performance and metabolism only; this was °

because these eontrol experiments -were being conducted prior to the

time Hhen fon flux analyses was performed in this lab. The appropriate
controls for the ion fluxes and intracellular lon concentrations at
rest c; = 7) and during stimulation (n = 7) are those presented in the

| X preceeding chapcer (Chapter &) .
‘\\\' ‘Arterial perfusate gases, and plasma ‘ion- and metabolite

&

concentrations for each condition are listed im Table 19. The arterial

perfusate was prepared to simulate conditions of RALK by reducinz the

PCO2 ef che solution whereas MALK was simulated &y increasing the
[SID] (by addicion of NaHCo ) of the.solution. Reducé&“ﬁco

alone (RALK} had no effect on [HCO3 i bat decreased [H 1,

whereas an increase in . [SID] - (MALK) caused a reduction 1in

[HC037] apd a decrease in [H'].

-

L]

Surgical . preparation,’ perfusion and stimulation protocols,

'. perfusate and' muscle sampling protocols perfusate analyses, and"

<>
}
\\_'f sta;istics were  performed as descriﬁed previausly (Chapter 3; Appendix

0. Hnscle -intracellular ion and metabolite contents (nEq/g wet wt,
. . . O ) -

and pméltg dry wt, respectivemy)ﬁhwgs determined as described in-

’ Appendix .B; muscle extra~//and incracellular fluid volumes were noc

. measured ‘ég he  alkalotric hindlimbs therefor-; incracelQular

concentrations were aot “calculated. Therefore, muscle intracellular

1 . '

—
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conducted to establish both baseline and. exercise. .

>

-~
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CONTROL MALK

't (o=16) (o=14) (n=18)

<

(na*] 153 + 2 169 + 1 161 + 2%°
[er7] 426 + 2 122 + 1* 121+ 12
h’ = : 5.4 + 0.2 5.5 + 0.1 5.7 + 0.1
ag*h1¢ 2.2 4 0.2 2.1 * 0.1 1.9 + 0.1
rea™¢ T 2.6 + 0.2 3.0 + 0.1 3.2 + 0.1
[La"] . 0.91 +0.06  0.85+0.05 0.9 + 0.06
{s1p) C37.2 +.0.6 36.7 + 0.5%  48.0 + 0.7%°°
PCO, (mmRg) ~ 38.7 # 0.8 26.6 + 1.2°  38.3 + 0.9°
{NvA] ‘ C 1.6 + 0.4 1.2+ 0.2 —10.6 + 1.4%°°
[aco,”) 21,0 + 0.5 19.8 + 0.5 29.1 + 0.8%°°
pH 7.438 + 0.009  7.566 + 0.017% 7.570 + 0.006°
[glucose] (g/1) 40 + 7 42 + 2 43 + 2
[albumin] (g/1) 41 + 2 41 :r3\ 38 + 2
[hemoglobin] (g/1) 135 + 2 . " 127 + 2 132. + 1 J
hematocrit ()  37.9 + 0.3 374 + 0.4 0-3

TABLE 19

Composition of the arterial perfusate in controls, respiratory

alkalosis (RALX), and merabolic alkalosis (MALK).

&

RALK

37.1

Units are mEq/l unless otherwise indicated. [SID] calculated as:

(SID] = [Na'] + [K") + [€a™] - [a17] - (ra)

a2 significantly different from control

b significantly different from RALX

-+ o
¢ total Mz  concentration of plasma
. . - -

d ionized Ca’ ' concentration of plasma
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Fig. lsgk Isometric tetamic temsion éenerated by the

gastrocneﬁiua-plantaris—soleus muscle group during 5 minutes of

it

-

electrical stimulation. €, control; MALK, metabolic alkalosis;

~

RALK, respiratory acidosis.
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Fig. 14. Hindlimb oxygen uptake at  rest and durfing stimulation.
Definitions as in Fig. 15. Standard error of the means at rest were

equal to the size of the symbols.
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ion contents were calculated using mean muscle ECFV values listed in

Table' 16 for e apprOpriate condiq;on (control rest; rest perfused
R

%" -

stimulated perfused). h -

5.3 RESULTS

5.3.1 Performance and Metabolism

Arterial perfusion pressures a:t. resting flow rates were similar
(80-130. mmHg) in the three . conditions. During stimulation at flow
rates of .7.5 ml.min-l,'the arterialrperfusion pressures‘increased
to 129 _+ \16, 139 + 15, and 189 + 25 muNg during C, MALK, and RAEX
conditions, respectively.

The pesak iﬁgfgisisf,{ﬁggibn generated by Ehe GPé nuscle group
during € was 3367'&_167 g (Fig. 15). Tension decreased to‘792-éné 55%
of - peak tension after 2 and 5 min of stimulation. Tensions developed
during MALK an RALK were not significantly different Erom.c.

Oxygen uptake by perfused hindlimb at rest and during
stimulation were not affécted by alkalosis (Fig. 16). The rate of
02 uptake. was stable during the final 15 min of rest perfusion and
throughout the 5 min of stimulation in-all conditions. S 3

Hindlimb glucose wuptake was minimal both at rest and during
electrical stimulation in all conditions. During 5 min of:stimulécion,
totalF glucose uptake by the hindlimb was 2.6, 3.9, and 6.0 umoles in’
the C, MALK, and RALK groups, respectively.

Samples of non-working muscle were taken following 20 min of
'perfusién .in each condition to éxamine the effects of.pegfusion in the
resting‘ state. In all cases, no significant &ifférences were, observed

in, the intramuscular concentrations of glycogen, La » CP, and ATP
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in hindlimb muscles: representative data from the PL muscle are shown

in Table 20.
No significant differences were observed in intramuscular

concentrations of ATP and CP between conditions (Fig. 17). Following

.stimulation, concentrations of CP and ATP fell by 60-80% and 25-40Z,

respectively, 1n both the PL and WG while in SL, CP decreased by 20-50%
and ATP rémained -uncﬁaﬁged. Alkalosis had no effect on the depletion
of CP and ATP stores in any muscle.

. | Stimulation resulted in a large decrease in glycogen content
and incrg;;ed La countent in the PL and WG muscles (Fig. 18). Béth
alkaiotic conditioné J;ere associated with decreased La
aLéumulation in WG and PL; this was significantly different from
control couditions in the. PL. Glycogen and La contents in SL

muscle were ‘not affected by alkalosis.

5.3.2 Venous Perfusate

Venous plasma pH, .'PCO2 and [NVA] from perfused resting

muscle were” constant during the final S5 min of the 20 min perfusion{

steady state values are represented by time O min in Fig. 19. Venous

plasma [HCO3_] (calculated from the nomogram, Fig. A-3) was

19.9 + 0.5, 19.7 + 0.5 and 26.5 + 0.6 mEq/l for €, RALK and MALK at
rest; these values did not change significantly. ddring 5 min of
stim:lation. During stimulation, ~ the reduction .in venous pH was
accoﬁpanied by increasés in PCO2 and and [NVA] (Fig. 19). During

che first min of stimulation venous pH was reduced to a greater extent

in both RALK and MALK; at the end of the stimulation period the

reduction in pH with MAIR was significantly greater than with RALK, and

the change with RALX was significantly greater than in C (Fig. 194).

5
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TABLE 20
Muscle fuel and metabolite contéhts of plantaris at rest in

in controls  and In alkalosis.

Glycogen Lactate cp . ATP

oy
PP - 128 + 5 4.7 + 0.5 93 +3 30 +
c 125+ 9 . 5.0 +0.5 89 + 5 31 +
MALK 139 15 . - 4.2 +0.8 88 +4 30 +
RAIR 126 %7 6.4 + 1.5 105 + 9 28 +

Yy

Units: umol/g dry weight.

Values are means + SE for preperfusion (PP) and post-20

mln of rest perfusion in control (C), metabolic alkalosis
. k]

(MALK), and respiratory alkalosis (RALK) conditions.

PP, n= 18; C, n= 7:; MALE, n jbb; RALK, n = 5,

148
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Fig. 17. Muscle creatine phosphate (cp) ahd-adedoaine.triphosphate
(ATP) contents at rest and following 5 minutes of stimulatioa. .-

Preperfusion cbntents‘arg represented by the to:allheight of the

bars, and nonhatched sectiﬁns represent CP or AIP utilized during

stimulation.. Definitions as in Fig. 15.
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Fig. 18. Muscle glycogen and 13CCate.concents at rest and following
5 minutes of stimulation. Preperfusion glycogen contents are:

répresent by the total height of bars, and preperfusion lactate

concents are represented by the height of hatched sections.

Nonhatched sections represent glycogen utilized and lactate

. *
accumulated during stimulation. Significantly different from
- C; T significantly different from metabdlic alkalosis.

Definitions as in Fig. 15.
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Fig. 19. Thé change in venous pH, PCO2 and [NVA] in the

* stimulated rat hindlimb in controls (shaded areas, from Chapter 4),

MALK (squares) and RALK (circles). Pre-stimulation mean + SE is
given in each panel for the three perfusate conditions. * {ndicates
mean is significantly different from control; *» indiéacQS MALK mean

is significéntlyﬂdifferent from RALK mean. DNefinitions as in Fig.

" 15.
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Fig. 20.- The net fluxes of strong ions and apparent non-volatile
acid snion (NVA) in the stimulated perfused hindlimb as a function
of duration of stimulation in RALK and MALK. The controls (from
Chapter 4) are indicated by the shaded regions; the shaded region
above the 0 1line represents both the Na' and C1~ flﬁxes;

the corresponding countrol fluxes for K+ and NVA are indicated
below the 0 1line. A positive flux is representative of an uptake
of _ion by muscle, while a negative flux ig indicative of a release
of lon from muscle. * {ndicates mean is significantly different
from control; ** indicates MALK mean 1is significantly different

from RALK mean. Definitions as {n Fig. 15.
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Duri.ng the first min of stimulation, the increase in venou1553
PCO2 with HALK‘and RALK was 3-fold and 2-fold greater than that of
C, respectively (Frig. 19B). For the renainder of the stimulation,
venous P002 iﬁ RALX was the same as C; however with MALK, venous
PCOz remained .sigﬁificancly elevated during stimulatton. Venous
Plasma [NVA] dincreased wmore in MALK than in RALK, this difference was
significant at the end of stimulation (Fig. 19C). The venous plasma
[NVA] during  stimulation in both alkalotic conditions were not
significantly different from C.
5.3.3 Ion Fluxes

During the final 5 min of the 20 min resting perfusion, the ner
fluxes of Na', @7, K", La” and NVA between muscle ang
perfusate were significantly greater in RALK and MALK than in C (cime 0
ain, Fig. 2Q). This reflects the Rreater perfusate to nuscle
concentration differences for the alkalotic wmedia compared to the
control medium,. and suggests that the alkalotic perfusates and muscle
may not have been in 3 steady state at the start of stimulation. 1In
RALK, compared to C, there were no  significant differences in the
fluxes of C1°, g and Lé-; however Na' influx was
significantly reduced (2~ to 3~{old), and the apparent NVA efflux was
significantly greater. In MALX, compared to C, there were no
significant differences 4n the fluxes of 1™ and K+ during
stimulation (Fig. 20); Thowever Na+ influx and La-‘and NVA
effluxes were significantly greater than in C. 1In Malk compared to
RALK, the net flux of Na* and C1” from perfusate to muscle was
significantly grealter, while the fluxes of K+, La and NVA from

muscle to venous perfusate were similar in both alkalotie conditions.
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. The total ch:nge in sérong ions and NVA during 5 min of
electrical stimulation fn RALK and MALX, relative to chat of C, are
$ummarized and compared in Fig. 21. With RALX, the fluxes of Na®
and C1” from perfusste to muscle were reduced compared to C, while
the fluxes of La~ and NVA were significantly greater in RALK than

fn C. In MALK, however, the fluxes of a* and C1” from
perfusate to muscle were significantly greater than both C and RALK ;
and  the fluxes of K' and La™ from muscle were significantly
g§reater than in both C and RALK. The apparent fluxes of NVA in both
alkalotic conditions were similar, and were both significantly greater

than in C.

5+3+4 Relationships Between Lactate and NVA

In 211 conditions the rate of appearance of NVA in venous
Plasna of stimulated muscle exceeded that of La~ (Fig. 21). 1n c,
the ratio of NVA:La~ flux averaged 3.8, significantly lower chag
the ratios of 4.6 and 4.3 in RALK and MALR rTespectively. Since venous
(La"] was significantly ﬁigher with alkalosié, the increase in
NVA:La Tatios were dug solely to increased apparent fluxes of NvVA
in the alkalotie conditions.

The Telationships between the maximum measured fluxes of
La~ and NVA  from stimulated hindlimb and arterial PH,
[HC03-], [Na+] and [NVA], in conditions ranging from
metabolic and respiratory acidosis (data from Spriet et al. 1985b) to
controls (Spriet et aj. 1985b; Chapter 4; present study) to MALK and
RALR, are showm in Figs. 22 and 23. 1Ia all studies the fluxes of

La- and NVA were maximal at 3-5 min of stimulation (see Fig. 20),

and these values were used to describe the relationships. Only the
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Pig. 21. A summary of the fon fluxes in the perfused rat hindlimb
during S min of stinulation in RALK and MAIX. Control fluxes (from
Chapter 4) are indicated by the lightly shadeé'regiondf‘ A pb?i?ivé
flux is representative of an uptake of ion by muscle wvhile a
aegative flux is indicative of a release of ion from muscle. =
indicates mean is sigaificantly different from controf?"** indicates

MALK wmean is significantly different from RALK mean.
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Fig. 22. The significant 1linear relationship (p < 0.05) between
the pet La ° flux and the apparent net {lux of NVA during
scimulation‘ of ch? perfused rat hindliamb évet the physiological
range  (pH 7.15 - 7.57; PCO, 27 - 63 mg; (1c0,”] 13 -

27 mEq/l) of arterial perfusate compositions. Data from Spriet et
ai. (1985b), Chapter &4, and the present study. The lipe of
identicy (La flux = NVA flux) is shown by the dashed line. MA

= mwetabolic acidosis; RA = respiratory acidosis; C = controls; RK =

N
Tesplratory alkalosis; MK = metabolic alkalesis.
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Fig. 23. The significant (p < 0.05) linear relationships betwedn.
the apparent flux of NVA and the La” flux with arterial
- - *
perfusate pH, [HCO3 1, [Na+] and [NVA] over the

physiological spectrum of arterial perfusate compositions. The

regression coefficient (r) and equation describing each relationship

is given in the appropriate panel. Valyes for acidic perfusares
(squares = merabolic acidosis; triangles = respiratory acidosis) are
from Spriet et al. (1985b); alkalosis values (diszmonds = Tespiratory
alkalosis; stars = metabolie alkalosis) are from the present study:
and control values (eircles) are frog Spriet et al, (1985b), ChapCer
<, and the present study. In panels F and H, positive [NVA] (to the
left of 0 on the %bscissa) Tepresents acidotic petfusates, while
negative [NVA] (co the right of 0 on the abscissa) represeats

alkalotic perfusates.
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sean maximal values ( * standard error), from each different condition

in each study, are indicated in the figures.

 Analysis of the flux dats from all of the above conditions
showed that there was a sigaificant linear Telationship between the
dpparent NVA flux and the measured La~ flux (Fig. 22) during muscle
stimulation. Furthermore, La and NVA fluxes increased linearly as

a fuyction of increasing arterial [Na+]a, [NVA}a, [HCO. Ja

3
aod pHa (Fig. 23); these relactionships are all significanc (p<0.05) by
lesst squares linear regression. The order of increaéing efflux of
La® and NVA from exercising muscle 1s metablic acidosis <
respiratory scidosis < C ¢ RALK < MALK.

5.3.5 Muscle Fluid and Ion Fluxes

During perfusion of resting muscle, both alkalo:ic media
resulted in sig'nificanc}{ increases in TIW (72-12%), snd” fn the
intracellular contents of Na' (1102=170%) and C1~ (35%-5400%).
Intracellular Ls and total Ca' ' contents were increased in
RALK but not im MALK (Table 21). The increases in TTW, Na® and
Cl” contents were significantly greater than in C. For the C group
(control res:, rest perfused and stimulated perfused), values for
muscle total tissue water and iatracellulsar ion contents are pPrésented
in Appendix C.

Electrical stimulation resulted in  further significant
increases (from perfused Testing values) in TTW (63-72) of RG, PL and
WG 1in both RALK and MALK (Table 21). La  content increased
significantly above rest perfused values in all muscles in all
conditions (Table 21) as desc:ibed above (Fig. 18). Intracellelar,

/
- S . ’
K contents were significantly reduced by 73~17% ia RG, PL and WG,
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-hertls,-in:;acellular Na* and Q1" increased by 5I-70Z. The *
suallest changts in intracellular ion conteats during a:imulation

occurred in SL whereas cthe greatest changes occurred on PL and HG. T
Stimulation also Tesulted in smpll decmenu in :otal mfricellular

Hg and produced vnriablc changes in total intracellylar cat o 4

The exercise—induced changes in intramuscular strong ;ons
during 5 min of electrical stimulation are summsrired and conparf? in
Fig. 24. Compared to coutrols, che main findings are that MALK and
RALK :usulced in significantly less La" accumulation in 3]l
muscles, and there was siguificantly less K+ and Hg++ depletion
in all ouscles .ia bdoth RALK and MALK. As shown in Chapter 4 and
Appeadix C, the increase in Ls. asnd cthe reduction in K+
contents accouuced‘ fof\ over 90X of the decrease in SID contert during
stimulation.  The significantly reduced K* and Mg™ depletions,
aod  significantly reduced La accumulations in alkalotic miscles
(Table 21) compared to C (Appendix C), accounted for the significantly
lower reduction of SID contént with alkalosis (coamparisons summarized
iha Fig. 24).

The ma ;r differences befween RALX and MALK during stinmulation
were increased at and C1°7 inaflux Lo SL with MALK, while
¥a© and a” ioflax o other muscles was less with MAIK (Table
21; Fig. 24). In;thc.fast-twitch muscles (PL and WG) g depletion
was less with HALK than with RALX, this difference was highly
significant in WG. La  accumulation vas significantly less oalv in
FLowith MUK compared to RALK. Mg™ depletion in siow cufeen
nuscles (SL and RG) was significantly greater with MALX than with RAIX,

while in PL and WG the degree of Hk depletion tended to he
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Fig. 24. The\change in intracellular contents of stroug ions and

SID expressed as fluxes In perfused rat hiadlimb muscles during 5

ain of stimplation. Control fluxes ¢C, light shading) are from
Chapter 4. tdicates mean is significantly different from

. ' -
coatrol; ** indicates MALK mean is significantly different from RALK

mean.
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reduced in MALX, compared to RALK. The reduction in SID content of WG

vith MALK was significantly less than with BALK (Pig. 20A), the change
in SID of PL and RG was similar in both alkalotic conditions (Fig. 20B
& C), while in SL.the reduction in SID wag siggig;cantly greater with
MALK than with RALK (Fig. 20D).

5.4 DISCUSSION
The present study demonstrated that alkalosis did not -
significantly affect hindlimb tension generation during stimulation.
Muscle glycolysis and La production in alkalosis were not
significantly different from ;ontrols, but alkalotic hindlimb muscles
accumulated significantly less La-, and released significantly more
La  than controls. The highest rates of La~ ana NVA efflux
from muscle was observed in MALK (Figs. 20 & 21); La~ efflux rate
in MALK and RALK exceeded that of controls by 25% and 17%, while NVA
efflux in MALK and. RALK Averaged 40T and 457 greater than in c,
.respectively.

S5.4.1 Ion Fluxes in Resting Muscle

During perfusion of resting muscle, the elevated ion flux rates
in the alkalotic couditions, compared to C, Qas most 1likely associated
with the inicial large imbalance in perfusate to tuscle ifon
concentration differences compared to rat blood or control perfusate
(Table 19). Evidently, 20 min of perfusion may not -have allowed time
fér the establishment of a pew steady state between muscle and blood
with MALk- The relative smgll magnitude of these fluxes in resting
versus stimulated muscle should not seriocusly alter the interpretation

of the resulrs. Particularly in MALK, perfusate fluxes of Na+ and
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Cl~ reflect the large increases in the intracellular contents of

these ions in all wmuscles (Table 21)+-

5.4.2  Ionic Cbanges in Stimulated Muscle

Five min of electrical stimulation resulted in reductions in
venous plasma volume, pH, [Na'], [CL7) and [SID] and increases
in  venous [La'}, (K'] and [NVA] (pig&. 19—21). The
corresponding changes in muscle were increased TTW, increased contents
of La~, Na' and Cl™, and reduced contents of X' and SID :

(Tabla- 21; PFig.-24). These changes are characteristiclof contracting
muscle under a varlety of conditions (Tibes et al. 1977; Sjogaard et
al. 1985; Appendix C).

In the present study, exercise-induced intracellular K+
depletion was significantly reduced in alkalotig conditions compared to
controls (Table 21: Fig. 24). Similar findings have been Teported in
Quperfused frog sartorius muscles following stimulation (Mainwood and
Lucier 1972). In the presencl study muscle K+ depletion was
associated with only a 0.35 mEq/l increase 1in venous Plasma [K+]
compared to chg'0.53 mEq/1l change éeen in controls.

During perfusion with a;kglotic wedia, the combined effects of
reduced intracellular g depletion and reduced intracellllar
La accumul;tion in exercising omuscle was respousible’;g;r a
significant reduction in the exercise-induced decrease in SID, compared
to controls (Fig. 24). Estimates of the intracellular concentrations
of dependent wvariables from intracelluiar contents of strong ions.
cannot readily be made in.  thig study because intracellular fluid
volumes (ICFV) of the alkalotic muscles were not determined. However,

based on the effects of changes in intramuscular f[SID] on the
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- concentrations of the "intracellular dependent variables presented in

Chapters 3 and 4, the significantly reduced decrement in SID content of
stimulated alkalotic mscles must be associated with a smaller increase
in intracellular [H+]. In stimul#:ed WG, assuming that the ICFV
changed to the same extent in MAIR as in C (Table 11), then the change
in [SID]i. in MALK (estimated a8 130-100=30 mEq/1l) is calculated to
reduce intracellglar PH by 0.20 units; this is much less than the 0.36
PH unit decrease calculated for contrel WG (Table 11).

5.4.3 ﬂechanism for Trahs;Sarcolemal Lo Efflux

_Intramuscular La~ accumulation results when the rate of
glycolytic pyruvate production exceeds the rate of pyruvate oxidacion
(Fig. 1). Therefore, regulation of incracellular [La ] in
exercising muscle requires that: (1) La~ production is redﬁced; (2)

La  oxidation is increased; or that La~ be transported from. the
intracellular to the extracellular fluids. Lactate eliminarion durin
heavy exercise ' consists primarily ‘of transport across the sarcol
into the ECF (Herggnsen & Vaage 1977; Astrand et al. 1986).
The enhanéed flux of La~ from perfused stimulated mu cles
with alkalosis in the present study confirms previous work sukgesting
that alkalosis iﬁcreases the rate of La release from superfused
frog muscle (Hainwood et al. 1972; Seo 1984), in perfused dog hindlimb
(Hirche et al. 1975) and in man (Jones et al. 1977; Kowalchuk et al.
1984; Davies et al. 1986). In the present study, re;uctions in
glycogen contents were similar in the three conditions, but alkalesis
was associated with 1less accumulation of La , and total La
release was increased (Table 22). Total hindlimb “La~ release

increased from 387 of total La production in €, to 487 in RALK and
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TABLE 22
Lactate released from'muscle, muscle lactate, and total

lactate produced during S min of stimulation.

Lactate Muscle Totgl
Teleased lactate lactate
c 54.2 87 .4 ] 141.6
(38.3) (61.7)
MALK 74.3 61.9 ¢ 136.2
(54.6) (45.4)
RALK. 68.6 75.4 144.0
(47.6) (52.4) %

Units: umol/hindlimb per S min; calculated from group means.
Bracketed values are percent of total lactate produced in
éach condition. Assumptions: plantaris muscle Tepresents .
nonsampléd working miscle (see Table Cc-2); nonworking‘?ﬁuscle
iuvolh_::ement was constant throughout stimulation; lactate
metabolized was minimal due to ‘single-pass perfusion.

»

Definitions as in Table 20.
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55 in MAIK (Table 22); :his effect was greatest in highly glycolytic

(WG and PL) mnscles chan in primarily oxidacive (SL and RG) muscles
(Pig. 24). In a study of impoaed acidosis (Spriet et al. 1985b) the
opposite effect was seen, with a greater reduction in La  release
being found in metabolic acidosis (MA) than in ;eSpira:ory acidosis
w. |

Ihé rate of La efflux from muscle during exercise in the
stinulaced perfused rat hindlimb ig significantly correlated with the
arterial compostion of the perfusate (Fig. 23). 1In chis context it
must be r;;embered that the arterial PaCOz, [ATOT]a and [SID]a.
determine _the [H+]a, [HCO3-]a, and [NVA]a composition of
the arterial perfusaée. In the metabolic distﬁrbances the chénges in
the dependent variables are caused by changes in [SID] primarily due to
altered [Na l. In the respiratory disturbances, the changes in the
dependent variables result from the change in PCOz. Increased
rates of La efflux, {in the stimulated perfused rat hindlimd
preparation, are assoclated with increased pHa-(F;g- 23C), increased
(BCO,"7a  (Fig. 23D), increased (Na"]  (Fig. 23c) and
decreased [NVA] (Fig. 23H). A 1.0 ?Eq/l increase in [Hcoa_]a
was associated with a 7.2% increase in La- (Fig. 23D), and a 1.0
mEq/l increase 1in [Na+]a or [NVAla was associated with a 3.6%2
increase in L3~ efflux (Fig. 23¢ & H). These findings are
supported by previOus work using a mumber of muscle preparations which
have described .tﬁ; la  flux {in \erms of the.EJ 1 or
[HCOB_] (both dependent v&r?ables) ,gf/éhe blood (Mainwood et
al.. 1972; Rirche et al. 1923;5Sﬁfg;§ et al. 1981; Seo 1984: Davies et

al. 1986). The results presented in Fig. 23, and by other
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investigators, cannot be used to determine cause-and-effect

relationships tnless the La~ efflux. is plotted against an
1ndependenc .varinbl; uucﬁ as {Na']. Inxthe present study, La
efflux was increased 12.6% by changes in independent variables which
caused a 0.1 u#i: increase in ECF pH (Table 19), a finding consistent
-with that of Mainwood & Worsley-Brown (1975) 4in frog sartorius.
Relatively small changesl in arterial ion concentrations are
capablé of evoking relatively large changes in La~ efflux rates.
Thesge find;ngs are supportiv; for pfimarily ionic mechanisms of La
efflux (Benade & Heisler 1978; Hultman et al. 1985). The close
association between La efflux and arterial pH (Fig. 23C) suggests
thgt Le~ flux across the sarcolemma may 5e‘sensitive to altered
conformation of fonizadble groups at fonic La-transporting sites (Kuret
et al. 1986). VFurther evidence for a primarily ionic mechgnism for
trans-sarcolemmsl La~  flux is provided by the finding that
A-acetamido-&'—isothiocyanostilbene—z,2'—disulfonic acid . (SITS)
inhibits the influx of La into perfused rat hindlimb m&scles by
about 30 (Kuret et al. 1986). This 1Ihs suggestive of a
La /HCO. or La /Cl~ exchange, or that the La_

3
flux 1s coupled to the C1 /HCO. exchanger (Aickin & Thomas

3
1977) of mammalian skeletal muscle.

The results of the alkalotic and acidotic rar hi imb
perfusion studies Suggest that iomiec disturbances, i.e. altered’
[HCOS_I, [OR"] and [H+], associated with changes in
perfusa;e PCO2 (RA, RALK) also exert a powerful effeet on La
flux (Fig. 23D). Increasing the PCO2 from 27 mmHg to 63 mmHg, at

constant [HCO3-], is associated with a 30% reduction in La~
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efflux from stimulated perfused rat hindlimb. This suggests that

changes 1in pcoz, :Lrouge alteration of the concentrations of extra-

and ‘intracellular dependent variables may also affect car;iér—mediaCedf
lonic transport process. The movement of La~ out of muscle may

also be partially due to the electroneutral diffusion of undissociated
et acr&ou the cell membrane, secondary to ifon-induced

changes in membrane conductance to La and other ions. |

5.4.4 NVA Flux from Muscle

The 8ppearance of NVAdn the extracellylar fluids results from
the apparent addition of strong acid anion to the Blo;d. Similar to
the Jla fluxes, the apparent efflux of NVA from stimulated perfused
rat hindlimb increases with inéreasing pHa (Fig. 23A) and inecreasing
PaCO2 (Fig. 23B) at constant [HCOB_]a, aﬁd NVA flux
increase; with increasinﬁ plasma [Na+]a and whole blood [NVA]a
(Fig. 23E & F). There was a highly significant correlation between
La- flux snd the NVA flux (Fig. 23), with the La  flux into
plasma asccounting for 21% of the NVA flux into whole blood. This
discrepancy strongly suggests that the red blood cells ma;\\be
responsible for removing La from plasma in exchange for another )
strong aniomn such as Cl7, or in cotramsport with a strong cation
such as K+, as has been demonstrated in husans (Appendix D).

Theoretically, exercise-induced changes in venous whole blood
[NVA] must be due to the combined effects of La (and/or other
ﬁtrong anion) fluxes from, and of Na' (and/or other strong cation)
into, inactive tissues such as nonworking muscle and red blood cells.

The directions of these fluxes would cause an increase the aﬁparent

quantity of . strong acid anion added to the blood. The magnitudes of
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th&ge fluxes, in alkalosis, are 1nd§cated in Figs. 20 and 2}. In MALK,
the.\pngnitudef of the Na' influx and La~ efflux can fully

account for the spparent NVA‘ flux (Fig. 21); however in RALK ch:fé,
fluxes \g&count for only 36X of the NVA flux. In RALK, the unaccounted
74%- of the NVA flux may be partially accounted :_‘.or by an \upcake of
La—_ by inactive tissues (erythrocytes, non-contracting muscle;
Appeadix D) and bai;ncig.‘gy ﬁhe_release of éther strong acid anions
such as Cl~. The rate of C1~ uptake in RALK was significantly

lower “than in C (Fig. 21), indicating that €1~ may have been

released, relative to controls. If Cl~ was simply not taken up to

the same extent in RALX as in C, then the reduced C1™ flux in RALK

accounted for a further 22% of the NVA flux;)if, on the other hand,
Cl” 'was exchanged for La~ then an additional 22X of the NVA
flux can be accounted for. -

S5«4.5 Intracellular lon Regulation During Exercise

~. Sevsral mechanisms have been suggested for the apparent

"regulation of intracellular PE® in muscle and other tissues.r Most
mechanisms require the trans-membrane movemeats of strong ions in
exchange for a weak fon of the same charge, or.qith an fon of opposite
charge. For example, 'régula:ion“ of pHi in acid-loaded muscle
cells requireg external HCO3- (Atckin and Thomas 1977; Boron

1977; Boron et 2l. 1978) and Na' (A{ckin and Thomas 1977; Boron et

al. 1981) and intermal ¢1~ (Boron et al. 1978). The apparent
stoichiometry for these ion fluxes appears to be about 2 H+
"neutralized” for | Na+ entering, and 1 C1~ leaving, the cell

(Roos  and Boron 1981). There is, . at the present time, no direct

evidence  that Bﬁi is regulated, or even that ir should he ~
. 4 .
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Tegulated, because there is no evidence . which can demonstrate an

a:élusively [H*]-deendenc Tesponse within a physico—chemical
systen. Ai S:e'urf (1981; 1983) has pointed out, a oaumber of
sizultanecus changes 1in the ionic -:ﬁtus of a solution must
simultaneously occur to cause a change in [H+], and one of more of
these simultanecus changes could just as easily be responsible for the
apparent “pH effect”.

[H+] is dependent on [SID) (Stewart 1981; 1983), therefore
trans-sarcolemmal movements of strong ibns are expected to affect the
[H+] of both the extra- and intracellular fluifds within miscle.
During HALK; arterial ECF (SID] 43 reduced by the addition of the
;;rong basge caﬁion Nat to the plasma (Table 19); in turn Na't
leaves the ECF and enters the ICF as a new equilibrium for Na+ is
established (Table 21). During “perfusion of the resting muscles'wich
media made alkalotic by increasing [N;+]a, the [H+] of the
venous plasma should 1increase as venous ([SID] 1is reduced (Na+ ‘
uptake by muscles), and the [H+] of tbe ICF should be reduced as
iﬁtracellular [SID] is iécreased. Durihg exercise, the venous [SID] is
reduced by tﬁgggddition of La to, and the removal of Na@ from,
the arterial capillary plasma; the resultant decrease in‘ (SID] of the
ECF and an incresse in [SID] of the ICF causes an increase in [H+}
of the ECF, while the [H+] of the ICF is reduced. The direction of
strong ion fluxes during qxefbise therefofe appear to reduce the
increment In intracelluar [H+] at the expense of tﬁe ECF.

Sebb Muscle Performance and Metabolism

In the present study, coincident with the lack of effecr of

alkalosis on force production during 5 wmin of stizulation, 0,
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TABLE 23
Ecergy relessed from the hindlimd during 5 =min of stimulation.

Energy released (joules) as a function of:

oXygen lactate cp :ocnln percent
consumed produced utilized mei-gy\ S~ ot
relezsed C energy p
c 36.8 12.7 3.8 53.3
¢ (69.1) (23:8) (7.1)
MALX 37.0 12.3 ' 4.1 - 55.& 100.2
(69.3) (23.0) (7.7
RALK 34.9 13.0 3.8 51.7 . 97.0
(67.5) . (25.1) (7.8) )

C, control (mn = 11); MALK, metadolic alkalosis (n=12);

RALK, respiratory alkalosis (an = 9). Values are p;r stimulated
hindlimb and calculated from group means of oxvgen utilization,
creatine phosphate (CP) utilization, and lactate production.
Bracketed v:alms are percent of total enerygy r;leased in each condicion.
Calculations based on 1.0 ml oxygen = 20.9 joules, 1.0 mg lactate =
1.0 joules, and 1.0 umol CP = 0.05 joules (Margaria 1976).
Assumptions: calculations based on oxygen and Cp l\l\tili:td and_ lactate
produced above resting values; oxygen uptake reach;a maximal valpes
iu;cantlY; pi&n:aria muscle represents oonsampled working muscle;
nooworking muscle involvement constant throughout stimulation;
efficlency of energy releasing pathways unchanged by alkalosis;

lacrate metabolized was minimal due to single-pass perfusion system.
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uptake and metabolic fuel utilization were found to be similar in 211

three conditions,. with 25% of the total energy production being

b

accoun:ed for by anaerobic glycolysis (Table 23). Steinhagen et al.

(1976) also reported that MALK had no effect on force production during

12 min of 1nt§nse,isotonic exercise in blood~perfused dog gastrocnemius
muscle. Several studies of'hnnqns exercising maximally for less than 2

min have also ahawn that alkalosis has a minimal effect on maximum

" power output and endurance (McCartney et al. 1983; Ratz et al. 1984;

Kowalchuk et al. 1984).

In contrast, pérfusion of the stimulated hindligb with acidotic

- media resulted in reductions in muscle glycogen utilization and La

accumulation as well as a re&uced rate of La- efflui;from contracting
muscles ' (Spriet et al. 1985b). Skeletal muscle PH, has been shown
:o, increase by 0.07 pH unic for ~-each 0.10 pH unit {increase in
extracellular pH during perfusion with alkalotic media (Burnell 1968;
Heisler 1975). The‘ similar rates of glycolysis and of La
production under the present alkalotic condicions'support_ig EEEEE
work showing that key regulatory eniymes are less susceptible to
changes' in activity cauéed by factors associated with decreased-
intraceliular [H+j than with increased [H+] (Gevers and Dowdle
1963; Dauforth 1964; Trivedi and Danforth 1966).

v':"1‘1'1ﬁ:1'.'e is agreement that alkalosis _is assoclated ‘with an

increased rate of appearance of La in plasma. However, there ig

- controversy as to whether the increase in plasma [La-] is.due to an

increase in the rate of glycolysis Or to an increase in the rate of

" La  release from musecle (Sutton et al. 1981; Katz etal. 198&;

Davies et al. 1986). Previous studies of induced extracellular
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alkalosis in humqgs also reported an increase in the appearance of

Plasma La~ during exercise (McCartney et al. 1983; Katz et al.
19843 ° Davies et al. 1986), but intramugcular (La~] was not
deasured. In the present study, [L2"] in venous perfusate was also
8reater during exercise in the alkalotic conditions, bit muscle La~
acamulation was lower, and’ the total La production was similar in
.all conditions (Table 22). Glycogen uCilizat;on was also similar (Fig.
Ié), indicating that approximately 90: of the glycogen degraded was
metabolized anaerobic;lly 'in each condition. This suggests that
alkalosis has liccle effecg on glycolytic rate during exercige
conditions where glycolysi; is maximally or near-maximally stimulated,
and that the increase in plasma.[La—] during alkalosis is due to an
increaseq rate of La release from muscle.

Acldosis was associgted with an increased ' rate of muscle
fatigue in thig preparatién (Spriet et al. 1985b), and it was expected
that alkaiosis might increase initial force output or reduce the rate
of mscle fatigue, The fact that it did not (Fig. 15) may have been
due .o 2 lack of effect on rate limiting enzymes or to non-netabolic
factors. At the high stimulation rates used in the studies, failure of
force generation may have Peen due to maxi{mal recruitment of deOr
units or maximsl transmission of action pofentials. If the mechaﬁisms
inv&lved in excitation-contraction coupling ueré maximally activated, a
change in iﬁkracellular ionic status would not beqexpected to improve
performance. |

There appear to be fﬁo opposing forces responsible for the lack
of observable differences in. muscle mwmetabolism and performance in

alkafbsis. The firse effect, which was expected to be stimulatory with
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respect to muscle performance, -involved the intracellular alkalosis
resulting fron the accumulation of strong basic cation (Na ) within
the resting muscle perfused with alkalotic medium (Table 21). 4s
mentioned in Chapter 3, the resulting increase in intracellula; [SID)
in the resting >perfused mscle should exert a 'protectiQe' effect
against large changes in [H+] and protein ionizat?on state. The
opposing force is the negative gllosteric' effect that —increased
intracelinlar- [Na+] may exert on kef .regulatory enzymes of
glycolysis thus, in alkalosis, gl&col&tic flux may have been impaired.
With mnsclg stimulation, the reduction in intracellular [SID]1
regponsible for the 4increase in [H+Ii during high iﬁ:ensity
exercise, wns associated with a significant decrease in [K ] and a
signiftcant increase in [Na ] (Chapters 3 and 4). Two key
Tegulatory glycolytic enzymes, pyruvate kinase and phophofructokinase,

Tequire 150 mEq/1 [K+] for maximal activation in vitro (Rachmar

and Boyer 1953; Paetkau and Lardy 1967). Furthermore, the activicy of

at least one of the enzymes " (pyruvate kinase) 1is significantly
inhibited by increased [Na+]i. In vivo it was suggested that
glycolysis may have beeﬁ inhibited bf about 202 due to reduced
[K+]i during intense swimmdﬁg exercige, since in that study there
were no significant increases in [Na+] (Chapter- 3). , In the
isolated hindlimd preparation (Chapter 4}, however, stimulation was
assoclated with significant increases in intracellular [Na+]i, and
these inéreases WEre even more pronounced in\the present study_(Table
2l; Fig. 24). Therefore, in alkalosis, it is possible that the reduced
glycogen utilization may be due to inhibition of Blycolysis by high

[Na+]i. The effect of reduced activities of Tegulatory enzymes may
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be to due to alterations in protein conformation or of electrostatic

interactions be:ween enzymes and subs:rate, prodﬁct, activators or
1nhib1tora (Hhkashimi and Tuboi 1976- Woodbury 1974). Changes in
- [s1D]4 have 2 marked effect on the 1onized qoncentrations ([A7] and
[BA]) of intracellular weak acids, indicative of alterations -in the
ionization state of intracellular proteins (Chapter 3). Therefore, in
the present study, the 1large increasg in {Na ]1 during perfusion
with alkalotic media may have negated any beneficial effect that the
increased [SID]i may have on minimizing the exercise—-induced changes in
the concentrations of other dependent variables. On the other hand, it
is also possible that g;ycolysis was maximally activated -by stimulation
under control conditions (€) and could not be increased further by
alkalosis,

In some situations, alkalinization of the body fluids has been .
reported to protect ‘against‘ exercise~induced acidosis (Wilkes et al.
1983). In a recent study, Costill et ;l. (1984} examined ;he effects
of alkalosis on repeated bouts of maximal exercise. and reported that
endurance was enhanced during the fifth. work bout performed to
exhauSCion when muscle pH prior to the bout was higher than during the
control. Also, during exercise at 95% of Vozmax, eundurance
capacity 1s increased by sodium bicarbonate ingestion (Jones et al,
1977; Sutton et ‘al. 1981). The beneficial effects of alkalosis in this
situation may be explained, at leasc in part by the effects of Na¥
ingestion on increasing the [SID] of extra~ and intracellular body
fluids; any inecrease in p;asma [HC03—] ére rapidly correcte; by
ventilacigﬁ relative to- the elevation in plasma [Na+]. It was

-

shown ir Chapter 3 that an inicially high [SID]i is associated with a
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lower {H+]i, and that for a given fall in [SID]i with exercise the

change in the ratio of [A"]:[HA] and in [H+] is much less than
‘at low initial {SID}i. '

S5.4.7 Summary and Conclusions

Initial tension developms#t and muscle perfo:mance was not
impfoved with alkalosis, since the rtate of tension decline was
identiéal in the three conditions. This result was ;ot expected
because performance was impaired with acidosis (Spriet et al. 1985b)‘
and, _in vivo, alkalosis has been aséociatea with increased speed
(Wilkes et al. 1983) and endurance {Jones et al. 1977; Suttom et al.
1981;_Cosﬁill et al. 1984). - |

I;éramuécuxnr L#-'nccumulation in the controi condition was
15-20% greater than in alkalotice conditions; suggesting that muscle
La~ accumulation was aot a major.factor contributing to fatigue
during #lkalosis. -

The rate of La efflux from stimulated muscle is enhanced
under conditions of alkalosis; this contribytes to the reduction in
intracellular La accumulation.

The combination of reduced falls in [K+]i and increased

[La }J1 in alkalosis was responsible for a reduced fall in [sID)%,

. thereby decreasing the effects of large falls of [SID] oun intracellular

’

‘dependent variables.
Alkalosis, and particularly MALK, was assoclated with a large
increase in [Na+]i, which not only contributed to increasing

[SID]i, but may have had an inhibitory effect on glycolytic enzymes.



6 'GENERAL SUMMARY

6.1 Introduction

Since the devélopﬁent of the pH electrode early in thé 20%R
century, the measurement of pH by physiologists and biochemists hag
become a rOutine procedure, probably ‘because it is relatively easy to
measure. However, this ease of measurement may have falsely led
inves:igators to conclude .that many physiological‘ and biochemical
responses to events whiéh changed pH were in fact 'pH#depgndent'.
yuacle fatigue, a prime example, has long been associated with an
increase *in  intramuscular [H+], and . many biochemical'.and
physiological changes .associa:gd uich impaired muscle performance have
been interpreted as the 'result' of increased [H ]« As pointed out
by Stewart (1981; 1983), and in the preceeding chapters, one cannot
changg the [H+] of a solucion independently of ocher changes;
specifically, an alteration in the [H+] of a solution can only
occur by changing one or more of the independent variables PCOZ,
fATOT] and [SID]. Sin;; these quantities are seldom rEporced, oT ,
eyeﬁ measured, it was (and still 1s) very conmvenient fo measure the pH
of an experimental solution and describe the events ghi;ﬁ occur in
terms. of a 'pH—dependeucy'. While a pH- or H+—depéndency may in
fact exist, on can not make such a conclusion because the factors
Tesponsible for the appareat 'pH-effect' have not been examined and
themselves eliminated as causative agents. pH alone is a relatively .
unimportant physico-chemical measurement, but it is a useful indicator
of the ionic status of a so;gtion when measurements of at least two of
the independent variables are also made.

177
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In. the future much research will have to be conducted to bridge

the gap beCHeen npparenc pH effects and our new realization of
biochemical and phyaiological cause-and-effect relationahips. It will
be convenient to continmue -to measure and report pH, but all of the
variables responsible - for, anq associated with, pH must also be
reporfed. Experim?ntali results m;st bel interpreted with respect to
changes in .the indébendent variables; for any ome of several

combinations of changes in thege variables can produce a given pH,

[H],[HGE ]or{A].

6.2 -Inter—Relationships Between Ion Balance and Regulation

of Skeletal Muscle Metabolism Duriug Exercise

Moderate to d{ntense exerqise results in muscular fatigue.
Several 1lines of recent evidence show conclusively that fatigué is
assoclated with alterations of éxtra~ and intracellular elect¥olyte.
status of muscle (Sjogaard et al, 1985; Heigeﬁhauser et al. 1986). The
‘present studies hav; demonstrated that changes in extra- and

intracellular PCO2 and in the relative coacentrations of strong

-

. -
ions profoundly affect extra—- and intracellular electrolyte status of

muscle at rest and during exercise. The evidence suggests that the
onset of fatigue may bg;delayed, and that fatigue during and following
exercise may be ameliorated by critical fégulatéry adjustments of ionic
status which are energy dependent. Thé'gnset of fatigue may be rapid,
or the recovery from fatigue delayed, when energy supplies are severely
limited.

The present- studies have shown that intense muscular exercise,

both in vivo and in vitro , caused an increased production and
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release of CO2 _and La . Intense exercise was also agssociated

with a 102-30Z reduction in [R*]1, 30%-120% increased [Na'] and

[C17], .and a substantial accumulation of in:raceilular La .

The relative contributlon'of exercise-induced increases in PCO, to

changes in the concentrations of dependent variables has been shown to

be wminor (about 4:—152) coupared to the changes responsible "for the.

. ‘reducfion in [SID]; ‘there were no changes in {ATOT About 902 of
the associated increase in [H li was due to the decrease in [SID]1.
Theoretically, high PCO2 in resting miscle ([ATOT] and [SID]
constant) results in an increase 1in [HCO3 i (Fig. 44),
cherefore "the decrease in [HCO3 ]J1 seen in exercise was due
‘Solely to the reductiou of [SID]{.

The two major contributors te the reduction in [SID]i during

'1eCense exercise were decreased [K+]i and increased'[La-]i-

1 The "increase in [La_]i ‘contributeﬁ 50!%802, and the éecrease in
(K14 contributed 153-45%, to che reduction ii (SID]i. The
increases in [Na 11 and [c17]1 during exercisge nearly balanced
each other, and in terms of their coutributions to changing [SID]i they
can conveniently be ignored. The potenciai effects of changes in
[Na+]i on the regulation of metabolism must, however, be kept in

mind.

-

Exercise-induced reductions in {SID]1 were responsible for a 2-
to 4-fold decrease . in the .ratio [A-]:[HA], which represents the
ionized state of intracellular proteins ip soletion —_— contractile;
enzymatic and structural. It is proposed that these large changes in
[A7]:[HA] must be accompanied by small changes in protein structure

which alter active site conformation, and hence protein function. 1In
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the past, sguch .confornational and functional ehanzes were usuglly

escribed to direct effects of PH on the proteins (Woodbury 1974).

"Also, alteretions of the ionic state of substrates, products,

inhibitors and activators may-also influence catalytic activity of the
enzymes involved; the pH-related effects of PL on phosphorylase
‘activation (Chasiotis 1983) and on. relaxatiou of contractile elements

(Cooke and .pate (1985) provide good examples of these effects. In rhe

lonization stare of proteins which have been demonstrated to be
'affected by changes in pH',

o Glycolytic rate is thought to be very closely associated with
the rate of wuscular contraction (Wilkie 1981); indeed, the initial
Tegulation of glycogenolysis at the level of phosphorylase (Fig. 1) and
the activities of eontraetile proteins are both modulated by variations
in intracellular free [Ca . The release of Ca from the
sarcoplasmic reticulum into the $arcoplasm upon muscle cell stimulation
resulting in actin-myosin crossbridge formation and muscular
contraction. Phosphorylase, the flux—generating enzyme of
glfcogenolysis, is converted to the active ‘a' form by
ca™. —activation of the enzyme phosphorylase kinase (Cohen 1981).

Thus  phophorylase activity appears to increase simultaneous to
formation and cyeling of -actin-myosin crossbridges. ATP, in the
pPresence of myosin ATPase, is required for the -release of‘actin~myosin“
crossbtidges. Therefore_ at times of maximal mJSCular contraction, ATP
derived from the stimulation of glycogenolysis 1s able to contribute to

the energy supply of the muscle.
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Several of ~ the contractile proteins and enzymes are

'pE~sengitive’ and probably uwndergo conformational changes in
conditions which cause 2 reduction in pH. 4 decrease in pH has been
associated with reduced activities enzymes of' these enzymes ang
proteins involved in excitation—contracrion coupling: (1) the
ca*t -—ATPase responsible for punping ca™ from the sarcoplasm at

the initistion of the relaxation cycle (Fabiato and Fabinto 1978;
Gonzalez-Serratos et al. 1978 Fitts et al. 1982); (2) decreased
‘activity of myosin AIPase resulting in iImpairment of actin-myosin
crossbridge release (Portzehl et al. 1969; Fabiéto and Fabiato 1978);
and (3) reduced Ca ' effect on troponin ¢ (Williams et al. 1975).

The” combined effects of these events i5 a reduction in the force of
contraction by inhibiting the formation, cyeling rate, and release of
actin-myosin crogsbridges. Further evidence i Support of reduced
ca™t pumping and binding in fatigued nmuscle }are higher
-intracellular concentrations of free (Fitesg et al. 1983) and total
(Tables 12 & 18; Gonzalez—Serraros 1978) Ca++].

The 'adtivi:y of phosnhorylasé does not appear to be
'pH~sensitive' (Chasiotis 1983), however low pH has been reported of
have an 'inhibitory effect' on the enzyme phosphorylase E_kinase (Krebs
et al. 1959; Chasiotis et al. 1983). 1Inhibition of phosphorylase b
kinase reduces the rate of Cransformation of inactive phosphorylase b
to phosphorylase 2 and chereby reduces the rate of glycogenolysis

' (Hultman and Sjoholm 1986).

Conditions assoclated with low intracellular PH ﬁhave also

reported Lo cause an inhibition of gl}coiysis at the level of

phosphofructokinase (PFK), a key regulatory enzyme in that it may be
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important in increasing :herpensititity‘of‘the forward glycolytic flux
to meet eudden increases in energy demand (Challiss ee al. 1984). This
has led to the suggestioa that the rate at which energy is supplied by
glycolysis nay be limited by the inhibition of PFK by the accumulated
products of glycolysis —- La~ and §' (Edwards 1981; Hultman and
Sjoholm 1986). PPK activity is highest at high [K ] (120—150 mEq/1
— Paeckgu and Lardy-¢967), and exercise-induced reductions in
[Kf]i may reduce PFK  activity. TIn exercising muscle ‘the

concomitant increasge in [Pi] and {NH&+] nay partially

lde—inhibit PFK (Snugden and Newsholme 1975). The effects of

exercise-induced increases in ICa++], [Pi] and [Na++] on the
activities of pyruva:e kinase, phosphoglucomutase and AMP-desminase are
described in Section 1.3.5.

It has long been realized that exercise is assoclated with a
reduction in [K 14 and increases in [Na 14, [C17) and
Hzo (Fenn 1936). Therefore, conditioas associated with reduced pHL
also appear to be associated with a general increase in membrane
permeabllity to strong i1ions and water. Again, alterations in the
ionization state of . membrane-bound transporting proteins may be

involved. In fatigued muscles fibers the elevated free [Ca++

‘associated with high [H 11 appears to 'promoce' g conductance

(Fink et al. 1983); the suppresion of K conductance after Ca++
removal indicates .‘a Ca++-activated increase of the ¢V
conductance (Fink et al. 1983), operhaps mediated through the
Ca++—activaced K+ channels. It. is conceivable that similar

events may be imvolved in the increased Na® and C1°

conductances, however thig does not appear to have been inves:igaced.
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The _lirge . increase 1n-[Na+] in 'netabolic‘ alkalosis (Table 21) in

resting muscle indicates that thesge membrane permeability effects
warrant further atudy. -

The magnitudes of the exercise-induced decreases in [K ] i;
and increases [nn ] and .[Cl ] are, sufficient to reduce :he
nagnitude of both the resting membrane potential and the muscle action

potencial (Hodgkin and Horowicz 1959a &;Lb). Depolarization of the

-membrane may be associated with an fmpairment of excitaion-contraction

coupling at the level of the sarcolemma (Dulhunty 1982) and at the
contractile proteins {(Mainwood and Zepetnek 1985; Hibberd and Trentham
1986).

6.3 Conclusions

The magnitude of . the changes in the intracellular
concentrations of strong ions during intense exercise are sufficient to
explain the impairment of muscle force production ar all levels of
nuscle ﬁunction: the plasma membranes, the enzymes of -metabolism, and

R

contractile proteins. These fionic changes may exert direct effects, as
in the case of Na+ and K+ on the membrane potential and
glycolytic enzymes, or they may exert their effects through a reduction
of the (SID]i. The increase in {La ]} is the single most important
contributor to the reduction in [SID]i of both the extra~ and
intracellular fluids. The reduction in [SID]i has major effects on the |
concentrations of the dependent variables and on the'ionic state of -
éroteins, enzymes, substrates, products, Inhibitors and activators.

Alkalosis ameliorates the exere;se-induced reduction in [SID])i

by enhancing the removal of La from muscle and by increasing
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. [Na+]. The potential ﬁeneficial effects of the higher ISID]i

during exa:cila ~in  alkalotic conditions may be offset by the
g~
potnntially detrimental effects of high [Na ]i on the sactivities of

glycolytic enzymes and on depolarization of Plasma membranes.

-

6.4 Future Diractions

The greatest drawback of the isplated pqrfus;d rat hindlimb
preparation is that a single perfusate perfusiné & diversge population
of' stimulated and inactive muscle groups and fibers does not permit the
precise gquantitative correlationq between extra- and intracellular
events requirgd £§ elucidate the mechanisms of skeletal muscle ion
transport, its regulation, and the integrated regulation of metabolism.

However, the isolated rat hindlimb preparation is presently the
most physiological in vitro muscle preparation curren:ly being used to

examine muscle function in isolacion from external or confounding

“influences. Most  of these' 'influenceé' directly result from

non-physiological perfﬁsion models including perfusion with blood-free
media at elevated flow rates, elevatgd oxygenation, reduced or no
plasma volume expanders, and superfuséd preparations. The next major
confounding factor 1is the use ~of intact or recirculating muscle
perfusion systems. While these preparations are moTre physiological
than single-pass systems, they do not permit the precise control of
arterial variables required to investigate these mechanisms.

The next 1line of technical sophistication is to use the same
physiological perfusion system to perfuse a single muscle, of
essentially homoéenous £iber tyﬁé composition, in isclation from alil

other muscles, with minimal removal of the muscle from skeletal or
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connective tissue elements. This 13 currently being conducted in our

laboratory; the . muscles which are being isolated are the tibialis
anterior and extensor disitorun longus (primarily FG fibers) and :he
soleus (priuarily SO fibers) of the white rabbic.

Using this new prepara:ion, the changes in arterial to venous

perfusate compositior should be directly reflected in quan:itively

identical changes in intracellular composition. Unidi;ectional ion and
metabolite fluxes can be quantified accurately in a variety of
experimentni conditions wusing radiotracer techniques. . Ssudies on
resting muscle, oé in muscle recovering from fatigue, will utilize
aicro—electrode techniques to measure 'changes in the
electrophysiological and ienic ﬁroperties of the muscle. The effects

of ion transport ishibitors, - channel blockers and a wide variety of

stimulatory and inhibitory drugs can be used to study their effects on

muscle wnetabolism and ion balance at rest, during different exercise

intensities, and during Tecovery from exercigse.—

The rgsults of the present studies have shown that ;
re~examination of enzymes purported to display a 'ph-dependency’ will
be critical to our understanding of enzyme function and metabolic
regulation. A critical examination of the effects of changes in strong
ion concentrations, and of the interactions betweéﬁ their phvsiological
concentrations, on the activities of metabolically important enzymes is
due. Undoubtedly these studies ean be conducted using the techniques
of  coaventional benchtop biochemiscry. Some of the published
literature may contain sufficient information to reconstruect the

experimental conditions decribed to exert the 'pH-effect' and permit

interpretation of " the results in physico-chemical terms, but it seems
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is _chOggh . much basic biochemistry may hnve to be repeated in a more

physiological conte;t and uith the fundamentals of physical chemistry
kept in the forefront.-

“

>
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ACID-BASE AND RESPIRATORY PROPERTIES OF A BUFFERED

BOVINE ERYTHROCYTE PERFUSION MEDIUM

—~

Michael 1. Lindinger, George J.F. Helgenhauser and Norman L. Jones
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ABSTRACT

¥

- Current research 1in “organ physiology often utilizes in sictu

or isolated perfused tissues.’ We have characterized g perfusion
medium associated with exceilent performnance characteristics 1in
perfused mammalian skeletal muscle. The perfusion medium consistiﬁg

of Krebs;ﬁenseleit buffer, bovine serum albumin, and fresh bovine

erythroeytes was studied with . respect . to its gas carrying
relationships‘ and 1its response to manipulation of acid-base state,
Equilibratdon of the perfusion medium at base excess of -10, -5, 0, 5,
and 10 mmol.L™! o humidified gas mixtures varying in their

CO2 and 02 content was followed by measurements of perfusate

hematocric, hemogl'obin concentration, pH, P , C .
- co,” Co,’

'PO » and I oxygen saturation. The oxygen dissociation curve

2 .

was. similar to that of mammalian bloods, having a PSO of 32 Torr, -

Hill's constant "p" of 2.87_;t 0.15, and a Bohr factor of -N.47,

187
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shouing the  typical Bohr shifts with respect to co and pH. The
oxygen capacity was calculaced'co be 190 ml.rL”l .blood. The- carbon
dioxide dissociation curve was also similar to that of ma;malian
blood. The in 31252 non4bicerﬁoﬁate buffer_capacity GﬂHCO3-.
pH-l)' at 0 base excess wes -24.6 and -29.9 mmol;L-l.pH-l
for the perfusate and buffer, respectively. The effects of reduced
oxygen saturaeion oh base excess and pH of rhe nedium were quantified.
The data were used to construct an acid-base alignment diagram for the

medium, that may be used to quantify the flpx of non-volatile acid or

base added to the venous effluent. during tissue perfusions. _

INTRODUCTION

Perfused- organ (Neely et al. 1975) and tissue {(Ruderman ecr al.
1971; Watson, 1983; Idstrom et-al. 1985; Spriet et al. 1985) systems
have become important tools of physiclogical research, ailowing

investigators to use a more controlled epproach to studying regulatory

~mechanisms than can be obtained if® wvivo . Many studies have not

reported the gas-carrying properties, buffering capacity and fonic
composition of the perfusion medium employed. This tends to limit the
extent  to which these studies may be extrapolated to evaluate

A

physiological control mechanisms existing in ' vivoe. Precise.

_characterization of mammalian ‘blood and other media uéed to perfuse
isolated or in Situ tissues would zllow a more acecurate assessment of
respiratory and aeid~base changes, since changes .in - any of these
variables will directly' affect muscle metabolism and acid-base

regulation.
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The gresent report. descriﬁes the oxygenland carbon did;ide
carryidg characteristics and .the buffering capacity of a perfusare
that was found to be associated with dimproved physiological
EharacteriQCIcs in the 1isolated, perfused rat hindlimb electrically
stimulated to contract for 20 min (Spriet gt al. 1985). The ﬁerfusion
medium consisted of fresh ‘bovigme erythrocytes suspended in
Krebé—ﬁénseleit buffer. . gpe studies were 'performed ar a single
hemoglobin concentration, a value corresponding to the mean rat blood

'

hemoglobin concentration and hematocric,
METHODS

Perfusion Medium -

-The perfuéate was composed of Krebs-Henseleit buffer {Krebs
and Henseleit 1532),'céncaining 24 mM sodium b:;arbonate, 50 g.L‘l
dialyzed bovine serum albumin (Cohn fraction V), S.6 mM glucose, d.l&
oM free fatty acids (bound to albumin), 2.5 oM calcium chloride, 22 uM
choline chloride, and fresh bovine erythtgcytes to give a final
hemoglobin concentration ([Hb]) of 140 g-i_l. Sodiun pyruvate was
added to give an initdal lactate/pyruvate ratio of 10-15. For this
study bovine blood was collegcad from eight cattfe of.different
stralns, and the erythrocytes‘ washed as described.by Spriet er al.
(1985).  Briefly, fresh bovine blood wa; collected directly into an
ice—;olﬂ acid-citraﬁé—dextrose anticoagulant solution, After
centrifugation the erythrocytes were washed with 30-40 volumes of

Krebs-Henseleit buffer containing 30 mM bicarbonate and iQ M glucose.

Washed erythrocytes were passed through a column of glass heads to
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remove fibrian and fibrinogen and, prior to the addition of the buffer
portiou of the verfusion medium, were oessed through an iutrawenous
blood-line filter (Abbort Laboratories). The buffer was initlally
passed through ga 22-ym fiIter (millipore) 'then added to the
erythrocytes. A _;;Eliminary Study was performed to deternine if °
erythrocytes obtained from the different strains of cattle used showed
varying responses Ito acfo or base titration. These perfusion media
showed identical changes in measured acid-base variables and ?50
using red cells prepared from six “cattle (2 bulls and 4 cows of 3
different straing). - ‘
Protocol
. Heparin wes not reqﬁired to. prevent coagulation of the
perfusate because the washing procedurss effectively removed the
clotting factore. Glycoi}tic inhibitors were also not used because of
their effeérs on acid—base status (Nunn 1959) and their potential to
displace the O2 dissociation curve (Sommerkamp et al. 1961). As a
'resolt lactate was produced by erythrocytes at a Tate of 7. 24 + 0.04

mmoleaL =

47l ar 370 ‘Co- In order to minimize the acidifying
effects of lactate production, perfusate samples were equilibrated to
experimental conditions for ‘0o longer than 0.5 h (see below).

The base excesg of n mmol.L -1 for the perfusion medium was
defined at pE 7.40 and PCO2 40 Torr (Severinghaus 1965). |
Aliquots (5.0 ml) .of the perfusion medium or of the buffer withoyt
red cells were transferred to chilied glass test tubes. 1.n ml of

sodium bicarbonate, lacric acld (molarity determined by titration with

Standard NaOH), or .HC1 of appropriate molarity were added to achieve
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base excess values of 0, +5,+10 and + 25 mmol.L”l, These 6.0
ml aliouo:s were mixed and kept .in an ice-water bath until ready for
gas equilibration. Addition of equimolar smounts of lactic acid or
HC1 to the perfusion medium resulted in an identical shife in
acid-baee status, Each aliqnot was transferreo to a 37°¢C Cemperature
regolated tonometer (Instrument Laboratories IL 237) for 10 min and
equilibreted to humidified gas mixtures of known Poz and
chz' (balance nitrogen) delivered by two Wosthoff gas mixing
pomps in parallel. The ges flow into the tonometer was regulared at
3no0 ml min~! to prevent dehydration of the blood.' The gas ‘
mixtures were used to obtain aliquors " of che oerusate with a
combieatioo of Pcoz's .Of ‘20, 40, or 60 Torr with oxygen
Saturations of 50, 75, or 1002 for each of the 5 base excess levels
between =10 aod ib mmol.L 1, Only a limited number of
‘equilibrations were performed using base_ excess of + 25 mmol L ;.

Following equilibracion, each aliquot was utilized for 4
replicates of each measurement ‘described below. A'TOO 11 sample was
drawe using a gas-tigh: Hamilton syringe for measurement of pH,
PCOZ’ Po . 222 saturacioh, and [Hb]'. An

2 X
additional 200 ul ' sample .was taken to measure total—CO2 content

+

([Ccozl). Additional measurements for completion of the

02 and‘ CO2 dissociation curves were obtained by equilibrating
aliquots of the perfusioﬁ‘\medium at 0 base exeess, pH 7;4-a: the
half-saturation or oxygen (PSO),,and at coostadﬁ PCOZ (60.

Torr) or ?0 (35 Torr) while permitting the-o2 and CO2
2

content, respectively, ro change. This dara was used to determine the ;:)

i



) .

> , . 192\
relationsﬁzas be;ueen bage excess,' pE ana oxygen sa:urat;on, and of .
the non-bicarbonate buffering capacity of the perfusate and buffer.

- Only cthose measurements made ﬁt an oxygen saturation of 95-1602 ﬁefe

used to construct the perfusate acid-base aligument nomogram.

Animals

In order to compare _ perfusate varlables to the in vivo

condition, rat blood acid—base: don, and metabolite status was also
aeternined. Male Sprague—ﬁawléy rats (354 i_lagi, mean + SD, n = 4)
were anaesthetized. (s;dium pentobarbital, 6 mg.100 g-l,body wt)

and blood samples obtained by cardiac .puncture. The samples were
immediately _aﬁalyzed for whole blood and plasma acid-base state, and
later for electrolytes and substrates (Table A-1).

Analytical Methods

Perfusate and rat blood pH, P and P_. were
. CO2 02

measured at 372 ¢ using electrodes (Radiometer BM53 MK2 blood micro

-

system coupled to a Radiometer PHM7Z MK2 digital acid-base analyzer).
The pH electrode was calibrated for each aliquot of the perfusate

using precision : buffers (Radiometer S1500 & S1510). The Peo
: ' 2

~and P02 electrodes were calibrated using known gas mixtures

(Linde Medical Gas, Union Carbide). Oxygen sé;uration and [Hb] were
measured using a Radiometer OSM2 hehoximeter calibraﬁed with preecision
Hb  standards (Radiometer $2100) and known oxygen mixtures. , No
spectral differences between bovine Hb (Sigﬁa) and the Radiometer Hb
standards were detected at the wavelengths (506.5 and 400.0 nm) used

in the OSM2 hemoximeter, therefore oxygen saturation characteristics

were believed to be accurately represented. CO2 content of whole
) .
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blood and plasma was 'measured using a Corning 965 CO2 analyzer;
each sample wag bracketed with freshly‘ made NaHCO3 standards
calibrated to knowa solutions of HClL to increase precision. :The
Corning 965 002 analyzer acidifies the sample, causing the rapid -+~
- Teleagse of al) C02 The resulting change in the electrieal
properties of the solution is measured and converted\EB/; value of
‘coz by an electrometric transducer. ]

. Senarate samples were used for rhe determination of the -
concentrations of protein, glucose, 1actate, free fatty acids, and
ions. Protein, glucose, lactate, and free fatty acids were meéeured
4s  described by Spriet et al, (1985e).- Na©  and K
concentrations were measured using ion selective eleerrodes
(Radiometer KNALI - sudium/potassium analyzer) - calibrated usiug
Radiome;er‘ standard solutions. Chloride was determined by coulometric
ticration (Buchler—Cotlove <hloridometer), and total caleium ang
Ragnesium were measyred by artomice absorptian Spectrophotometry (Varianp

AA-1275). Plasma [HCOB-]'was calculated using the euuation:

Cco

[A-1] [HCO,”] = ¢ - S.P
3 co, )

where‘ dCO was measured in plasma and g (solubility
coefficient for cp 2} was 0.0306 at 37°C (Severinghaus 1965).

The perfusate acid-base alignment nomogram  was constructed
from data collected from 60 aliquots of ~the perfusion med{um
equilibrated o 95-100% oxygen saturation, with complete analysis

performed on 4 Samples from each aliquot. The Procedure emploved was

B
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essentialiy that described by Siggaard-Andersen (1963). At 7.4 and

PCO 40 Torr the base excess of the perfusate was always

2
within + 2 u::ur:l.L_1 and curve-shifting to “normalize™ data

(Welskopf 1983) was not required.

RESULTS

The perfusate composition (Table“ A~1) and respiratory
properties {(Table A-2) close;y resembled thar of rat b;ood. Perfusate
[Eb] was within the ranges reported for both species. The PSO at
. PR }.A. was in the‘lower range for rats but ﬁigher than that reported
for cattle. The Bohr factor (Alog Pso.gspﬂfl) and éxygén
capacity for the perfusate was low compared to rat blood, but similar
to bovine blood. Bovine ref cell diameter was at the lower range of
reported values for.the rat.

fhe mean 02 dissociagion curve of the perfusion medium
within the physiologic pH range is shown in Fig. Arlf Hill's n, a
value which classically descgibes the slope of the oxygen dissociation
curve, was calculated to be 2,87 _+ 0.15 at pH 7:&; tﬁis value 1is
within the mammalian rangé of 2.8-3.0 (Antonini and Brunori 19713}.

High pH and 1low p resulted in shifts of the curve to the

CO2

left, while low pH and high L shifted the curve to the
DS .
right. The combined Bohr effect at 0 base excess and 37°C was

described by the significant (P<0.0S5) linear relationship:

[4-2] log PSO = 5.065 - 0.475(pH); (r = %.979, a = 17)
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the pérfusion med fun compared to rat blood

at 37%.
parsmeter perfusate rat bl&od reference
(o= 40) (arterial)
pH 741 + o.ooé 7.347  Lahari 1975
Pcoz {Torr) 40.5 + 0.91 40.7 "
HCO,~ 22.3 + 0.79 24.9 "
Na© 140 + 0.4 140  this study
151 Gahlenbeck et al. 1968
145 schloerb et al. 1967
c1” 119 + 0.6 103 -~ this'scudf )
K 5.7 + 0.28 5.8  this stady
4.% Gahlenbeck et al, 1948
4.62 Schloerb et al. 1§é7
catt 2.6 + 0.05 2.34 this study
Mg 1.0 + 0.04 0.98 this study
glucose 5.6 + 0.17 5.2 this study
7.8 Goodmgn et af. 1§93
lactate 1.0 + 0.07 1.2 this study
1.28 Goodman et al. 1983
pyruvate 0.6 + 0.05
protein (g/L) 50.0 + 1.1 49 this study
60 Cotlove er al. 1951

Values

noted.

are mean + SE.

o

All units are mmol.Lul unless otherwise
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TABLE A-2
In “vitro respiratory characteristics of bovime ang rat bloods .and the

perfusion medium at 37 ’C.

>

o

pai:ameter cattle rat perfusate
Her | . 1 0.422  0.393
[Ab] (g.L 1) 87-145 120175 140

Pgy (Tort) @pR 7.4 28-32 38 32
dlog Py, labr-{ (Torr/pH) -0.49 -0.52 -'0.:.?
0, "capacity (ml.L”!) 150220 _ 200-230 190"

RBC diameter (um) 5.9 6.0-7.5. 5.9

references: Cattle: Albrirton 1952;‘ Bartels and Harms 1959; Barcels et

al. 1963; Hilpert et al. 1963; Huisman and Kitchens 1968; Rat:

Albrir:ton‘ 1952; Bullard et al. 1966; Gahlenbeck et al. 1968; Gray and

Steadman 1964; Hall 1966; Lahari 1975; Lechner 1976.

*
calculated from [Hb] x 1.36, (Alt;man fnd Dittmer 1971).

N
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Fig. A-1, The effect of pH on shifting the perfusate 0,
dissociation curve ar 37%c, Each point on the 8taph represents the

v

mean of four individusal determinations.
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Fig. aA-2. Pé:fusate 602 dissociation curve (heavy solid line and n
= 40 points) compared to CO2 dissociation curves for bovine
(Bartels and Harms 1959) and rat (Brodie and Woodbury 1958: Grav and

Rauh 1958; Nichols 1958) bloods at 37°C.
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Cco, [Hco,7] . Pco,
{mmol-L) (Torr)
M - 10
BASE EXCESS E
{mmol-LT") PH 3
8.0 J15
7.9 3
7.8 3
J20
7.7 3
;7.5 E 25
7.5 3
7.4 :-_ 30
15 ] 3
k7.3 Jas
7.2 Ja0
L 7.1 3
3 3
10 70 350
6.9 E
. 6.8 Js0
] 6.6 3
480
>
3 90
MO0

-

Fig. . A~3. The acid{,—base alignment diagram for the perfusate at. 95-100

- 0, Saturation, .{‘Hbl = 140 g.L-l, and 37°C.
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The carbon dioxide dissociation curve for. the perfusate ‘was: similar to
bovine blood in vitro , but to the righ: of the curve for rat Dlasma
in m (Fig. a-2).
‘The relat;onshiﬁs between HCOB_ and pH 05\\529
perfusate at base excess values of -10, =550, 5, and 10 mmol.r~!
. .

are glven ion Table A-3. There was a significant correlation between

the 8lopes of these linear relations (B = nonbicarbonate bhuffer

capacity) and base excess (BE), expressed by the equations for .

perfusate:

[a-3] B = 0.48 + JO3*BE"- 23.38 + 0.8  (r = 0.961; PL0.0S)

and for buffer (non—erychrocyte portion):
. . 1 =

1441 . B = 0.48 + JO7*BE ~a27.76 +.1.3  (r = 0.942; $<0.05)

-

*

where B is the slope of the buffer lime in mmol.L ™l pu7L,

4

The acid-base. dita collected _from the éerigs of tonometered.

= . A ]

perfusate . samples’ were g#ed o construct the acid-base alignment
diagram (Fig. A-3). ' The errors incurred in the cﬁhstruction'of the
ralignment .diaéram do not exceed + 5% for each scale when the
perfusate acid-~-base status Is aligned on the diagram.

Effect of Oxygen Saturation on Base Excess -

Increasing oxygen saturation produced significant linear

-t

decreases in both the base excess  and pH of the perfusion medium,

¥

————— L,



The-equations_
and pH of the
at 37°C for ?
The' equations

the slope, B

TABLE 4-3

expressing the relationships between [HCO3 ?

prerfusate whole blood (WB) and buffer (p)

values.of ggh%;ekcess (BE) (mmol.L-l).

are in the forp [HCO3_] = a - B(pH), where

is the non—bicafbonace buffer capacity.

equations

BE n . r
10 22 WB [HCO,] = 164.84 18.26(pR) —0.965
P [ch3'} = 197.56 - 21.86(pH) -0.984
5 26 WB [HCO,T] = 181.88 - 21.12(pm) -0.890
p [Hcog'] = 222.09 ~ 25.83(pH) -0.912
0 40 Ws ,[Hc03'1 = 204.01 - 24.56(pH) _ -0.951
P [HCOB-] = 247.93 - 29.87(pR) ~0.961
-5 26 . WB [aco3'1 = 194.82 - 24.10(pH) -0.959
P [BCO,"] = 235.83 29.18(pH) -0.955
-10 24 WB [aco3‘] = 210.09 ~ 28.85(pH) -0.935
P [Hc03'1 = 255.02 - 32.41(pH) -0.94]

201
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saturation ‘(So ) less than 952_(?0 <35 Tdrr) musc‘be_

202

-_resulting from proton release from hemoglobin. Thus":he bage excess

value determined for a sample of venous perfusate at an oxygen

. 2 . .2 .
corrected o a value corresponding ro that occurring at an S0
: : ' ) ' . y S
of 1002 to calculate the correct base excess. In order .to calculate
N - '
_base excess (BE) and pH at 100% SO' from lower values of
. _ >

oxygen ‘satdration, the following equations were derived from tﬁbse
measurements at perfusate oxygen saturations at SOZ 752 and 1002

each level. of base excess:

{A-5] 100 - BE - ciioog - sozl x 0.222),
£=0.957, P<0.05,

where BEIOO is base excess at 1002 S0 and BEm is the

, .o 2
BE measured from the alignmenc diagram;

A\

[a-6] P00 = pH_ - ([100% - Sy 1 x 0.004),

2 .
r = 0.973, £<0.05,

where the subscripts have the same meaning as above, The alignment
" diagram thus allows the acid-base changes from artery to vein to be

converted to an equivalent amount of hydrogen ions added to or Temoved

from the perfusate.

DISCUSSION

In view of the.  important. influences that the gas carrying

'S
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capacity and acid-baae‘eharacteristics of an organ perfusate exert on.

the viability -and functiou of the perfused tissue in question, there

is- a surprising lack of information regarding these properties in many
previous reporta; Investigations of the effeers of extracellular
fluid disturbances on tiszue metabolism requires quantitative data on
perfusate bufferiag and gas carrying capacity. This information
ensgbles accurate estimates of non-volatile acid (NVH+) feleaae
from tissue aad organ preparations to be made. This report presents 2
description of the medium associated with Improved performance in the

rat hindlimb. The present studies were all conducted using a single

hemop;lobin concentration approximating ‘the mean value found in most

‘mammals (Altman and Dittmer 1971). Since the perfusate -can easily be

made up to achieve the desired hemoglobin ‘concentration and

* hematoerit, inclusion of other hemoglobin ,concentrations into the

alignment diagram (Siggaard-Andersen 1963; Weiskopf et al. 1983) was

Aot required.

Gas Transport

-~
K
-

. - Since Ruderman's (1971) initial‘ characterization of the rat

7/

-

/

S

ﬁindquarter as a model ror mammalian gkeletal muscle metabolism, human
erythrocytes have been used 1in various perfusion media (Ruderman.et
al. 1980). In early. experiments ia our laboratory, conducted with
rejuvenated time—expired human red cells in Krebs-Henseleit buffer, a
number of problems were encountered including abnormally low PSO’
excessive accunulation of lactie acid, and depletion ofA2,3—DPG, ATP
and glucose, as reported also by Ruderman et al. (1980). Human red

cell dimensions may be up to 507 greater than rat red cells, therefore

1
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media containing human red cells may have difficulcy in perfusing the‘

capiIlary beds in rac skeletal muscle. This drawback does not apply
to media employing bovine red cells uhich are conparable in size to
the rat .e;y:hrocyte (Table A-2). Ideally, it would be preferable ro
use blood. from che same specles as the tissues to be perfused, a
technique . used by Watson (1983) for cat hindlimb perfusions. However,
wheF using -small animals and single-pass: perfusion systems the lérge
amount of blood required for perfusions often necessit;tes the use of
blood from another mammalian spfties.

The magnitude of the pH (and PCGZ, not showﬁ) induced
shifcs in the 02 dissocigtion curve (Fig. A1) “?3 similar to that

——

reported for mammalian blood (Lenfant 1973). This effective Bohr

- effect results from = the combination of the specifih separate effects .

of both pH and P, on the oxygen affinity of hemoglobin
2 ' } -

(Kilmartin and Rossi-Bernardi 1973; Tyuma 1984). Tt is clear that a

‘decrease in pH and an increase in P will faciiitace both

CO2

oxygen unloading from hemoglobin at the tissues and Coz'upcake by
deoxyhemoglobin. These features of the perfusion médium, combined
with the normal Psn and steep sigmoid shape of the 0,
dissociation curve of the perfusion medium {Hill's a of 2. 87)
suggested that the perfusate should behave sacisfactorily with respect
to tissue 02 uptakg. . |
Indeed, the perfusate need aot  be méintained'hyseroxic nér-
used a high -flou rates Lo ensure adequate oxygen uptake by isolated

perfused rat hindlimb muscles during high inteasity eleectrical

stimulation via the sciatic nerve (Lindinger and Heigenhauser,
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unpdblished observations). The preparation in curreat use (Spriet,
Lindinger et a1, 1986) differs slightly from that previously described
(Spriet et al. 1985a) in that arterial . and venous catheters are
inserted 1nto the femoral vessels. Ag a result of this refinement the
total amount of . tissue perfused averages 65 g with 5 35 g (or 827)
being. stimulated to contract, for a 400 g rTat. Hith a typical resting
perfusion flow rate of 0.3 ml.min-l.g-l the oxygen uptake
 averaged 0.32 pmol.;in"r.g-l perfused tissue. Duting the 5
ain of stimulation flow rates were increased to 1.5
ml.min’l.g_I and oxygen uptake iIncreased to 2.58
psol.ﬁis—l.g_l of. stimulated guscle. These flow rates are
within the physiological . Tange for these--tissues in vivo (Armstrong
and Laughlin 1984) and in situ (Mackie and Terjung 1983}. Folkow and
Halicka " (1968) reported similar values of muscle flow and oxygen
extraction in _in Situ eesting and electrically stimulated soleus and
gastrocnemius muscles of the cat. These oxygey extractions are also
slmilar to those reported by Spriet, Lindinger et a1. (1986) using
hyseroxic verfusion medium at the same- flow rates, 1nd1qating-tﬁat
thsse flows and normoxic oxygenation parametets were adequate for
tissue perfusion and oxygen supply, This‘yas suppqrted by the absence
of changes in muscle concentrstions of phosphoctéstine, ATP and
lactate during 20 min perfusions of resting muscle (Lindinger and
Heigenhauser unpublished observations). A recent study ilavestigating
" the oxygen dependence of energy metabolism in rar skeletal muscle
(Idstrom et al. 1985) initially showed that basal metabolism eould not

be maintained 2t an in situ rate without the use of red cells in the
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perfusate. Yet- ia their charecterization of the 6xygen dependence of

energy uetabolism they did not use erythrocytes in the perfusion -

medium and counsequently had to use elevated flow rates and high

Po to maintain oxygen delivery at & rate -ar uhich ‘depletion

2 .
of phosphocreatine gid not ocCur. Clearly, perfusion nedia without

erythrocy:es do not supply adequate 02 to the tissues to meat -
metabolic demands utiless unphysiologically high flow rates and

P are used.
)

Acld-Base

The recent developmehc of acid-base nomograms for dog
(Scott-Emuakpor et al. 1976) and swine-(Weiskbpf et al. 1983) bloods
has shown clear species differences in acid-base characteristics. The

perfusate whole blood acid-base alignmeat diagram (Fig. A-3) was

‘derived from wmedsurements made at an oxygen saturation of 95-100% and

was designed- ro quantify changes in perfusate acid-base state as 1t

passed cﬁrough the tissues. The diagram permits rapid and accurate
determination of the enrire acld-base stfatus with the direet
measurement of only ‘two acid-base variables, usually pH and whole

blood or plasma c

co OT P Since whole blood is

2 €o,*
used to perfese the tissues, éhanges in acid-base state and base
excess of the veuous perfusate should .be obtained from measurements on
whole blood.. The perfusate non—-bicarbonate buffer capacity over a

range of base excess values (Table A-3) was within the range reported

for mammals (Altman and Dittmer 1971; Lahari 1975). The perfusate

L

buffer system responded as expected to disturbances of acid-base -

balance induced by metabolic and resplratory acidosis and alkalosis,

- -~
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as showm by the alignmenc diagram (Fig. a-3).
The presence of erythrocytes in perfusion media appears to
play another role 1n addition to {irs important gas—carriage and

buffering roles. Recent studies (Watson 1983) have shown that both

protein and blood (erythrocytes plus normal electrolytes) are required
in rerfusion media 1in order to prevent abaormal and excessive
transcapillary water exchange within the perfused tissues. This is

important g studies using perfused tissues, where changing

concentrations of strong  electrolytes may influence acid-base

homeostasis and, in turn, metabolism.
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INTRACELLULAR ION CONTENT OF SKELETAL MOUSCLE MEASURED
BY INSTRUMENTAL NEUTRON ACTIVATION ANALYSIS.

&.I. Liudiugef and G.J.F. Helgenhauser

. Submitted to: J. Appl. Physiol.

'ABSTRAC?
The intfacellulér contents of sodiim (Na+), potassium
(x"), calctum (ca™y, magnesium (Mg''), and chloride
(C17) in rat hindlimb muscles (soleus, plantaris, white and red
gastfbcne;ii) were. measured by ins;rumental teutron activation
analysis (INAA) and atomie absorption Spectrophotometry (AAS). Huscle-

extracellular fluig volune (ECFV) was determined using

*

3H—mannito1, lac—ménnitol, 3H—polyethy1ene glycol (PEG,
mel. wt, 900, PEG~900) or the chlorid; (Cl) methaod and intracellular
fluid volume (ICFV) calculated. Rats were anesthetized ﬁ}th sodium
-~ pentobarbitol. The nmuscles were blopsied, frozen in liquid nitrogen,
freeze—dried, weighe& and ' transferred ro vials for analysis. For a
given uwmuscle, ion contents. zeasured by the .two..methods showed a

consistent small difference which could not be explained. The PEG-90Q

208 e
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space and the Cl method yielded a larger ECFV than did mannicoi; ic is
concluded that PEG-900 and C1 overestimate ECFV. There were'
significant differences in total tissue water (TTW), ECFV, ICFV and
fntrecellular ion contents between :he.different muscle types.’ The
fast glycolftic muscles (white gastrocnemius, plantaris) had'loeer TTW
{758 ml/g WW) and ECFV (6.5-8.5% TIW) but the highest ICFV; the soleus
(slow oxidarive fibers) had the highest total tissue water (TTW) (766
ml/g WW) and ECFV (10-15% TIW) but the lowest ICFV. The fast-twitch
white gastrocnemius and plantaris muscles heve a hgher intracellular
content of K+, and lower Na' and C1” than the slow-twitch

soleus éuscle. Tbe technique of INAA provides a rapid and accurate

means of determining intramuscular electrolyte state in small samples

_— - S e - o

INTRODUCTION

Knowle&ge of the . ionic composition of the extra- and
intracellular fluids is a prerequisite to understanding the effec:s of
fluid and electrolyte (and acid-base) disturbances of the extra— and
intracellular fluids on the physiological funetion of muscle. The

physiological properties directly lavolved include :ﬁe resting

membrane potential (Mulhunty 1978; Hodgkin and Horowicz 1959; Wareham

1978; Yonemura 1967), membrane depolarization and‘action potential

propagation (Hodgkin,and Horowicz 1959; Milner-Brown and Miller 1985),
size of the aecricn potential (Yonemura 1967), membrane transpore
properties (Clausen 1986), intracellular enzyme funection (Saugden and

Newshome 1975), and ultimately the strength of muscle contraction.
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.Ideslly, the analysis of 1ntramuscular ilonic composition
involves the simultaneous measuremen: of che total muscle ion content
and of the extra— and intracellular fluid volumes.. This permits, the
ion content of the muscle extracellular space to be decermined and

this value, when subtracted from the total muscle fon conten& yields

an average ion content for the intracellular fluig compart:ment:.

Several other methods are Curre.ncly used for the decemination
of intracellular ion concentrations in gkeletal muscle. Theée include
electron microprobe analysis (Gupta and Hall 198); Sembrowich et al.
1982), the use of iou—selec:ive electrodes (Alckin and Thomas 197?
Donaldson and Leader 1984; Hnik et a3, 1976), flame photometry
(Cotlove et a1, 1951; Sreterjapnd Woo 1963), and AAS (Jaweed et al.
1982). Most of these techniques require elaborate tissue pPreparation;
ia contrast, INAA can*be performed with g minimum of sample handling.
Furthermore, IﬁAA permits thq entire spectrum of strong ions in a
single small sample of lyophilized tissuye to be measured
simultaneously. While INAA has been used for analyzing muscle in the
past (Bergstrom 1962), the technique appears to have been neglected.
Thig may be the result -of difficulties in sample preparation, the poor
detection limicts of older decection and analytical equipment\
(general}y lesé than 5% efficient) and the relative dnavailabilty of
facilities for irradiating samples and for the subsequent detection
and quantification of the ions within that sample. o

The  ideal ECF wmarker is one whieh equilibrates rapidily
throughout the entire ECFV, does not penetrate into cells, 1is not

adsbrbgd by connective tissue, and 1ig Aot  rapidly degraded and
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eicréced ;(thloie_195&; Manery 1954; MeIver and.Mackﬁight 197&).i Such
‘compounds common}y ghployed Anclude non-metabolized or slowly
'meéabolized saccharides (iaulin, mannitol, sucrose) and more fecentlf,
_polyethyléne | g‘:_l.ycol-r. The C1 space (Graham et al, 1967) has alsc been
used éxfensively, but counsistently yields values which differ from
those obtained simultaneously by other techniques. - When used
properly, Ehe ioulin ‘space'yields what ié considered to be the "gold

standard™ for ECFV. Howevéi, to be used properly the inulin must
. ' 3

firgst be passed thréygh a column to remove the numerous low molecular
weight particles rea;::lting from normal degradation (Mane;y/ 195&; Walsh
et al. 1§8&). These low méleculaf weight particles can easily lead to
an overest@mate of the ECFV, since tﬁéy appearlcg be readily taken up
by some cells. Inu;in also requires.a felatively lqng distfibucion
time of 2-3 h, and‘may.thus undetestimate. ECFV (P;ge 1962). 1In our
search for a reliable and eagsily used marker ‘of skeletal muscle ECFV

we tried mannitol and . PEG-900, and simultaneously measured the Cl

space. .

The present study presents an analysis of intracellular fluid

volume and 1on conteat of differeat mammalian skeletal muscle fiber

types. Ino pérticular; we report cthe use of instrumental aeutron .

activation analysis tINAA) for the simultaneous measurement of all.

major 1lon specles in small samples of mscle. The manAICOl space of
skeletal muscle provides a good estimate of tissue extracellular £luid
volume (ECFV), while the Cl space and PEG-900 space both overegtimate
ECFV. Mannitol appears to be stable, does not readily break dqwn:ihto

low wmolecular weight particles, and does not appear to be metabolized

P

S
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by skeletal mscle. ~

METHODS | | '

Aninals o - A o

Male Sprague-nawley- fats.(weigﬁf 33b—610 g) were used for all
experiments., .The animals were fed Purins lab chow ad libi:um and
housed 1n a temperature-, humidity— and light—coutrolled (12 h on, 12
R off) environment. The animals were anesthetized with sodium
'pentobarbitol (6 mg.lOO g body wt 1.p.). The skin covering the
hindlimbs ‘was carefully stripped away and samples of the uhite and red
J gastrocnemii (Wé, RG), plantaris (PL) and  soleus (SOL) muscles
removed, freeze-clamped and stored in liquid nitrogen. Total time for
biopsies of all muscles and freezing gidfnot exceed 2 min. There was
minimal or no bleéding onto the biopsied muscles; reducing the.

possibility of blood contamination of the sampled tissues. Blood

- samples were drawn ‘from the abdominal aorta and plasma lous were

++

measured with 1{on selective\flectfodes (Na+, K+,.Ca ) or

titration (C17) as described previously (Lindinger et al. 1936).

De:erﬁination of Muscle Ion Content.

.

Introduced 1n 1936 by de Hevesi and LevI, INAA is most widely

used for the analysis of trace elemeats in many substances (Heydorn
1884). The technique also affords an accurate, sensitive and precise
method to measure the major elements in tuscle tissue (Bergétrom 1962;
Heydorn 1984)}. INAA utilizes neutrons generated by nuclear fission or

other neutron sources to activate the elements within the sample
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introduced close to the nuclear reaccor core. The induced accivicy is

.
C—

- P ) - - \
proportibnal to .the half-lives of the radio—isotopes, the duration of
irradiation"and- Eﬁe quanti:y of element irradiaced (DeSote et al.
1972; Heydorn 1984). Following correccion for the amount of on. (or _

element) - present in the ECF space of mnscle tissue, a weasurement of

the mean intramuscular ion 'conCent can be obtained. 1In the present

study-'“'céncent'- and ‘coacentration' have their wusual meanings~

-

content refers to the quantity of a substance in a specified mass (eg.

PEq/g) and concentration refers to the quantity of a substance in a

AN

‘specified volumeﬂ(eg. mEq/l). -

‘The white and red gastrocnemi;.plancarts and soleus-mubcles
from the right hindlimbs of 26 rats (391_41 4 g) were used for
comparisnn of muscle element conteats determined b§ INAA and AAS.
Frozen Tuscle tissues were finely ground with a cooled stainless steel'
morter and pestel under liquid nitrogen and -conneceive tiesue
dissecned ont. A 30-200 mg'sanp;e of thqurOund muscle was weighed
and then freeze—d;ied to a powder: within acid-washed (0.5% nitric acid
and diétilled water rinsed} polyenhylene vials. Muscle TTW was
determined from the difference between wet ang dry muscle weights.

The freeze-dried muscle (6=45 mg) within the acid-washed vial
was transported to the nuclear reactor core via opneumatic lines
(McMaster Un\.Lversity Nuclear Reactor, Hamilton$ntario). -'.L'he tissue
was irradiaCed\/with thermal neutrons (flux density w= leo12
nem z.sec ) for 10 ﬂi/n. The vials were returned from the .

core  and the tissues were thea transferred to pre~weighed,

acid-washed, unirradfated vials 1in Arder to eliminate any isotopic
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activity present in the irradiated viels. .Jhe &eley time involved in
" the transport 6£ the fvial- from the reactor core; transfer of the
irradiated tissue into the fregh. vial and positioning of the vial on
the detector for counting was kept constant at 150 s. The acbivaced
elements within the muscle sample were counted for 10 min usiug a
hyper~pure germanium detector. The detector was 87 efficlent, having
a full wideh half maximum resolution of 2.1 XeV at the 1332 KevV cobalt
peak. and was coupled to a Canberra mltichannel analyzer (Series 40
_ or Series 90). | ‘

| Irradiation of‘ a suirable standard (ecitrus leares; National -
Bureau of Standards é 15;;), done in criplicate;_‘rermitted the

quantity of an element (A) in the tissue to be calculated from the

fundamental. relacions described by equation B~} (Heydorn 1984):

. (3-1) Quaatity of A in sample = radiation intensity of A in sample

quantity of A in standard radiatcion intensity of A in standard

To take into account the rate of radioactive decay (A), the neutron
flux (&), the neutron capture .cross section (7), the irradiation time
(E ), the -delay time (td), the counting time (tc), the

mass -of standard tissue irradiated (wk), the mass of the {unknown)
sample (Wh), and the elemental‘ content of-the standard rtissue

(ppmk) equation B-1 takes the following form (DeSote et al. 1972):
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(B-2) ‘ W N [fl—e-iti)(l-eﬂxtd)(l-eﬁltc)]k
Wu - Pmk- - - -
N [T a-et g Ry

u

wﬁere- p;m is the content of element in the unknown, ‘and N %
and Hk are . che number of aroms of radionuclide in the unknown and

standard. For calculations, :he “term:

Fa = By B 1@ - B+ o8y 2)

-

is substituted for ﬁ'/N in equazion B—z, where P and ‘-r\
. Pk ate the peak readings for the unknown and standard and Bl

and 'Bz are background readings on either side of the rgspectiye
peak readings from the multichanngl analyzer for the gamma rays befng
measured. For this calculation we utilized a computer progranm.

. Recoveries were pdrformed on a rémple of 25 tissues, weighing
between 25 and 75 ug dry ueighc, on which the elemental composition
had been determined previously by INAA. To these samples wap"added
200 ul of a solution containing known concentrations of Na, K; ClL, Mg:
and Ca. The vials were sealed and the elemental compoéirion of the
so;utibn determined using the same procedure. Following subtraction
of the elemental concentratior of the added solution, the‘tissue
recoveries for Na, K Gl Mg and Ca were 111+ 6%, 104 + 7%, 104 +
122, 108 + 7%, and 105 * 4% respectively.

To wvalidate the _;on contents meadured fy INAA the muscle
sample wereé assayed for i{on conteat using AAS- The previously

irradiated musecle samples from 26 hindlimbs were given 3 to 8 weeks to

allew for decay of radicactivicy. These muscle samples and cicrus

-
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leaves standards were dissolved in 4.0 ml of 50% nitric actd at 80°

for 24 hours. The concentrations of Na+,‘x+,_c§++ and

Pé-H-

. ia . the _Supernatant were measured after appropriate dilution
and 1onizat;on supnrésion by AAS (Varian AA-1275). Chloride‘could not
be ﬁeaauréd directly using acidified samples and therefore 1s not

1nc1ﬁded in the comparison.

Measurement of Extracelluiar Fluid Volume.-

A separate group of 13 rats (385 + 4 g) were injected via a

tail wvein with 25 nCi 3E—mannitol (New England Nuclear) dissolved
1o 0.5 w 0.9% NaCl for measurement of miscle ECFV. After 2-3 h for

equilibracion of the solution in the body fluids, the rats were

énesthetized,- muscles from each hindlimb were sanpled as described

above, and a blood sample was taken to determine plasma ions and

-

radioactivity. Muscle lon concentrations were determined from samples

of the concralateral'leg, using the technique of INAA. The right leg

was - alwais sampled first; - 7 right leg muscle samples and 6 left leg

muscle samples were used for INAA; the reverse was used for

determination of masele radioactivity. There were no differgnces in

muscle ions,..or ECFV between right and left leg samples. Plasma and

muscle La  were determined as described previously {Lindinger et

al. 1986).

A 50-200 mg sample of wet muscle and 0.1 aml of plasma from

these rats were dissolved in 2 ml tissue solubilizer {NCS, Ameréham)

per sample. After a2 clear solution was obtained (7-10 days), the

solution was neutralized with 60 Bl glaclal acetic acid and 13 ml of

r
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fluor (OCS: Amersham) was added. Samples were counted for 3H in
an IKB 1211 Rackbeta Scintillation Counter (Beckman) preprogrammed for
s:nndardization and quench correction. . Muscle ECPY was calculated
using egquation B-3:
(B-3) ECFV (ml/é‘g?w.) ; (dpn/g d.w.)/(dpm/ml ECF)
. \ :

whgfe dpm ié disiutegrations per minute of the tritium label in dry
weigh;.(d.w.) mnscle and in excracellular fluid (ECF).

In this group of 13 animals ECFV was also determined by the
Cl method —- equation B-1 (Graham et al. L967), using'an intracellular
c1™ concentration ([Cl ] ) derived from the felatiohship
between membrane potential (E ) and plasma [Cl-]é -

equation B~4. (Hodgkin and Horowicz 1959&)‘

(3=6)  ECFV = (a1 - TWICLTY) /(e - [Cr71)

(B-5)  Infa’], = F/RT(E )lafc1™] T

where F, R, and T are rhe Faraday, gas constant, and absolute
temperature respectively, and the other symbols are as defined above.
The * Em for soL, PL, RG, and WG were taken as ~76, -78, -80, and
=82 mv respectively (Wareham 1978).

For comparison of ECFV wmeasured by mannitol or PEGr9n0,

another group of rats (n=4, mean wt = 408 g) were inJeCCed via a tail

vein with 0.5 ol 0.97 sodium chloride (NaCl) solution containing 25
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pCL *B-PEG 900 and 5 pct 4c-manntrol (New Eagland Nuclear).

After 3 h equilibratibn,, the rats were anesthetized with sodium

peatobarbitol® A-resting arterial blood sample (1.0 wl) was collected
from the right femoral artery and the SOL, PL, RG, and WG were sanmpled

as described above.. Plasma and tissue radioactivity were measured and

tissue  ECFV calculated as described above,

Calculation of Intracellular Ion Concentration .

The intracellular ion concentrations we calculated from total
muscle ioﬁ ‘contents meagured_by INAA and from muaqle ECFV measured Sy
mannitol space. Following measurement of toral ion coutedc (ionT)
in Ehe muscle tissues, the quantity of fon in the muscle extracellular

space (ionECF) was subtracted from the total to obtain the mean

intracellular ion Eontent (ioni) 1n-PEq/g dew, s,

(B-6) ion, = ion&_- fong o

p .
where ionEcF in pEq/g d.w. for ‘each individual wmuscle was

determined as:

~

(B~7) ionECF - ionplaSma (uEq/ml) X ECFV (ml/g d.w.)

In equation B-7 che plasma ion concentration is used, and not rhe
intersticial fluid ilon concentration calculated ffom the plasma ion
concentration according to the Dononan equilibrium (Manery 1954). This

1s done because only about 10% of the total muscle ECFV is composed of
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the faterstitfal fluids, the remainder being primarily trapped plasma
(Manery '1954).

The ICFV for eaqh muscle was caleulated as the difference

" between the TIW and the ECFV. - The intracellular ion contents (uEq/g -

d.w.) from equation B~6 were coaverted to -units of concentration

-

(mEq/1 of ICF) by:

(B-8)  [loalyo (mEq/1 ICF) = dom, {{(w.w./d.w.)g(_chv,
nl/g w.w;i} _ '

Statistics ] . | B ;’
Results  are expressed as mean + SE. Ion contents and
concentrations ' are expressed in:equivalents (EQ), a form which takes o
*the 1foaic valency into consideration. For monovalent ions 1 mmol = 1
nEq, and for divalent ionsl 1 mmol = 2 mEq. nDifferences between
treatments and émong muscles for comparison of INAA vs AAS methods
Jere determined using repeated measures anélysis of wvariance.
Differences between muscles for intraqgllu;ar ion content and for ECFV

or ICFV were determined by analysis of variance. The

. 3Student-Newman-Keuls test was used to compare means when 4 significant

F ratio was obtained, Statistical significance was accepted at P ¢

0.05.

RESULTS ' o
The INAA energy spectrum of the activated elements within a

sample of rat plantaris rmuscle is shown in Fig. B~1. The detectable



Fig. B-l. Instrumental neutron activation analysis energy spectrum of
rat muscle elements. Energy peaks are indicated for ail elements
detec:ed following a 10 ﬁinute irradfation. The single (SE) and
double escape (DE) energies are obtained by subtracting S511.0 (value
of annihilation energy) from the designaced energy, once for a SE peak
.and twice for a DE peak. The Spectrum was obtained using a hyper—pure
Sermanium detector coupled to a Canberra 8100 multichannel analyzer
and - plotted- using computer graphics. i-irradiation time;

ty=delay time; t.=counting time; m=minutes,

—~
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‘elements following 10 min irradiation of 6-45 mg freeze-dried tissue
are indicated. Some elements of interest have more than one nain

energy, as can be seen for NaZ®, a8, 42

s and H327. o
Geunerally, the energy having the highest relative intensity is used |
for the calcnlation of elemental content since this peak will give the
highest signal-noise ratio. Peaks with interfering energies‘cannot be

A readily used, i.e. ng7 at 843.8 keV has léoz‘relative intensity
but  has interference (from manganese (Mn)°0  ar 846.8 kev;
therefore, the ng7 peak &t 1014.5 keV having 40% relative
intensity is used. The altnninu-n (Al) peak in muscle tissue (see E:ig.
ﬁ-l) is believed to represeant primarily muscle phosphorus (P)
concentration arising ‘from the 32P(n,cf) 28Al interference
reaction of 37Al(n, &) 28 Al, since intracellular [Al] is very

low and [P] 4s high. At present we have not exploited the

possibilicies of measuring either phosphorous or aluminum.

,3;/_

.The intracellular lonic contents of muscle;\from 26 hindlimbs
determined by INAA and by AAS are compared in Table B~1. Both methods
showed that there were significant differences between muscle fiber

- - - -

types with respect to their ionic content: the sor, had significancly

higher Nat and Cl- contents and significantly lower K+,

++ : ++
La and Mg contents than the WG, With an increasing
proportion of fast twitceh fibers (ie. from SOL to RG to PL to WG:
Arnstrong and Phelps 1984), cthere is a reduction in Na* andﬁ

Cl™ contents and an increase in k¥, ca™, and Mgt

conlents.

Repeated measures analysis of variance revealed that there wasg
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a8 significant systematic diffgreﬁce' with respect to. technique (INAA

V8.  AAS) - across all fiber types for Na+, K" and Ca++, but

: : - -
not for Hg++. ‘In general, AAs Yielded values for Na+ Lthat

were 16-30% higher, for x* that were 4-8% lowr and for catt

for all elementg compared.

Also meaghred, simultaneons with che above_élemengg, by INAA

(Table B-1). These values have not been corrected for their gcF

contents since their concentrations in the Plasma are very low and

were not -measured. The contentg of these three elements were
significanc}y lower in WG than in soL.

Table B-2 compares values from this study for TIW, ECFV and

"ICFV in rat hindligs muscles obtained with wannitol, PEG-900 and the

Cl method with * literature valﬁes obtained using inulin, PEG-900, ¢1
Space, sucrose, and raffinose, As showm previocusly (Kobavashi ang
Yonemura i967; Sreter and Woo 1963) the TTW‘and ECFV of slow-twitch
red muécle (soL) 1s greater than 1in fast-twitch white rmuscle (WG). -In
the present study, values of ECFV and 1CFRVY obtained using either
34 or ”‘c-g:annicol (Tables B-2 and B-3) agreed-wely with

reported  values using  fnylin, PEG-900 consistently yieldeqd
significanﬁly higher ECFV and lower ICFV than manniroel in all tissyes,
Measurements of ECFvy using Cl space (present study; Cotlove 1954;
Vernadaikis and Woodbury 1964) clearly - overestimate 'ECFV and

dndérescima;e ICFV as measured by mannicel or inulin, particularly in
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TABLE B-1
Intracellular ion content of rat hindlimb muscles detemined
by instrumental neutron activation analysis (INAA) and by atomic
absorption Spectroscopy (AAS) on the same muscle Sa‘xmples. Values

are mean + SE (n-26), units are pequiv.g-l dry wr.



« TABLE B-}
Tissue P c:""'". oo ™ e
-Soleus
INAA © 65.7 3384 8.31 738 . 49.7  4.15 3.1 0.31
+ 47 %80 +0.55 +2.6 *3.2 #0.5 +0.35 + 0.02
AAS 77.7  325.2 6.8  77.9 '
4.5 #1146 +0.30 + 1.2 -
R
R.ed gastrocneaius
INAA 27.2 374.9  10.59 96.8 ° 23.3  3.76 3.21 0.37
£3.6 *+15.7 +0.52 +2.2° i'z.x +0.45 + 0.30 + 0.03
AAs 7.0 3416 7.397% 93.8
£3.9 £17.9 % 0.45 + 2.1 ,
Plantaris
INAA 23-0  380.5  9.61  90.6  18.2  1.77  3.23  0.25
$2.2 +£94 £0.46 +2.3 + 1.6 + 0.27 + 0.30 + 0.03
AAS 33.4  359.6 - 6.08  87.5
* 3.5 + 131 +0.39 + 2.2
White gastrocnemius --
INAA 21.3 404.9  10.13  98.2 149 2.04  2.38  0.22
£2:1 296 $0.59 +1.5 +0.9 £0.29 +0.20 + 0.02
AAS L2629 390.3 7.39  95.0
$2.0 #713.9 #0.49 + 2.3

Vi
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Comparison of rat muscle toral tissue wuster (TTW),

(ECFV) and intracellular flutd volume (ICFV). .

,e

TABLE B-2

extracellular fluid

volume

METHOD

MUSCLE n TV ECFV IcrY REFERENCE T
(=l/kg dow.) (ITTW)  (ZTTW)
_ .
Soleus 4 3505(9)‘ 15--5(0-5) 84.5(0.5) Mannicol This study
: | 4 22.1(1.9) 77-9(2.1) PEG-900 This scudy ‘
13- 3310(98) 22.0(2.7) 78.1(2.9) C1 space Tnis study )
5 3480(40) 21.0 79.0 Inulin 1
23.9 _‘;76-1 Cl space 1
26 3584(3) 16.3 :83.7(0.4) Inulin 2
18 3386(56) 18.5(0:2) 81.5 _ Inultn 3
Plantaris 4 3292(8)  9.0(0.4) 91.0(0.5) Mannitol This study
4 | 10.7(0.9) '89.2(1.0) PEG-900 This study
13 3200(40) 11.8(1.3) 88.4(1.4) C1 sﬁace This study
] 26 3248(3) 10.3 89.7(0.2) Inulin 2
Red gastroc. 4 3367(13) 5-6(0.7) 90.7(0.5) Mannitol This study )
4 12.3(1.2) 87.7(1.2) PEG-900 This study
13 3190(30) 13.0(1.3) 87.0(1.4) C1 space This study
18 3320(3) 12.0(0.1) 88.0 Inulin 2

- -.continued
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TABLE B-2

References .-
—=trences

l.

Drahota 196]

Sreter and Woo 1963

‘Kobayashi and Yonemura 1967 .

Vernadakis and Woodbury 1964
Law and Phelps 1966

Leader et al. 1984
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- . ‘ Table 2 (conc'd)
White gastroc. & . 338613 6.5(0.6) 93.5(0.4) Mamattol This study
RN 8.4(0.8) 91.6(0-6) PEG-900 _ Tnis study
13 3150(50) v (0-2) 87.6(0.3) Cl space = This study
18 3316(3)  9.100.1) 9.3 Inulta 2
\Qolc gastroc. 18 3326(3) 1'0.0(0.2) 9.0 Inaltn .2
. s 16 3658(2) 15.000.2) 85.0(0.1) Gl space &
12 - 10.0¢0.3) Inulin 5
- ) 14 A 12.002.2) ‘ "/.Sucrose < : 5
L s 10.7(0.6) Raffinose = 5
4 * . . ‘-h
+ &DL | 5 3100(18) 18.6 81.4 Cl space 1
' ™ 5 14.8 85.2 faulin 1 K
: . 26 3289(2) 10.7 89.3(0. z) Inulin 2
17 3367(29) 15.2(1.0) 84.8 Inulin o3
L 47 3310(30) 12.4 87.6(0.6) Inulin-60 min & .
(!f . Ay 3500(&0) 19.9(0.8) 89.1 Inulin-160 min 5 4
A\ « & 310, 153 84.50.6), PEG-900-60 mtn 5" -
- . 4 3500 | .29.1(1.4) 70.9 ;ec—eoo-xeé min 6
T‘ :. . Oe. - . - . h 4 | o - ' - .

, N ‘t N [ . .
."" Note:, Va.lues ia bracke:s ( ) are s:andard error of the mean. Values for Sreter

A (aad Uoo {1963) and.Vemndakis and Uoodb\xry (196&) vere converted from wer wt to
dry mug tthfollowing factors- soleus, \505-‘ plantaris, 6 292- ted

fey

gns:rocnemius 4 367- f?.tc: gas!:rocnemius 4. 386‘\ uhole gastrocnernius 4. 377
-3 ] -—

.
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TAELE B-3

tissue water

225

\\H‘%ml/kg wet wt.)

(mmol/1 intracellular fluid)

Muscle total (TTW), ECFV, ICFV, and intracellular
concentrations from 13 rat hindlimbs.
ECR  JCFV  [Na') [RY] (a7 gt {cat [La"]

- -
*®
Soleus
766 79 688 17.2 117 18.5. 24.2  2.42 1.1
b *6 Xl +13 %155 46 3.2 +£14 +0.30 + 0.2
-
Red gastrocnemiusg
760 S8 703 9.6 124 15.1  31.3 2.9 .9
£3 210 +11 +o0.7 26 14 +1.5 +0.33 + 0.4
" Plantaris - " -
761 57 702 10.6 136 10.9' 28.9 271 2.0
L2 18 8 ¥ 13 +7 %12 443 + 0.36 + 0.7
&
White gastrocnemius
758 64 701 9.6 143, 8.7 81.2 3.50 2:5 *
22 %10 $13 0.9 £6 +1 4+ 1.9 *0.66 + 1.1
-y

ion
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muscles having 2 lov TIW (WG -and PL). In contrast to the .present
study using ~PEG~900 in fast-twitech white nmscie Leader et al. (1984)
obtained a very high ECFV do rat extensor digitorm longus (EDL) using
PEG-900 equilibrated for 160 min., .-

The‘ concentracions of intracellular dfons 1n the ICF: from 13
hindlimGBL‘are showvm in Tﬁble B-3. ~ These values were calculaged from

intracellular ion contents determined by INAA and frOm muscle ECFV

' measured by the distribution of 3H—mannitol The differences in

intramuscular fluid conteny and ion ccsx_centracions between the muscle
types is clearly apparent, Mugele fiber types having a hig§
glycolytic poteutiai'(fast-twitch WG) had a significantly higher ICFv,
(K] and [ug™*] add lower TIV, ECFV, [Na*] and [c17] ”
:han muscles with a high proportion of oxidative fibers (slow~-twiteh

SoL).

DISCUSSION >
. —_—— A
Measurement of intracellular ions

—An the present study, we report the results of a practical
adaptation of the technique of INAA from its more common biological
use 1in trace element research (Heydorn 1984) to the investigation of

the wmajor ion species within mammalian skeletal muscle. Although we

are not the first to do so (see Berzstidm 1962), this practical method

has not yet come into widesbread usag { Also, in thisg study, we have
:1

compared the suitability of INAA metho . for analysis of the elemental
N R -

composition of 3 complex tissue with tthat of the more widely used.

ﬂ\hethbd- of AAS. . perhaps 1INaA may be wnsuited to investigators who

2
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cannot gain ready access to muclear reactor facilitIas. Héwever, once

 the sanple‘ is in a freeze-dried powdered form, research auclear

reactor facilities can rtadily perforn thesge analyses.

The accuracy of the values determined for iucraceliular
contents of Nat, K, cat, Mg, and 1" depends
crictically omr the measured  or assumed values.for the extracellular
Space and on the regpective {ion concentrations in the ECF. This is
particularly ctrue for Na* ang €17, because their ECF

concentrations are relatively high. The values for Intramuscular fon

-contents (qu.g-1 dry wt) reporced in Table B-1 are similar to

those ‘reported by McCaig and Leader (1984) and Seﬁbrowich et al.
(1982). Velu ' expressed. as intramuscular lon concentrations (Table
B-3) are aldo similar to previougly reported values (Nonaldsen and
Leader 1984; Jaweed et al. 1982; McCalg and Leader 1984). FHowever,
there were consistent differences beﬁweén technique (INAA_Egl AAS)
with respect to measured values for Na+; k* aqd ca*t in
all mustles (Table B-1). The ' Teasons :;qr these discreoancies are
unclear and possible_ sources are discussed belég. Nonetheless, the
values reported by either technique are-within the range of previcusly
reported values. _ ' ‘\‘
At pfééen: the majér techniques for ion analysis in muscle are
AAS (Jaweed et a1, 1982) and flame photometry‘(COCIOfe et al. 195];
Sreter and . Woo I963): While both of these methods ean be performed
gnhdiiy, they have a number of disadvantages. The -major dréﬁbacks.of
the technique§ are associatéd with ionization nréblems and chenical

interferences which can only be corrected by ché addicion of

. ®
t
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approprie;e | ionization supnressiqn agents to the solutions, a
, potcnthnation and dilution errors. Contanination
and dilution errors may also result during acid dissolution and
subsequent dilution of the solution to a concentration appropriate for
AAS or flame photometric decermination. Individueal dilutions usually
must be ‘made for each element to be analyzed and all of the solutions
analyzed separately. This‘ can easily result in orders of magnftude
increases in the aumber of samples to be processed. Also, anions such
as chloride cannot be directly measured by AAS or flame photometry.
-INAA bhas a number of advantages over other commonly used
methods ‘-of intracellular elemental analysis, perhaps the mos:‘
important being that all major ilon species within a single tissue
sample can be determined simultaneously. This greatly reduces sample
handling and sources of contamination, and greatly increases the
number of tisgues- which‘ canj;e anal&zed in a given n;me} The short
irradiation time used noses no radiation hazard uhen‘prqper handling
prenautions ane‘ taken, nor does it destroy the freeze-dried tissue as
does AAS, Thus, once che rad;atfbn levels in the tissuye hane'subsided
(1-2 weeks), the rtissue may be used subsequenfly for other types of
analyses or stored indefinitely. Also, because only a small anount of
the  toral tiesue - sample 1s required for the analysis, many other
analyses may be performed on the remaining muscle sample. Tissue for
INAA can be used net and unpreserved and, so long as reference values
for extracellular fluid volume and ion concentrations are'availabie,

intracellular compositton can be determined easily. 1In the wet state,

however, the oxygen in the tissue fluids wi}l give a higher background
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energy Hhich may slightly reduce the precision of the measurements.
One disadvantage of INAA, as wall as AAS and flame photoaetry, is that
ic. can not - yield i;;;rmation - about the intracelluylar
compartuentalization of the elements being examined. Those.s:ﬁdies
require the use of.electron mictoprobe analysis (Gupta and Hall 1981 ;
Sembrowich et al, 1982) or ion-sqlective microelectrodes (Aickin and
Thomas 1977- Donaldson and Leader 1984; McCaig and Leader 1984).

The potential sources of error in INAA include variations in
neutron flux nsity and counting errors; both toplcs are discussed in
detail by Bergstrom (1962) and Heydorn (1984). vVariations in flux
density are not likély,to affect the present resﬁltsldpe to the short
duration of the acti - ‘ fréequent checks using standards.
Counting errors _may be the greatest source of error in INAA. Thesg
indlude statistical errors in peak and background determinations for
the samples and standards. . Since the error of a single determination
is proportional_.to the square vroot of the to:alrnumber of counts,
elements detected and counted with a low péak:backgrOund ratio will
have a greater counting error or variaﬁ;lity. In our studygsthis
appeared to be the case for Ca, where the counting error ranged from
5-202 depending on the sample size. For all other major elements, the
standard error of counting was < Sk.

Ion—selegs#ye microelectrodes are not suired for following
ion transients in contracting skeletal muscle due to probable breakage
of the electrode and high background noise._ Additionally, each ion to
be studied requires a gpecific microelectrode; thus, numerocus

electrodes may be needed for a single study. Uhile electron

. Ve

o R RN L
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microprobe analyasis is a good' technique for investigation of fon
shifﬁs,'beCween the various intracellular compartments (Sembrowich et
"al. 1982) aﬁd between the cytogsol and the interstitial fluids (Gupta

and Hall 1981), the procedure 1s susceptible to contamination from

__ﬁﬁ_\\ L. 'sgcciqning and coating of specimen material. It is also very t;me'

consuming and requires the use of specialized electron microscopy

equipment.

" Measurement of extracellular fluid volume

inulin~ is oue of the. most widely used markers of ECFV in a
variety of ‘tissues‘. and is considered to be a reliable method against
which - other techniques have been meaSuféd‘(Cotlove 1954; Drahota 1961;
Glasby 1985:; Leader ‘et al. 1984; Hanery. 1954). Due to its high
molecular weight (5000), it doeﬁ not readilf renetrate cell membfanes.
Inulin 1is also not metabolized by most tissues but 15 readily taken up
by mhcr?phages in kidney, liver, spleen and skin (White and Rolf 1957;
McIGer ;nd Haernight 1974) and may thus‘éverestimate ECFV in those
tissues, The present study compared three methods for estimating ECFV
in skeletal muscle, mannitol, PEG-900, and Cl space.

The main reason for using mannitol in this study was a high
level of labelied low molecular weight impurities in the labelled
*"53\\ loulin  available. In the past this necessitated repurtficat;on of
| inulin to high molecular welght fractions using Sephadex G-50 (Walsh
et al. 1984), nglure to remove low molecular welght compounds
fesulcs in abnorﬁally ﬁ;g? fglues ﬁor‘ECFv;' Despite the faetr thar
mannitolilig.:of muchr 1owgr molecular ueigﬁt (182.2) than inulin, iz

gave muscle ECFV values very similar to those. from inulin reported by

&
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other autﬁots (Table B—f). In contrast Page (1962) has shown that

ioulin substantially underestimateg the._mannirol space in cat heart

. Papillary musecle, Page (1962) provides convincing 'evidence that

mannitol: 9] is the smallest carbohydrace ECF marker that {g

impermeable to .cells, 2) is not adsorbed to extracellular components

and 3) is highly representative of muscle ECFV. Furthermore, Glasby

(1985) has shown thet in the dog only cells of the liver (and possibly
the ki&heys) are signifieantly penetrated by mannitol
The  PEG-900 space vyielded values for ECFv significantly

greater than the mannitol space in rat hindlimb muscles (Table B~1).

The PEG-900 space in rar EDL (Leader et al. 1984) and the PEG-1000"

space in mammalian kidney and liver slices'(McIver and Macknight 1974)h
have also been shown to be significancly greater than the
corresponding ipulin- Space. Furthermore, Leader et al. (198&) showed
that the PEG-900 Space in isolated rat EpL increased from 697 to 1019
al. kg dry wt in 100 min (see Table B-2).

The present study showed that the 1 space yielded an ECFV
which was 8-35% greater than previously reported values for the inulin

a

sSpace (Table B-2),° Others have reported that the distribution of

inulin ie'the Cl space of muscle is onyﬁ about ROZ complete in 3 hours

(Cotlove 1954; Drahota 1961; Vernadakis and Woodbury 1964). Assuming

.that inulin 1ig fully distributed withig the ECFV of muscle after 3

hours, the corollary of these observations is that ECFV measured by
the Cl method. is too large and that €17 {5 o passively
distributed across the sarcolemma. According to the distributions of

both mannitol and inulin in heart muscle (Page 19623, T also

t—
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appeara not :o. be passively ‘listributed in :his ciésue;‘ In the
calculation of ECFV. by the Cl method (equation 8-2), the 1ﬁtrace11ular
[C17] must be calculated f£irst from the extracellular [61 ]
and the resting membrane potential (equation B-3), Using values for
'Em of 76, -7, ~80, and -82 ¥ for the SOL, RG, PL and W
respectively (Wareham 1978), the inrracellular c1~ concentrations
calculated using equation 5 yielded mean values of 4.64, 4.28, 3.95
_and 3.65 mEq.1l” 1 respectively in muscles from the 13 hindlimbs in
which wmannitol space was measured (Table B-;B). These calculated
[le]i' values are significantly lower than those in muscle in

‘this and other studies (Donaldson and Leader 1984; McCaig and Leader
1984; Page 1962). If, however, the [Cl—]i values reported in

Table 3 are substituted in the Cl method equation (equatrion B~2), much
1ower Cl space values are obtained which are in keeping with the ECFvV
measured using mannitol or inulin. With present techniques onte caanot
say with certainty whether or not Cl” is passively distributed
. across the sarcolemma. éicroelectrode techniques have provided
evidence both fqﬁ (McCaig §H Leader 1984) and againsc (Dulhunty 1978;
Hironaka and Morimoto 1980) the passive distribution of C1~ in

skeletal musecle.

We conclude, that the mannitol space is a wvalid andkreliable
measure of ECFV in skeletal muscle. Also, mannitol does not pass into
the skeletal muscle cell nor 1is it metabolized to any apﬁreciable
extent over a 3 hour period (Page 1962). In contrast, PRG-900 and the
Cl method both o;;rescimate ECFV in skeletal musecle. PEG-300 nay

accomplish this by entering the ICF of skeletal muscle cells, as has

232
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. been suggested for PEG-~1000 in kidney and lver (McIver and Mackaight

233

- 1974). The apparent ‘problems with the Cl method are inherent in the

agsumptions and calculations.

In  summary, we have shown that muscle ion and fluid
concentrations are clogely associated with muscle fiber type and
oxidative capacity, INAA 'has been shown to be a simple and useful

method, while being sufficiently accurate and precise to measure

'changés in intramuscular ion concentrations in the mmol range despite

i

the appareat discrepancy with AAS valges.

. .
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APPENDIX C

EFFECTS OF INTENSE SWIMMING AND TETANIC ELECTRICAL STIMULATION
ON SKELETAL MUSCLE IONS AND HETABOLiTES

~Michael T. Lindinger, George J.F. Heigenhéuse: and Lawrence L. Spriet

Led >

Submitted to: Journal of Applied Physiology

%BSTRACT |

The purpose of thig study was Lo compare ‘thanges iﬁ ions and
'mgcabolites in fqu£ different rat hindlimb muscleé in response to
in:ﬁ?sg swinming exercise in vivo (263 + 33 s) (SWUM) and to § min'
.(300 s) of tetanice electrical stimulation of the perfused rac hindlimb
(STIM). Hindlimbs of the STIM group were perfused with a bovine
erytﬁrocyte pverfusion medium, The exercise—induced c¢hanges in muscle
wetabolites, and- increased wuscle total tissue: water, were similar 1n
both groups. With exercise, in both groups, soleus_(SL) contents of
creatine ghOSphate (CP), adenosine triphospﬁ?ce .(ATP) and glycogen
chenged the least, whereas the largest decreases in chese'metaboli;es

EE

occurred  in  the white ga trocaemius (WG). Lactate (La")

K\\-///\\ accumulation and glycogen breakdown were significaﬂrly greater in

SWUMM  hindlimb  muscles comﬁared to STIM. The high arterial La~

‘

234
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coucentration ([La-]v- 26 +1 mm;i.L—l) in SWOM may con:r;ﬁﬁce

to  elevated muscle [La ], whereas one-pass pérfusion kept
arterfal [La”] below 2 mM STIM. In SWOM, intracellular [Na']i
increased significantly din the'nlan:aris‘(PL), red gastrocnemius (RG)
and WG, but not in SL; [C17)1 increased and [K+]i,
[Ca++]i, and [Mg++]1 decreased in ail mu;cles. In STIM, there

were significant. deéteases_ [Kf]i, [Hg++]i and ICa++]i,

while [N&+]i and [C17]1 1nc;qased in all muscles. Differences

An. the wmagnitude of ion and fluid fluxes between groups can be
”eiplainéd sy‘ _ﬁhe diffg;ent methods of hindlimb perfﬁsion. In
conclﬁsion, electrical stimulation of thé isolated perfused rac
hindlimd is a- useful model °f.iE'.2122 energy metabolism.and permits

mechanisms of trans—-sarcolemmal ion movements to be studied..

INTRODUCTION

Electrical scimulaciop of the isolated perfused rat hindlimb
preparation has been used as a model to study skeletal muscle
métabolism— during exercise (Berger et al. 1§7S; Spriet et al. 19R5).
This preparation enables ;ﬁanticacion of muscle fﬁrgé generé;ion,
farigue and muscle energy expenditure 1a a small group ;f hindlimb
muscleé. The stimulacion protocol used generally produces a &5%
‘reduction in tension development over a § min~perio§ of stimulation
&Spriet et al. 1985; 1986). Thi§ response has been assumed to be
representativg high intensity exercise in 3532; The preparartion has

been criticized on the grounds that the intense repeated tetanic

stimulation protocel may result in non~metabolic pre-contréé?f&e

- -
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fatigue (Bigland-nitchie and Woods 1984) and thereby invalida:e any
associations between tengion decline, netabolism and ion regulacxon

during the developnent of muscle fatigue. One of the purposes of :bis_

4study, therefore was -to compare the metabolic responses of skeletal

muscle to elec:rical stimulation _in - vitro with those occurring in
high {intensity swimming exercige. in unanaesthetized animals.

A second purpoae of the study was to quantify the magnitude
and direction of fluid shifts and strong fons fluxes (those ions which

are fully dissoclated in 'physiologic solurions (Steuart 1981):

+ +

, Mg™*  and La’) resulting from
intense exercise ia vivo and in vitro. . Differences between the
two exercise protocols (STIH_gg SWUM) were expected because the former

utilizes a one-pass perfusion ‘syécem in which composition of the

arterial perfusion medium £s kept. constant (Lindinger et al. 1986),

. i
compared to the - variable arterial composition of the intact

circulation in vivo . The one-pass System, therefore, should
facilitate the efflux, from working muscle, of substances which are

rapidly accumulating, while maintaining arcerial composition constant.

Musgcle: fatigqe resulting from heavy exercise is associated
with changes in fluid . and electrolyte balancea (Fenn ;re‘Cobb 1936;
Sreter 1963; Hnik et al. 1976; Tibﬁ? et'al. 1977; Hirche et al. 1950;
Sjogaard et al. 1985; Juel 1986) of the working muscles. There is an
increase in intracellular fluid volume (IClea\gf working muscle,

—‘l‘

accompanied™ by an increase in the intracellular concentrations of
b

Na® and c1” and a reduction in K+ and La~ (Fern and - P
: ' !

Cobb 1936; Sreter 1963; Sjogaard er al. 1985; Juel 1986). These

N -
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. intracellular disturbances are accompanied by fncreases in

extracellular fluid -volume (ECFV), reductions in Na* and c1”

: . e + -
concentrations, and increases in X and La coacentrations

-(Hoik et al. 1976; Tibes et al. 1977; Hirche et al. 1980; Juel 1986).

The present study showed there was little difference in the

metabolic response of the muscles’ in the two exercise protocols.

‘While the magunitude, but not direction, of fluid and fon fluxes

. . * \- .
differed between groups, these -differences will facilitate an

investigation of the relationships. between ion regulation and
metabolism in skeletal muscle. These studies further support the

usefulness of the isolated stimulated rat hindlimh preparation as a’

model for in wvivo muscle metabolism during exercise.

. | - METHODS
Animals
Male Sprséue—nauley rats ueighing 396 + 7 g (n=36) were used.
The animals were fed Purina laboratory chow ad libitum and housed in a
coutrolled- environment with 12 h of day andjnight. The animals were_
divided inoto two groups- the. in vivo swimming group (SWUM)- and the

in  wvitro stimulated perfused hindlimb group (STIM). é\Eh group was

subdivided inte resting coatrols (n = 10 for SWUM; and n = 7 for STIM) - .

and exercised animals (n = § for SWUH and n =11 for STIM).

Three to S hours prior to tissue sambling the. rats were
injected wvia a tail vein with 0.5 ml 0.97 saline solution containing.
25 pCi of 3R-mannitol (New England Nn\iear) for determination of

muscle extracellular and intracellular fluid volumeS'(ECFv,and ICFV
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Tepagcrively) as described previously (Appendix B).

!

Bxperimental Protocol '

'(a) STIM. The rats were anaesthetirzed with an intraperitoneal
injection of sodium pentobarbital (g ®g/100g body wt) and the lefc
hindlimdb surgically prepared for perfusion and electrical stimulation
of the gascrocnemius-plancaris—s;l;us (GPS) muscle group of the left
hindligp as described by Spriet et al. (1986). The lower trunk of the
sciatic aerve was severed and connected to a shielded bipolar platinum
electrode using a ;nug-fitcing rubber collar. The left knee and ankle
wvere stabilized with brackets and the GPS teandon attached to a force
transducer (S:gtham No. 10713). The femoral artery and vein were
exposed above the knee and- occlusively cannulated with 22 and 18 gauge
teflon catheters (Deseret Medical Inec.) respectively. The arterial
catheter was advanced as far as possible toward the popliteal space in
order to restrict perfusion to the lower portion of the limb, The

limdb was flushed with 1 ml of sterile, heparinized (100 U/ml) n.97
4 .

saline and the animal sacrificed br intracardiac injection of sodium
pentobarbital (20 ®g). The rat was placed in a 37¢ perfusion chamber
aad the lower hiadlimb perfused with an oxygenated bovine ervthroeyte
perfusion med{um (Spriet et al. 19852; Lindinger et al. 1986), with
the characteristics shown in Table c-1.

The resting hindlimbs of the STIM group were perfused for 2

)
s }

=in at a flow rate of 2.0 ml.min-l. Samples of the SL, RG, PL and
WG oDuscles were immediatelv Temoved, free:e—;lanped and stored in
ligquid nitrogen. The stimulated hindlimbs were perfused for 20 min ar

resting flow rates (2.0 ml.ain-l), and then for § min ar a flow



TABLE C-]

Charucteriq:ics of the bovine erythrocyte

perfusion mediunm.

[hemoglobin]
hematocric
[albumin]
[glucose]
[lacrate]

[Na*]

fc17)

(k")

tca™] (ionized)
{s1D]

}?CO:Z

—

HCO 3

PH

[3H-manni tol)

140 g.1"1
39 %
50 + 1 g.171

5.6 + 0.2 mEq.1"!
1.0 + 0.1 mEq.17}
140.0 + 0.4 mEq.17!
119.0 + 0.6 mEq.1”}
5.7 + 0.3 mEq.17}
2.6 *+ 0.1 mEq.17!

38.6

|+

0.4 mEq.17L
40.5 *+ 0.9 Tor‘r
22.3 + 0.8 mEq.17!
7.41 + 0.01

165 pci.17!
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rate of 7-8 ml.min~! while being —electrically stimulsted. At
these perfusate flows, tissue oxygen consumption was independent of
flow rate. The sciatic nerve was electrically stimulated (Grass
Ins:runen:s‘ S48) for 5 min to produce ‘muscular contraction. The
stimulation was intermictent, consisting df trains lasting 100 msec at
2 train frequency of 0.5 Hz. Each train contained 10 pulses of N.2
msec duration.é: a supramaximal 5 volt intensity at a frequency of 100
Hz. At the end of stimulation, the muscles were immediately sampled,
freeze—clamped and stored in liquigd nitrogen. The time Tequired for
removal of the four muscles was about 90 s; stimulation and perfusate
flow to the hindlimb was maintained until -the muscles were removed.
Arterial and venous p;rfusates were sampled via syringe at S min
intervals during rest and at | min intervals during stimulation.

The mass of perfused hindlimb muscle was determined on a
Separate group of 12 rats (300-450 g). Femoral vessels were
éannulated as described above and perfused for S ain with dye (0.1 g
toluidine blue 4in 1.0 liter 0.9% saline). Hindlimdb muscles were
subsequently removed, blotted lightly to remove excess fluid and
wrapped 1in plastic to prevent dehydration. Muscles were weighed
within 10 =min of their rghoval.

(b) SWUM. Control rats of the SWUM group were anaesthetized
with sodium pentobarbital (6 ng/100 g body wt ip), the abdomen opened
and an arterial blood sample (3-5 ml) obtained via the ahdominal aocrca
using syringes treated with lithium heparin. The hindlimb muscles
from both legs were sampled and stored as described above.

Prior to the experiment, a separate group of rats were fitted
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\

_-with ctail weighes 1ﬁ; order :o‘ determine the bo&y mnsa::aii weight
ratio which resulted in exha;stion (defined as the inability to
surface for 15 s) after about S min-of swinming. This ratic was founa
to be close to 20:1. Thus the rats to be exercised SWUM rats were
fitted with ctail weights (5% of body ueigh:%*:nd swum singly in g 50
cm deep X 50 com diameter water bath (377C) which was aerated to
produce vigorous bubbling. The GigorOus bqbbling ensured that the
animsls continuously swimming rather chan attempting to cling ro Ehe
sidé of the container or to passively bob up and down. Rats were swum
until exhaustion, -quickly removed from the bath and sacrificed by
cervical dislocation. Blood and tissues were sampled as described
above; total time for sampling was less than 2.5 min. -

Analvtical Procedures .

Perfusate pH, écoz, and PO2 were measured within 7 min
. of sampling with a Radiometer BMS 3 blood acid-base snalyzer and
Radiometer PHM 72 PH meter. Arterial and venous plasma concentrations
of Na+, K+, and {onired Ca++ were measured using ion
selective electrodes (Radiometer RNAl sodium/potassium analvzer and
Radiometer 1ICAl ionized calefum analyzer). Plasma TCl']\ was
measured using a Buchler-Cotlove chleride titrator.

Muscle samples (100 - 500 mg wet welght) were w?anped in
aluminum foil and stored in liquid nitrogen until freeze-dried and
analvyzed. Each sample was pulverized in liquid nitrogen using a
stainless steel mortar and pestle, visible conneccive tisspe removed;
and the pulverized sample weighed frozen to determine wet weight._ The

samples were subsequently freeze-dried and reweighed.
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Muscle uetnboliées (glycogen, lactate — La~, creatine
phosphate —  CP and adenosine triphosphate — ATP) were extracted in
25-30 volumes of ice-cold 3 M perchloric acih for 20 min. The
solutions were neutralized with an_appropriate volume (350-400 ul) of
2.5 M potassium carbonate and the neutralized extract temoved after 30

. ®in centrifugacion (10,000 pm) at 4°C (Sorval RC2-B. sutomatic

QefrigeraCe@ centrifuge). Thesc‘aiextrac:s were  analyzed for
metabolites using standard enzymatic techniques (Bergmeyer, 1965).
Muscle ECFV  was determined from the distribution of
3H—mannitol as described previously (Lindinger and Heigenhauser,
submitted). Arterial and venous plaszs s#moies (0.1 ml) and 70-200. mg
wet weight muscle samples were digested in 2 ml tissue solubilizer
(NCS, Amersham) uatil a clear solution was obtained (6-9 davs). The
solution was neutralized with 60 pl glacial acecic acid, and 13 ml
fluor (ocCS, ‘Amersham) added. Samples were place& in a cool, dark
_place overnight to reduce chemiluminescence and counted on a Beckman
LS-250 scintillation counter. Quench correction was performed using
external scandards with a series of quench standards prepared froh

plasma and red and white muscle.

Tissue ECFV for each isotope was calculated from the formula:

(C-1)  ECFV (ml.g”! wet wr.) =

tissue counts / (plasma counts / plasma water content)

(C-2)  ECFV (al.g™' dry wt.) = ECFV (al.z~! Wiy x (WW / DW)
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 ICFV was calculsted as the difference between TTW and ECFV.

Intracellular wmuscle 1ion contencs (uEq/g dry welght) were
-

measured by instrumental neutron activation analysis as described by

Lindinger and Beigenhauser (submitted). Briefly, 10-50 =mg of

vial was irradiated with therﬁal neutrons for 3-10 wmin near the
reactor core (McMaster Nuclear Reactor, Ham{lton, Canada). The

irradisted sample was analyzed for total conteat of Na+, K+,

Lol VIR o

Ca' ', Mg and c1” using the isotopic gamma emmission
eénergy spectra of the various elements. The gamma energy spectra
enitted by 3 sample were detected by 2 hyper-pure germanium detector,
and collected and analyzed using a multichannel‘analy:er (Canberra
Series, 40 or Siries 90). Muscle intracellular ioﬁ concentrarions
(=EQ/1l dintracellular fluid - ICF) were calculated as the diffa;sgfe
between total elemental content and the lon content of the
tracellular fluids, then converted to concentration in mREq/l ICF
(Lindinger and Heigenhauser, submitted). _
Statistics ‘
All values are Presented as mean -t standard error. The
effects of each {reatment on measured éuscle variables was assessed by
one-way ANOVA. When a signific;nt'F ratio was obtained the treatment
qeans were compared ~using Student's two—tailed ¢ teét, unpaired

[}

design. Statisrical significance was accepted at DQ0.0S.
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Fig. C-1. (&) Isometric tetanic tension generﬁted {STIM group) by the
gastrocnemius-plantaris-soleus muscle group (o = 1]) during S min of
electrical stimulation; peak tension = 007 - 3367‘+ 105 g (mean +

SE); (B) typical fatigue curve.
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TABLE C-2
e
Coatributions of the soleus, plantaris, red and white gastrocneuius

muscles to the toral perfused and stinulated hindlimb magses.

Relative Mass = of ~ of

(mg/100 £ body mass) perfused  stimulaced
Muscle ' This Study Reflerence muscle muscle

Soleus 43.7 + 2.4 43.0 + 4.6 2.53 3.44

Red gastrocnemius (35.7)* 34.5 + R.6 | 2.31 2.81
Plancaris 103 + & 98.5 + 9.3 6.67 8.10
White gastrocnemiys \ 32.3 + 3.8

Mixed gastrocnemius (496)x 450 + 29 32.1 39.0
Entire gastrocnemius 532 + 15 514 + 44 34.5 41.9
Eatire GPS 679 + 19 656 + 53 44.0 53.4

*
Assumes, in the present study, that the fiber type composition of mixed
h]

Bastrocnemius and white fastrocnemius ‘are sufficiently similar (Armstrong
and Phelps 1984) to pool their contributions. The mass of red gasctroc—
nemius used in the present study was 6.7% of the entire gastrocnemius, ar
35.7 mg/lOQ £ body mass, leaving 496 mg of "white" fastrocnemius per 100 5.

body mass. Reference values were calculated from Armstrong and Phelps (1984).

-
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exercised muscles fron’perfused hindlimbs and from swimming group

hindlinds.
) Muscle/ ‘ (pmol.g™1 dry wt)
Condition cp ATP Glycogen Lactate
Soleus
CONTROL  57.7 5.8 19.6 + 1.4 105 +9 3.8 + 0.7
STD-Test 56.9 + 5.5  18.9 + 1.0 108 F13 3.3+ 0.8
STIM 0-8 3.3 17.8+0.0 10645 6.5 + 1.6
SWUM 19:1£5.0 15.0 # 0.8 . 87.9 + 6.2 s4.7 + 5.8
STIM 26* 1.1 2.0 -3.2"
swoM  38.6" 4.6 17.1? -50.9"7
Red Gastrocnemius
CONTROL  80.9 + 6.4  27.2 + 1.6 130 + 7 3.2 + 0.5
STIN-TeSt 82.8 + 4.3 28.3 +0.9 124 4 g 4.7 + 0.8

STIM 21-2 % 6.4 2134 1.2 653+ 7.9 sg.0 + 8.8
SW- 17-2 4 5.4 196 +2.2 2814502 04 +9
* | * * *
STIM  61.6 7.0 65 -55
* * 'Y *p
SWM  63.7 7.8 102 -101

(conc'd)
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TABLE C-3 (coant’'d)

Muscle/ (pmol.g™! dry wr)
Condition cr R ATP Glycogen Lactate
Plancaris
CONTROL  77.0 + 4.1  25.1 # 2.3 122 + 7 4.1 + 0.5
STIM-rest 79.9 + 3.4  29.4 + 1.2 118 + 6 7.3 + 1.0
STIN 3.3 £ 4.8 18.9 2 1.0 62.1 £7.6 76.7 + 10.8
. -2
SWUM 194 29.5 18.1 # 1.6 41.8+6.9 11349
) * n " *
STIM 54.6 10.5 56 -9
) ® x F 1y -
SWUM 57.6 . 7.0 80 =109

White Glptmcncniul

CONTROL ~ 89.9 5.3 30.7 + 1.1 121 + 5 4.5 * 0.6
STIM-rest 93.4 + 5.8 33.9 + 0.8 128 + § 5.3 + 0.8
STDM 20:4 £ 60 186+ 1.9 327 242 106 + 9
SWUM 17-3 £ 8.4 18.2 + 2.3 48.2 + 7.7 138 + 14
* * o *
STIM  73.0 15.5 95 -101
" - * *g
sw  72.6 12.5 73 -133 .

CONIRNL are means + SE from 16 right hindlimbs. STIM-rest are from
7 perfused but not stimulated left hindlimbs. STIM are from 7 per—
fused and stimulated (5 mia) left hindlimbs. SWIM are from 4 lefz

*
and 4 tight (nw8) hindlimbs from swim group rTatsi {indicates
/
significant Jdifference between CONTROL and Shﬁ'ﬁ, and between REST
and STIM values. ’ indicates sign{ficanc difference in change

between STIM and SWUNM Froups.
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RESULTS ' | .
Performance

The peak iscaetric tension generated by the STIM group was
3367 _+ 107 g. Maximal force generstion occurred immediately at the
start of ;:inulation, then decreased by 22% ;nd 452 after 2 and S min
of stimulation (Fig. C~1A). The_race of tension decline during the 5
zin appeared t£o be linear (Fig. €C-18). In comparison, SWUM rats swao
for 263 § + 33 s (mean *+ SE), a 122 shorter duration of exercise than

the STIM group.
| The average mass of perfused muscle tissue in the dye-perfused
hindlimd omuscles ( o = 12 hindlimbs) wss measured to be .54 + 0.06 g
Per 100 g rat body mass. The electrically stimulated muscle mhss
averaged 1,27 1 0.03 g per 100 ¢ body mass, or §2% of verfused muscle

mass. The relative contributions 0

rn
T

the
g§astrocnemius-plantsaris-soleus (GPs) duscles as a percentage of
perfused and stimulaced muscle masses are given in Table C--. The
Tespective masses of the SL, RG, PL and WG muscle in the present study
sveraged 185, 151, 436 and 2,098 2g per hindliab. The entire GP§
complex formed 443 of the total perfused muscle mass, and 53.4% of
the total stimulated muscle mass.

The flow rates used in the present: study were calculaczed on
the basis of perfused muscle mass (see Table C=2) and found o be 0.3
al.min—l.g-l at rest, and~1.5 _+ 0.1 mi.men™t 7Y ’
during stimulation. A::erial_;perfusion pressures Increased from

80-120 =mHg at rest to 110-150 o2Eg during stimulation. °



Metabolites

Bindlimb OXygen © uptake 1increased from 2.9 . -+ 0.2
umole.min™! gt rest ":o 15 + 1 ;.mo.{e.;un-l during stimulation.
Glucose uptgke by the hindlimbs increased frop ln'average of N.35
umole.nin™! st rese to 0.52 pmole.min¥! during stimulation.
Rindlimb La” release iorreased from 0.55 pmole.min™! g¢ Test
to 11 + 1 pmole.min™! averaged over the 5 min of stimulation.

Muscle metabolites are shown in Table (-3. There were no

differences between Control and STIM resting valyes for all

zetabolices exxmined, indicating chat Testing .perfusion had no

sigonificane effects on muscle metabolism. In SWUM ang STIM groups, -

exercise Tesulted in significant, and similar, decreases in cp
contents of all hindlimd Duscles  examined. - In STIM, SL showed no
changes” in ATP and flycogen contents and oaly 3 small iacrease in
La~; howevey, PTogTessively iarger proportions of ATP and glvcogen

Stores were utilized, and La~ produced and accumulated, bv RG, PL

and WG zuscles. Similar changes occured in the swI™ £Troup, bur -

glvcegan utilization and lactate accumulation in all muscles except Wa
was significantlv greater in SWUM than in STIM (Table C-3). 1In SWTN,
the La  content of SL was ls-fold fTeater than in STIM. There

vere no differences in the final concents of AT? between the two

exercise groups.

Muscle Fluid volumes

The TTW of all §TTM Tesling muscles was 2-4% KTeater than that
of Control =muscles (Table C=4). The increase in Ty during perfusion

o resting auscle was partitioned between a ~—u< “c-e.ase i ICFV and
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a8 2-20% increase in ECFV. Exercise resulted in a -ignificnnt increase
in TIW in lll muscles from doch Kroups of animals. In STIM, ECFV
increased significantly i{n all nnscles except WG, and ICFV also
{acreased significantly in R; and WG. In SWOM, ECFV and ICFV were
iﬁcraased above resting values at the end of exercise, but the
differences were not significant. In STIM, the increases in ECFV and_-
ICFY of the SL and RG muscles were greater than in SWUM. There were
1o differences .ECFV and ICFf of PL and WG muscles between groups, at
the end of‘eiercise.
Myscle Ioas .
Total wmuscle ion contents measured using instrumental neutron
\x%civaﬁioa analvsis wvele corrected for the quantity of ion in the
muscle ECFV  as deséribed previbusly to obtain the intrscellulsr ion
. ‘
contents (uEQ/g dry wt.) shoim in Table (-5S. These values are
Presented to facilirate comparisons o previous studies of muscle
ions. The intracellular ion concentrations calculated from TTW and
ICFV nmeasurements (see Appendix BS are opresented in Table c-6,
together with the calculated intracellular strong ion difference
([SID]1); these values have freater physiological significance.

In STIM resting muscle, [K+]i was sigq}‘icantlv lower rhan
that of Controls in RG and PLT (Table C-6). In all muscles except WG,
[Na+]* and [Cl7]1 were sig ficantly higher than in Controls.

TRese results fadicaze thag the perfusate and muscles were not, at
, in a sTeadv atate,
Desplite the difference {n 4nfrfal lon concentrations in

Control and STIM  reszing nmuscles {Table C-6), =zhe 1{intense
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. TABLE c—a
Total tissue water (TTW), extracellular fluid volume (ECFV) and intra-
cellular fluid volume (ICFV) in blopsies taken from Testing and exercised

muscles from stimulated group“ﬁindlimbs and swim group hindlimbs.

f
‘/
|
Muscle (ml.g 1 ue:/%t)
. /
Condition W ECF(\L T ICFV
Soleus
CONTROL 766 + 004 =079 1,008 688 + .007
STIM-rest .798 + .01l -090 + .007 709 + .006
. ) \ ;
STIM 847 + .019 121 * .01S 726 + 014
SWUM 777 + .006 080 + .014 698 + .014
* *
STIM 049 031 017
kg 3
SWIM 011 001 010
Red Gastrocnesius
CONTROL 760 + .003 -058 + .006 .703 + .007
STIM-Test  .778 + .003 071 + .005 -710 + .009
STIM 816 + .011 085 :_-010‘ .729 * .008
e - -
SWUM -7/8 : -005 0063 i -010 -71! i -01:‘
% * *
STI™ -038 =014 .N1g
*g
SWIM 018 005 014

{(cont'd)
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~.

Muscle (ml.g”} wet we)
Condition W ECFV ICFV
Plantaris
CONTROL .71 + .002 057 + .008 _ .703 + .008
" STDérest  .788 + .009 069 + .003 716 + .008
STIM. -802 + .009 .082 + .009 716 + .013
SWUM 2778 + .005 .073 + .012 .707 + .010
x* *
STIM 14 013 0
x *
SWiUM 017 016 004
White Gastrocnemius
CONTROL  .758 + .003 .064 + .010 701 + .013
STIM-rest «785 + .008 065 *+ .0N06 721 + 003
STIM -830 + .023 072 + .022 .755 + .005
-*
»
SWUN 776 + .005 071 + .014 714 + foro
‘ * i *
STIM 045 007 034
*:7
SWUNM 018 007 013

See Table C-3 for definitions and legend.
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TABLE C-5

Incracellular strong ion contents in biopsies taken from resting exercised

muscles from stimulated group hindlimbs and swin group hindlimbe.

Muscle/ (F-Eq.g-l dry wt.)
Condition g* | Na+. c Mg Ca
Soleus
CONTROL 366 + 14 78£9  30.9+8.8 72.5+2.9 8.6 + 1.3
STIM-rest 315+20 100 + 127  g5.3 167" a6 sas 1194 s
STIM 06 £12 130+20  108+17  s7.6+2.2" 5.1t
Sw 350+ 3% 106 £18  40.0312.7 671+ 9.6 6.5+ 0.8
Red Gastrocaemius
CONTROL 431 + 11  28.6 + 2.1  18.7 +3.9 95 +3.5 8.6+ 0.7
ST-resc 365 + 250 73.0 + 9.27 47.5 + 46?909 +3.9 12.8 % 1.2
STIM %319 US 2T 912 100" 70.3+2.9" 5.0
S 14 £ 21 63.2 891 30.547.2 9254 4.9 A2+ 0.6

(cont*'d)
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TABLE -5 {cont'd)

Muscle/

Condition X

Plantaris

CONTROL 413 # 14 32.0 + 2.0 20.2 + 3.2

STDé-rest 367 » 18% g0.5 + 9.8 sg.s + 13.6" 90.3°4 3.5

STIM 336 + 10

SWUN 389 + 16

White Gastrocnemius

CONTROL 414 + 9

STIM-Test 419 + 16 -
STIM 380 + 1t
\ BH 408 + 14

* *
93.7 # 10.7° 69.3 + 2.9

I+

i+

1+

34.4 + 7.3

Ca
B6.4 + 3.2 8.1 X 0.8
11.7 + oc
*)
4.5+ 0.87)
89.2 + 5.0 7.8 + 0.8
90.3 + 2.8 10.4 + 1.3
9.9 + 3.0 11.4 + 0.5
* *
T4l + 2,67 5.1+ 1.3
82.3 + 8.3 7.6 + 0.7

See legend of Table C-3

for definitions and parameters.

See also Fig. 2.
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Muscle & (pEq.1"! 1cm)

Condition [k ] [Na ] fc ] Mg ] [La ] [s1D]
Soleus

CONTROL 118 + 5 26 + 3 11+3 25 + 1 1.3+0.2 146+ 3
STIM-rest g9p *6 28 +3 2 + 5 21 + 1 0.9 + 0.2 104 +
STIM 64 + 3 27 + 4 23 + 4 12 + 1 1.4 + 0.3 73 +
SWuM 112 + 11 33+5 13+ 4 21 + 3 17 + 1.9 126 +
Red Gastrocnemiuys )

CONTROL 147 + 4 10 + 1 6.4 £ 1.3 33 4 1.1 +0-2 166 +
STIM-Test 114 + 8 23 +3 15+ 1.4 28 +1 1.5+ 0.3 135 +
STIM 87 + 2 L6 23+2.5 134 15 + 2 192 +
SWUM 128 + 7' 13 + 3 9.5+ 2.2 29 42 32 + 3 114 +

(conc'd)
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Definitions and parameters as in Table C-3.

Strong fon difference {[SID])

TABLE C-6 (conc’d)

Muscle & (pEg.1"! 1cF)

Conditfon  [K ] © [Na (N (Mg (L2 ] [s1D]
Plantaris -

CONTROL 141 + 5 11 + 6.9 + 1.1 29 + 1.4 + 0.2 158 + 2
STIM-Test 109 + S 26 + 3 17 + 4 27 + 2.2+ 0.3 127 + 3
STIM 93 + 3 27 + & 26 + 3 19 + 21 + 3 88 + 4
WM 122 + 5 14+2  9.1+1.9 28+ 36 + 3 105 + 4
White Gastrocnemius

CONTROL 143 + 3 14 + 9.0 + 0.9 31+ 1.6 + 0.2 162 + 2
- STDM-rest 125 + 5 12 + 3 11 + 3 28 + 1.6 + 0.2 138 + 3
STIM 86 + 2 16 + 3 11 + 2 17 + 26 + 2 81 + 3
SWOM 130 + & 16 %3 11 +2 26 + 43 + 4 105 + 4

-/

calculated as the sum of the strong base cations minus the sum of the strong

acid anions {Stewart 1981; 1983):

[SI0] = ((Na"] + (K] + (g™ )/2) - (fC1™) + (La™]),

where the total [Hg++] is halved since about 50% is non-diffusible

(Mayghan and Rechia 1985).



Fig. C-2. The mean changes in intracellular contents (mEq.g-l dry
wt) of (A) Na', (B) €17, (C) k* and (D) lacrate after 4.5

min exhaustive swimming (SWUM, light shading) and 5 min of electrical

stimulation (STIM, dark shading). Asterisks indicate significant

differences between groups.
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exercise-induced changes in incracellular ion contents between the 2
groups are Comparable (Fig. C-2). The obvious difference between the
two protocols 1is thae the fluxes of ‘the major strong ion; are
eiaggerated in the hindlimb miscles of the STIM group compared to the
SWUM group. In STIM, exeréise Tesulted ip significant (p<0.p$)
decreases in (K1, (MgtFy, while [Na*]i ang [C17)11 '

1ncfeased, significﬁﬁcly (Table C-6, Fig. c-2). In SWUM, these changes

were significant only at the 7<0-10 level (Fig. c-2).

DISCUSSION

The Primary purpose of .the present study was to compare the
metabolic and ionic Tesponses of stimulated perfused skeletal muscle
in vitro to that of high intensity exercise in Yivo. The
exércise-induced changes in metabolites, and gihids and electrolytres
were similar in both exercise groups. The single-pass perfusion
System resulted in enhanced mﬁvements of fluids, ions and metabolires
between between extra- and intracellular fluids. This {s an asset to

the investigation of trans-sarcolemma]l mechanisms of ion regulation

The Daragetefs used for _in vitro perfusion of Tat hindlinb
muscles were withig the ﬁhysiological range for these tissues with
regpect ro arterial pressure,‘perfusate flow rate (Mackie and Terjung
1983; Armscrohg and Laughlin 1984; Gorski et al.‘1986) and oXygen
extraction (Folkow and Halicka 1968; Hood etlal. 1986).

The appropriate coutrols for the SWoM group are those values

obtained fronm T3rts anaesthetized with sodium pentobarbical; the values
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of measured parameters - obtained in thig may appear to ;:losély
represent the condition of the resting- animal (Lindinger and
Heigenhauser, unpublished; Pregosi and Dempée} 1986). A group of
resting rats sacrificed by cervical dislocation showed a significant
lowering of intramuscular CP and glycogen and increased La”,
similar to that reported by Fregosi and Dempsey +{1986) using
decapitation, Fregosi and Dempsey (1986) concluded.chat Craumatic
procedureg for sacrificing animalg result in g masking of exercise
effecﬁs, and should be avolded 1in controls. Folléwing.exercise,
however, decapitation was anp appropriate method for sacrificing che
animals, yielding results similar to other methods. ‘

“One major physiolgical difference between the two groups is
the nature of‘ znuscle fiber recruitment. With STIH; intermittent
Supramaximal eleccrica% stimulation was enployed so that, at leagt
inicially, al11 motor units wichip the stimulated muscle groups were
fully activated with each stimulus. The SWUM group, on the otﬁer
hand, used volitional swimming movements and therefore the patrern of
motor wunit recruitment is expected to change with time from the
selective activation of those wmotor units used for inicial burst
prerformance, towardé greater involvement of motor units used for
sustained propulsion. ‘Such a mechanism has been indicated for run;ing
rats (Sullivan and Armstrong 1978). ‘

In both groups, there were sipilar decrements in the contents
of CP, ATP and glycogen 1ia the bulk o the sample muscle mass

(primarily WG, Table ¢-2) with exercise, despite the differences {n

muscle stimulation. This suggests that the intermittent electrical
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stimulation protocol employed in the present study did not result in
an impairment of Klycolyric mecabqlism of skeletal muscle due to
.fatigue occurring at sites prior to excitation—contraction coupling.
This 1is also supported by the linear decrement in force production qf
the electrically stimulated hindlimb shown in Fig. iB.

Exercise-induced changes in muscle metabolites (Table C-3)
were similar to those previously reported in treadmill exercised rats
(Sullivan and Armstrong 1978; Fregosi and Dempsey 1986) or in
electrically stimulated perfused rat hindlimb muscles An yitro
(Spriet et a1, 1985b; Spriet et él. 1986) and 13._5553 (Kushmerick and
Meyer 1985). ‘ ‘ |

The significantly higher iﬁtracellular [La”]1 in hindlimb
muscles from the SwiuM grpup, compared to STIM, may be due to three
separate effects aéﬁing oa muscles of different fiber type population.
In 5L, in .uh{ch very litrle ‘glycolysis occutrred (Table C-3), the
accumulated La~ appears to be partially due to the movement of
La  from plasma into the muscle. For example, of the 55 umol/g
dry wt of TLa  accumulated in SL (Table C-3), only 70% can be
dccounted for by glycogenolysis (17 Amol glucosyl units/g dry wt). 1In
SWOM rats, arterial . [La"] was equal to intracellular SL [La”]

(20 _+ 1 mmol-L-l, Table C-6) at the end of exercise. The high
bleod flows ro SL during rest and exercise (Armstrong and Laughlin
1984; Hood et al. 1986) maintains a relatively high ECF to ICF
gradient for La_— when plasma [La”] is high, therefore, a Y

passive movement of La- from the ECF into the SL intracellular

-

compartent could occur. ~
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The increased [La”]i in SWiM group muscles may also have
resulted from an increased Tate of uptake of €xogenous glucose,
providing additional subgtrate f§% L2 production. Also, the
elevated plasma [Lf-] in the SWoM group reduces the concentration

difference for 1La across the sarcolemms and may thus {Ebedg_‘“\

La removal from the ICF. In contrast, in the STIM group, the F
one-pass perfusion system kept arterial plasga [La™] low (Table .L
1), potentislly enhancing La  removal in the STIM muscles.

The quantity of K+ loss, [SID] reduction (Table c-6; Fig.
C-2C) and fluid uptake (Table C-4) was proportional to the muscle's
'glyéolytic sctivity and La accumulation (Tables C-3 & C-6). Thus
La accumulation (and release) 1is greatest in the fast-twitch
glycolytic WG, where the largest net x* effl;x, fluid influx and
[SID] reduction is observed. It is evident that the magnitude of the
fluid movement to ECF or ICF depends on the relative ion concentration
differences betweeu plasma and interstitial fluids and between
interstitial fluids and ICF (Tibes et al. 1977). The changes in
intracellular concentrations of La  and other strong ilons are
quantitatively greater in WG than SL (Table C-6) and, accordingly,
muscle fluid volumesg increased to a greater extent in WG than in SL.

The increase 1in auscle TTW during exercise in both groups of
animals was particionedlinCO both the ECF and ICF compartments (Table
C-4). The magnitude of the increases in muscle fluid volumes during
e??rcise tended to be greater in STIM than in the SwyM group. Wirh
the single-pass rerfusion system the arterial blood does no: become

concentrated during intense exercise as ocecurs in vive (Harrison

-
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1985); this may account for the higher fl&id volumes in STIM than SwWuM
muscles. The exercise-induced increase in TIW was similar to that
found in previous studies in rat (Sreter 1963),_rabbic (Tibes et al.
1977) and human nuscle (Sjogaard et al. 1985). Most of the increase
in wmuscle wutgf was ﬁarcitioned into the ICFV, however the percentage
increase in ICFV was alﬁxys less than that of the ECFy (Tabie C=4).
In agreement with the p?esent study, Sreter (1963) also found that the
ECFV increased to a greater extent than the ICFv, and that the largest
increzse in ICFV occurrea in the WG.

Muscle contraction results in an’ increase in Qenous plasma

[K+l and a decrease in venous plasma [Na+} and [Cl7] in

-

oan (Sjogaar@ et al. 1985; Bergstrom et sl. 1973; HRermansen et al

1984) and in {solated or In situ stimulated muscle preparations {Fenn
and Cobb 1936; Sreter 1963; Hnik ec' al. 1976; Tibes et al. 1977:
Rirche et al. 19380). Accordingly, intracellular [K+] of working
nuscle decreases while incrace{}ular [Na+] and [C17] increases

(Fig. Cc-2). These changes have been attributed to incomplete
re-uptake of ® and higher [Na+] and [c17) duringlmuscle
contractions (Rnik et al. 1976: Tibes et al. 1977; Hizche et al. 1980;
Sjogaard 1983; Juel 1986). The altered extra- and iqtracellular
Na® and k" concentrations during wmuscle activicy ‘are
assoclated with a decrease in the resting membrane potential and may
depolarize the muscle cells (Suel 1986) according to the relationships
described bv Jakobsson (1980) and Beauge ‘and Sjodin (1976). This

depolarization may reduce the magnirudes of the action Dotentigi_and

-

ca™ release (Ashley and Ridgway 1979), decrease the free
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intracellular [Ca++] (Holuberg and Hkldeck 1980) and thus
cou:ribute to force decline during muscle activity (Juel 1986). Also,
the increased interstitial [K ] 1in contracting muscle (Hnik et al.
1976; Tibes et al. 1977) may aid muscle function via local Tegulation
of exercise hyperemia (Dawes 1941; Hnik et al. 1976; Tibes et al.
1977;‘Hirche €t al. 1980;- Sjogaard et al. 1985).

The disadvantages of the iso;:faa~"ﬁéf}used stimulated rat
hindlimdb are assoctated uith‘assessing the relative contributions of
working versus insctive auscle (Table C-2), to the changes 1in
arterial-to—venogs perfusate ch;racteristics. The wide variety of
wuscle fiber types in the .rat hindlimb (Armstrong and Phelps 1984)
also hampers sccurate quantitation of fluid, ion and metabolite fluxes
between active an% inactive muscles and blood. The ideal preparation
would utilize a siogle muscle composed of a single muscle fiber type
so that intramuscular changes in response to a given set of stimuli
can be directly correlated to changes 1in cthe arterial to venous
perfusaie compostion,

The single-pass perfusion system provides an effectively
inf%ni:e sink for the removal of me;abolic endproducts, and maintains.
2 constanl supply of substances having a higher arterial concentration
than incerstitial or intracellular fltids. This results in enhanced
aovements of fluid, fons and metabolites between ICF and ECF, i.e. in
STIM compared to SWUM (Tables C:; and C-65, 2 finding which should
prove advantageous _when investigating trans—-sarcolemmal mechanisms of
ion regulatioﬁ which might - otherwise be masked 1in recirculating

perfusion svsrems. The further advantage of a constant arterial
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p;ffusate is ;hat it ;esfgts the study of the muscles'~responses to a
aiﬁgI; set of defined parameters and thus simplifies :he investigation
of che mechanisms involved. Mechanisms of trans-sarcolemmal ion
@Ovements may be studied by applying ion flux inhibicars and
radiottqcerq Co the arterial perfusace or by prior preparation Lf the
intact animal with various ~drugs. The preparation can be used to
quantify a wide spectrum of physioclogical responses to a variecy of
acute and chroaic perturbations to intact animals.

In conclusion, the isolated stimulated oerfused rat hindltmb
has been shown to provide a useful model of muscle metabolism and ion
regulation. &he single-pass perfusion systenm accentuates the fluxes °
of ions ané metabolites betwee; muscle and perfusate,‘permICting
quantificatfon of rhe fluxes over time with a contfﬁlled.arterial
perfusate composition. The magnitude of Detabolic and ionie changes
in vive and _in yitro are similar in the rat hindlimb muscles: the
gEreatest changes dccured in the fast twirch Rlvecolyrie muséles (WG and

PL) while the smallest changes were seen in the slow oxidative SL

muscle.
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10N CHANGES [N ARTERIAL RED BLOOD CELLS IN MAXIMAL EXERCISE.

RS. McKeivia®, M.1. Lindingar® and QU F. Heiganhausar , FACSM. ‘
- Dept. of Medicine, MctMaster Untversity, Hamilten, Ontario, Cillun
L3N 325 .

- 1Y

Fivs healthy males performed four 30-s bouts of maximal taokinetic
cycling with 4-min rests batwesn bouts. Muscle biopsies wars taken from the
vastus lataralis and arterial and fermarai venous blood wes sampled during -
exercise ond 90 min of recovery. During exercise, arteral plasma[K*] ross
by 1.9 mM, and RBC {K*] rose by 10.9 mM intracslluiar Nluid; the RBC 1
corried 90% of the totsi increess In whols blood [K*). In recovery. arterial
RBCIK*] fell by 15 mit from pesk velues ( 145 mi) os plasma (K*] was
reduced and muscle [K*] incresssd. Artarial plasma and RBC {lactata] ([La™])
ross by 20 mM uus.mnmry;maacswmszxammm
increass fn whole blood [La™]. Arterfal RBC [CI7] rose during axercise to 9 1
mnmmmmmmm(?ammwzsmmm. The
rtu‘b—mxskﬁc[m']dmmﬂmtuomtﬂudcr into tha RBC

: mmmmwwmy.mwwcrnms'm We
N conclud that RBC's are Important in the regulation of plasma ion concentrstions
during maximal exarciss. -

. &MWU’QMhMNWF&M&nNM&ﬂ@l
Ressarch Council of Canadn.

MMG‘TPEREDBL@(&L!HBUFFER!NGIWGMSAG&OSS
INACTIVE ARM MUSCLE DURING HIGH- INTENSITY EXERCISE.
G.J.F. Helgenhauser, FACSM, M.1. Lindinger* and R.S. McKalvie*, .
Dept. of Madicine, McMaster University, Homilton, Ontario, Canada.
L8N 3Z5. .

Elgnt males performed four 30-3 bouts ( EB Jof maximal tsokinetic oycling
with 4-min rests between bouts. Artarial and arm vein blood samples were
taken efter each £8 and for 90 min into recovery. Resting arterial (a) RBC
{Na*Ja, [K* Ja, [C)™Ja and lactate {[Lo™)a) were 46.6,140.9,77.5 s 0.52
mM intracellular Nuid Resting RBC arterio-venous difference (A-Y) [Na*] .
[K*1,{C1") and [La™] were 1.9, 3.9, 1.5 and ~0.58 mM. RBC{Na*Jarcseto
54.8 mM during exerciss. RBC [Na*] A-Y fell to -15.6 mM by 1S min
recovery. RBC[K*Jarose to 150,3 mM &t the end of the sacond EB. RBC[K*]
A-V peskedat 1 1.1 mM after the second £8; K* efMux from RBC's continued
until 15 min of recovery. RBC {C1™1a rose to 88.9 mM &t the end of the third
EB. RBC[CI™] A-Y feil during exercise to -4.9 mM. RBC [La”]aroseto 149
mi st the end of the fourth EB. The plasma [La™]a at the end of the fourth 3]
wes 24.9 mM. Plasma [La™Ja was always graster than RBC (Ls"]a TheRBC
{La™] A~¥ rose t0 5.6 mP at the end of the fourth EB. La™ efflux from RBC's
continued until 40 min of recovery. We conclude thet RBC's ere important in
transporting and releesing K* into the plasma during transit through inactive
miScie. La™ uptake by inactive muscls occurs during exercise and early
recovery, bul at a slower rate then the less of La™ from RBC's._

Supporied by the Ontario Heert & Stroks Foundstion and the FIRC of Canade.
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