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If a man would pursue philosophy, his
first task is to throw away conceit,
for it is impoesible for a man to begin
to learn what he has a coriceit that he
already knows.

Epictetus
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. * Abstract

The purpose of this study was to investigate the relative importancé

of several biochemical factors involved in muscle fatigue, since it has

been shown that during fatigue, tissue stores of ATP and CP decline,

lactate levels ihcrease:and intracellular pH degreases,

In order to examine this problem, a method to maximize intracellular

lactate concentration was hypothesized. The production of pyruvate was

increased by inducing thiamine deficiency, and glucose loading of the
isolated tissue. Thiamine deficiency was produced by feeding rats a

thlamlne free diet, and isolated dlaphragm strips were glucose loaded

N -

by elevating the glucose content of ' the bathing medium to 55 mM, in the

presence of 10 mU/ml insulin.

Pyruvate and lactdte levels, as well as ATP and CP concentrations

. 4

" of tissues in the rested and fatigued states were measured. In addition,

the rates: of lactate, byruvate‘and H+ efflux were studied.

In‘tﬁe‘resting state, tissue pyruvate and lactate con entrataﬁns
~ 7 L
were not lncreased more in thiamine deficient tissues than In control

tissues. Muscle contractility was also not significantly affected by'
thiamine deficiency.

Folloﬁing fatigue, tissue pyruvate levels were significantly gfeater
- e
in the thiamine deficient tissues than the control tissues. The efflux
v .

rate of both lactate and H+ was significantly greater from the thiamine

deficient tissues than the control tissues throughout all the\conditions

tebted.
£
The results of this study indicate that the effect of thiamine

deficiency on pyruvate metabolism is most apparent during higher levels

- . J

=
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of activity whdp pyruvate production is accelerated. -However, even in

these conditions the measured concentration of pPyruvate remained lower

than anticipated. o »

It is also suggested that in thiamine deficignecy; the permeability®

of the skeletal muscle meqbrahe is altered because glucose influx

'
.

. ./.:x - + R ‘ ' . .
increased, lactate and H efflux increased, and glucose' uptake did not

- ' -

respond to insulin. ' .
.

‘.
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Introduction:

L

The biochemical basis of muscle fatigue -

Muscle fatique is a term usea to describe the decreasing tension
generated by a muscle during prolonged or iﬁtense activity. As this
word descriﬁes‘a particular phenomenon, it offers no-implicit explanation
of the events causing the decline in response.

In isolated nérve muscle preparations where the nerve is stimulat;d
at a high frequency and muscle cohtractions rec;rded, the observed res-
ponse has oftén been attributed to an actual fatigue at th;_neuromuscular
junétion (Mashima et al, 1962), ie. a quantitative décrease of transmitter
release. However, in isolated muscle prep;rations where: the nerve 1is not
intacé,'fatigue can not be explained in terms of the quantity of neuro-
transmitter released.

? It has been noted for some yeérs that érolonged stimulation of

isolated muscle, particularly under anaerobic conditions, can result in
an .almost total los; of the mechanical response, even though the action
potential remains near normal and the contractile meéhanism is apparently
uniméaired. Several investigaéoéﬁ haﬁé éﬁggested that this may be due to
a failure of excitation-contraction coupling, which reverses only very
sléwly féberstein and-Sandow, 1963; Mashima et al, 1962; Grabowski et al,
1972), and some evidence for this type of fatigue occurring in Man ha§
been presented by Edwards et al (1977).

;n the conditions employed in isolated muscle studies, two theories

of muscle fatigue predominate, and both attribute the fatigue to a bio-

chemical origin. More directly, fatiguing may be due directly to depletion

L .



of high energy phosphate stores such as adenosine triphosphate (A

TP)

and creatine phosphate (CP), or indirectly to a bulldlng of metabollc

products from glycolysis suchgas lactate and/or hydrogen ion (H )
which then cause a shut -down of énergy producing processes. It i
generally accepted that muscle-contracﬁion is not possible withou
high energy phosphat\s, ATP and CP. During periods of relative i
ATP and CP are produced by catabolic processes where free fatty a
and carbohydrates serve as substrates for tho tricarboxylic acid

(TCA). The TCA cycle is an oxidative process requiring oxygen, a

the priﬁary energy producer under aerobic conditions. TCA substr

% are provided by B-oxidation of free fatty acids in vivo (Randle et

1966; Lessers et al, 1971, 1972), with glycolysis being an iﬁport
secondary pathway. /There is some evidence however that hyperlact
is assocxated with a decrease ln the concentration and peripheral
zation of circulating free fatty acids (Bjorntorp, 1965; Diertle

1969; Boyd et al, 1974; Issekutz et al, 1975; Gorski, 1977). Con
of work requi%ing ATP expenditures which surpass the capabilities
oxidative Systems, or conditions where the oxidative systems are

rely more heavily on glycolytic ATP production.

The metabolism of glucose and other hexose carbohydrates to

and lactate is the only known process of anaerobic ATP production,

may be considered a two stagk process. The first stage catalyzes

fi

bolism of several d;fferent-hexoses to glyceraldehyde-3 phosphate

s o
process involves phosphorylation, at the expense of ATP, and clea
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form the three carbon sugar, which is then coﬁverted into lactic acid in the
following stagel(Krebs, 1957). In the second stage, all sugars follow

a common pathway of oxido-reduction reactions and energy conserving
mechanisms which result in the phosphorylation of adenosine diphosphate
(ADP} to_form ATP. The energy feleased {or potentially sﬁored) by the
glycolytic process aétually repgesents only a fraction‘'relative to the

total chemical energy available in the structure of the glucose”molecule;
the overall AGQ= -47.0 kcal following glycolysis, as opposed. to ag°= ~6B6
kcal when the molecule is further metabolized to co, and'Hzo (Lehniﬁger,'
1972). Thus work being performed with energy of predominantl; anaercbic
origin reguires much greater amounts of carboh?drate substrates f;bout 14.5-fold)
and results in about a 12-fold increase in rate of pyruvate production.
Costin et al 81971) and Hirche et al (1970) demonstrated that there isg

a net prodﬁction of lactate by skeletal muscle at rest, and thét its
production increases on stimulation. ;The production of lactate itself

is not important except as an indication of anaerchic energflproduction,

as lactate passively diffuses out of muscle tissue intq the extracellular
fluids and blood, movement being governed by concentrafion gradients.

The important biochemical parameter in the pProcess is the oxidation of

NADH to‘NAD+. The NAD+ can then be reduced, allowihé the oxidation of
glyceraldehyde-3-phosphate during the metabolism of other glucose molecules,
providing for-the phosphorylation of further amounts of ADP to replenish

depleted stores. However, several experimental preparations have been

used to demonstrate lactate oxidation in skeletal muscle (Corsi et ai, 1972;



Jorfeldt, 1970), and the ability of skeletal muscle to extract lactate

when arterial lactate was elevated has been demonstrated in dogs (Dunn

+and Critz, 1975) and in Man (Carlson and Pernow, 1959; Freychuss and

. Strandell, 1967). <

The step controlling the production of energy in the-fofﬁ of ATP
appears.té be-the activity of the enzyme phosphofructokinase (PFK},
{Mansour, 1963; panforth, 1965; Trivedi and Danforth, 1966). This enzyme

_-tatalyzes the ovqrali‘rate limiting reaction of energy production by
limiting the amouné of substrate (pyruvate) made available %rom the
glycolytic pathway for the TCA cycle. Aside from being temperature and
PH dependent, the activity of this enzyme is governed by the concentra-
tion of ATP and ADP such that if the concentration of ATP or the ATP/ADP
ratio increases with%n the -tissue, then the-qg;yme is inhibited, .while
conversely an increase in ADP concentration results in an increase of
PFK activity. In anaerobic conditions, where the levels of ATP usually
drop and are often critically depleted, glycolytic activity has been
reported to increase several fold (Karlsson, l971ab; Knuttgen and Saltin,
1972; Graham et al, 1976}, presumably to recover from the ATP deficiﬁ.

The fact ghat glycolytic.activity increased when ATP levels'fell would

ﬁend torggggest that in noxmal conditions some factor other than the
concent?ation of glycolytic metabolites, must be limiting energy production
via the TCA cycle. In vivo, it has been proposed that the avéilability

of oxygen to the muscle from the blood.may-becdme the limiting factor of

energy production at higher work loads, {Kajser, 1970), however, this has

1
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been refuted by several investigators (Kajser, 1973; Neill et al, 1969).
Studies of the effects of other factors on aerobic energy production, such .

(Hirche, 1973) have

as PO, (Kajser, 1973), pH (Danforth, 1965) and PCO,

all been inconclusive,

Muscle fatigue in Man

Hill and his coworkers (Hill et al, '1924; Hill and Lypton, 1923)

were probably the first to observe an increased formation of lactic acid

* . - .
in exXercising humans. Theix report, together with an earlier paper

(Krogh and Lindhard, 1920) which suggested that oxygen consumption re-—
mained elevated in the period folloQing gxercise; led to the proposal of

an "oxygen debt". This proposal of an 6xygen debt stemmed from an idea

that there may be a connectign between the increased oxygen uptake following
exercise and the accutmulation o: lactic acid (as iactate) during exercise,

indicating that a certain amount of ehergy was being produced from non-
aercohic sources, and must be replenis;ed whe% oxyden becomes available
(Hill et al, 1924). N

Over the next 45 years, many developments occurred in the fields
‘ of muscle biochemistr& and physiclogy. However, the guestion remained as
.to whether anaerobic respiration,waé simply a pé;t of the total energy
production at all times, or whether it only became important under c}rtain
circumstances. Reports of resting skeletal muscle lactate concentrations
have varied from 0.6mmoles/kg wet muscle weight to 1l.6mmoles/kg, wet muscle F\.

weight (Knuttgen and Saltin, 1972, Karlsson, 1971, Diamant et al, 1968,

Graham et al, 1976). Work loads represented by 50-70% VO % do not

2ma
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result in a significant increase of muscle lactate concentration in Man
{Karlsson, 1971a + Knuttgen and Saltin, 1972) or in dogs (Graham et al,

*

1976) . At these submaximml work loads (where vo, is 50-70% maximum) there
also appeared to be no difference in muscle lactate concentration between
trained and untrained subjects. Although muscle lactate concentration did

N

not increase with lower work loads, work loads of 70-95% VQZmax result in
very large and often linear increases in muscle lactate concentrations
(Karlsson, 197lb). Karlsson\dl97lb) reported an incfease from Zmmoles/kg
wet tissue weight to 16.9mmeles/kg wet Weight and 20mmoles/kg wet weight
iﬁ‘untrained and trained subjects respectively. When exercises were of
short one minute bursts of maximum effort {on the bicycle ergometer), with
short rests, muscle lactate appeared to peak following the first one minute
period (23.2mmoles/kg wet weight) and to Plateau _at a slightly lower con-
centration ofl22.5mmoles/kg wet weight after the fifth one minute burst

of exercise. Muscle lactate values between the first and fifth bursté

followed .a linear path. In other studies in the same report, lactate con-

centration increased with time if workload was continuous. .

[+ -

Extracellular pH and muscle fatigque
If indeed tissue and blood lactate concentraticns do significantly

increase during heavy work loads, what is the effect on acid-base balance?
) o
'As early as‘1942,.Turrell‘and Robinson suggested that changes in

lactate content definitely could affect the homeostatic acid-base eéﬁilibrium.

ThlS being the case, one may speculate that concomitant to the increased

acid load due to increased concentration of CO2 and lactate during physical

s
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exertion, a ventilation rate synchronized with the production of these

.metabolites' might be required, to minimize chaqggs in bloed pH {particu-~
larly arterial blood). KXeul et al (1967a) were able to Aemonstrate

during and after exercise that 95% of the decrease in plasma HCOab c?ntent
was attributable to the simultaneous increase in lac;ate and pyruvate
concentrations. They suggested that the remaining 5% might be associated
with the uptake of free fatty acids and theik conversion to acetoacetate
and B—hydroﬁgbutyrate. In a ;econd study (Keul et al, 1967b) plasma pH
changes were affected by the ability of subjects to eliminate C02. Also,
very athletic individuals did not show-a lower PH under maximum stress

than did non-athletes. & morelquantitétive study was reported by Waéserman
et al (1967). They noted a linear relationship between plasma lactate

-and bicarbonate concentration such that for each miliiequivalent {meq)
increase in lactate concentration a correspénding milliequivalent decrease
of plasma HCOB‘ was observed, but these obsérvations were only noted at
very heavy work loads. Undef these conditions, plasma lactate concentrations
increased from approximately 1 meg/L at rest, to 8 meq/L during heavy
.exercise, while plasma HCOB' concentration fell from 23 meq/L to 17 meQ/L

respectively, Determination of blood pH, HCO3_ concentration and PCO2

changes indicated that no chénges in acid-base balance could be observed

during moderate exercise; that a compensated metabolic acidosis occurred

with heavy exer&ise, and an incompletely compensated metabolic acidosis
with vely heavy exercise. Compensated acidosis was observed as
an altered ve

us|pH or HCOs' concentration but at normaézgkggrial levels,
: [}

the compensation pbceurred as a result of a sufficiently increased gas

»




exchange. At very heavy work loads only partial compensation' was
possible, as ventflation was already at a maximum.

These éhanges in plasma'pH Suggest that a similar or greater
change in tissue intracellular PH (pH.) may occur concomitantly. Using
various technlques, pH has been calculated to be between 7.1 and 6. 7
.(Sahlln, 1978; Ellis and,Thomas, 1976; wlgglns, 1973; aickin and Thomas,
1977). Sahlin (1975) reported that in human skeletal muscle PH; @ecreased
from a mean resting value of 7.00 ‘to 6.56 when tension developmeﬁt de;
clined to 68% maximum. In this same study, it was noted that a linear
relationship was evident between declining pHi and an increasing total .
lactate pius byruvate concentration, Similarly, Furasawa and Kerridge
(1927) reported that in fatigued cat hearts, pHi fell to a mean of 6.56
from a resting value of 7.07. Under the same conditions, pHi.feli from
7.04 at rest to 6.26’following fatigue of the cat gastrocnemius (Furasawa
and Kerridge, 1927). These alterations of PH following muscle contraction
may lend support to the hypothesis that the decline of muscle contracti-
lity observed as fatigue may be associated with intracellular changes of
PH. ) ;

However, the involvement of the conéentration of the high enérgy
phosphate compounds ATP and Cp in-muscle fatigue can not be ignored.
Sahlin (1978) and Harris et al (1977}, working with muscle b;opsy)samples
of "human subjects, repor£ed that ATP concentration declines markedly in
fatiguing muscle. Furthermore, Harris ef al (1977) observed that the
decline in CP content in tissue from humgﬁusubjects following exercise may

-

be correlated with increased lactate concentration. The relationship was



not ligear, and in fact suggests that Cp stores deplete more rapidly than
lactate accumulates. "

The evidence from these_biochemical studies clearly suggests that
high energy phosphate depletion and/or increased lactate and H+ levels
may be principal factors causing fatigue, In fact, these two phenomena
may be related. Since lactéte is actually produced_as lactic acid,
concomitant with the increased lactate bevels, H+'concentration ig also
increased. An increased intracellulfr H+ concentra;iogw}i.e. decreased
PH) could possibly exert effects ‘on gseveral parameters of muscle function:
a) metabolism, by reduéing the activity of certain enzymes. b) excitation-
coentraction coupling. ¢) calcium reiease from the sarcoplasmic reticulum
and 4) signal propagation along the membrane,

. + ' ‘
Intracellular H concentration and muscle function

Some disagreement exists as to whether intracellular or extra-
cellular pH changes have a more prominent effect on muscie cohtractility
(Vaughan Williams and White, 1967; Cihgolani et al, 1970)., It is generally
.agreed that an e#ternal PH beyond the range of 6 to 8 does have.a large
effect. Direct evidence for this goes back to the report of Daly and
clark in 1921, which provided evidence that acidic solutions had a negative
inotropic effect oﬁ the heart, However, more recent results tend to
suggest that bHi may play alsignificant role.as wel;. McElroy et al
(1958) reported that increasing pHi of.guinea pig heart muscle would
result in contractility decreasing to 70% of that observed before pH

alteration. Lorkovic (1966) observed the same tendency using strips of

w!
1
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ventricular muscle from frog hearts. Both of these-studies employed

a method whereby the muscle tissue was exposed to an altered PCOé while
the external pH was maintained constant by altering the bicarbonate -
concentration. Only Co2 was assumed to cross the cell membrane, thus
producing a change iﬁ pHi.

The intréduction of the recessed tip design of glass pH micro-
electrodes (Thomas, 1974) has allowed direct measurement of pH Using
this relatlvely new technique, Ellis ang Thomas (1976) reported that’
alteratlon of the bubbling gas from 0 to 5% CO2 resulted in pH decrease
from 7.2 to 7.14 in rat ventrlcle Preparations. They noted that sti-
mulation of rat Purkinge fibres at a rate of 120/minute for 4 minutes
resulted in no measurable change in PH, .

Although extrapolation of the results from heart muscle to infer
what may be happening in skeletal muscle lmay be a questionable Practice,

‘the results published by Clancy and B}own {1966) may still provide some
insight. They suggest that due to the lower intracellular buffering ca-
pacity of skeletal muscle'relative to cardiac muscle, variations of
intracellular pH caused by CO2 should not appear to differentially affect
the contractile responses. According to these authors, the difference
in pH between the|2 muscle types would result in an H+ EOncentration
graded effect on intracellular organelles involved in contraction and/or
excitation-contraction coupling, i.e. the myofi;aments and the sarcoplasmic
reticulum. This hypothesis was Ffurther suppor?ed by the results of

Fabiato and Fabiato (1978). 1In this Paper, evidence was provided to

illustrate that if the intracellular PH of frog semitendinosus fell to
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6.6, the maximum tension that the muscle could generate was only 90% of
that observed at pH 7.0.. Further, if the calcium levelfwas not increased
concomitantly, but was maintained at a pCa of 5.5,, then tension generated
at éH 6.6 was only B80% of that observed at PH 7.0. BAn even more dramatic
decline of maximum tension was observed when rat ventricular muscle was
exposed to the same treatment.

. . + .
. Thus, increasing the concentration of H resulted in.a decreased

ability to generate tension. This effect could be lesse;ed by incFeasing
,calcium availability, suégesg@ng that H+ concentration may have an effectl
|on calcium-activated coﬁtraction. This hypothesis is supported by the
results of Donaldson et al (1978). Porzehl et al (1969} also reported
similar observations with fibrils.extracted from rabbit and crab muscle,
where they found thaﬁ it ;as necessary to maintain pH above 6.0 and calcium
concentration at about 5 X lﬁdﬁiin orde; to produce maximal activation of
muscle fibrils, in this same paper a second, perhaps equally important
observation was made. As the PH of the extracted fibres was lowered from

8.0 to 6.0, a marked decline in ATPase activity was observed, as recorded

by the percent of ATP splitting and the umoles P, produced/minute/mg

protein. These results suggest a direct link between PH and muscle con- ‘

traction in that the activit& of ATPase decreases dramatically as pH
falls, and thus not only is less ATP produced, but also the tissue is
incapable of utilizing the ATP availahle to it. This may also help to
gkplain the involveﬁen£ of cglcium in fatigue, '

Following depolarization of the membrane, the sarcoplasmic re-

ticulum, and in particular the terminal cisternae, liberates calcium,
; N _
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whose concentration in the myofibri;lar medium rises from 10-7M to 10—5M

han

(Ebashi and Endo, 1968; Ebashi et ai, 1969). According to the theory

of Huxley (1969), when calcium ions Penetrate into the contractile system
following liberation by the saréoplaémic reticulum they interact with
the~trppomyosin-troponin.system. Whatever change this interaction elicits
in this system, it results in actin activating the ATPase activity of
myosin which in turn permits the binding necessary for contraction
{Huxley, 1969). Thus if an increase in H+ does r%duce caicium release,
then muscle contractility may indeed be ‘affected.

The evidence presented thus far tends to suggest that concomitant
with a decreased muscle tension development observed during fifigue, in-
tracellular lactate and H+ concentrations also increase. Whether this
is a causal or resultant relationship ig still a.mgtter of question,

ATP and CP concentration in fatigued musciles

~

A review of the literature publishedAregarding'concentrations of
high energy phosphates in muscle tissues at rest and following exercise
does  not help to clarify the guestion of the biocchemical bésis of muscle’k
fatigue. As diécussed earlier, high energy Phosphate, in the form of
ATP, is used as the immediate source.of energy for muscle contraction
(Cain and Davies, 1962). ATP is metabolized to both ADP and AMP, and inor-
ganic phosphate (Pi) during muscle cogtraction. ATP levels are replenished
with phosphate stored in the form of cfeatine phosphate (CP); (Needhgm )

and von Heyningen, 1935; Needham and Pillai, 1937{ Meyerhof et al, 1937;

Innes, 1937). 1If ATP levels can not be maintained by stores of CP; then

"~



N .
7 ‘
" 'ATP must be generated via glycolysis and oxidative processes. However,
one may suggest that the glycolytic pathway may be inhibited, or at least
reduced in activity, during fatigue, because the associated drop in intra-
cellhlgr pH would decrease the activity of the rate limiting enzyme of

! ‘
this process, PFK (Danforth, 1965; Ui, 1966). The CP concentration in _:
skeleta} miscle cells is high compared to other ceils (Mommaerts, 1950),
Hohorst et al (1962) were the first to report‘% depietion of CP .stores
with fatigue. Their repof; of in’'situ experiments in rat muétlé subjected
to tetanic stimulation illustratéd that wﬁereas ATP §oncentration in thé
muscle tissues deciined oniy 15% from resting levels, cp declined‘towagés
0. Similarly Mainwood et al (1972) reported that in frog ;artorips
muscles stimuia#ed to fatigue, CP levels declined significaﬂtlyf but ATP
concentration did not. Spande and Schottelius (lé%b) observed a direct
linear correlation between the concentration of . CP and the de@glopment

of.tension.
Thus, evidence indicates that H+ and lactate accumulate in.f;tiguinq
muscle tissue, and CP is-depleted, leaving the question ;f\the biochemical
basis of muscle fatigue still unanswered. Nuclear Magnetic Res&nance (NMR) ,
a new technigue being utilized in molecular biology (Dawson et al, 1977),;
has presented great hope in solving this mystery. This technique was em-
ployed by the. same authors in 1978 to study muscle fatigue. Their resulté,
although exciting, uqfortunately did not clarify the question. Using |
frog gastrécnemius mascle, the fesﬁlts with NMR corroborate the papers pre-

viously discussed, in that concomitant with fatigue, an increased concentration

-
1

. + . . R .
of ADP, Pi’ and H occurs, as well as an ;ﬁcreased dactic acid concentration.



They suggested that the decrease'in force‘development‘was apprOXimately

PO

+ .
.proportlonal to the rlse in ADP- and H concentratlons. One extremely

'1nterest1ng observatlon was a shift of the ATP. peak to the left, which

-, ) -

lndlcates that ‘a small amount of magne51um (from the MgATP complex) _Mmay

have been dlsplaced by hydrogen 1ons. It is known that many- enzymeS\
. involved w%th ATP and ADP.react as if the true substrates were MgATP and

MgADP: * e.g. hexoklnase (Melchlor and Melchlor, 1958), pyruvate kinase

oy

) (Melchior, 1954),-phosphoglycerate kinase (Bafsson—Razn1k1ew1cs, 1967),

PFK (Lowry and Passoneau, 1966), adenylate klnase (Rose, 1968), and creatine

’ 1
kinase (Watts, 1973). Thus observatlons wlth 3 CP- NMR tend to suggest

' +
that blochemlcal changes 1nvolved in fatlgue may be 1n1t1ated by H al~
terlng the concentratlon of MgATP and/or the MgATP: MqADP ratio.
in llght of the fact the measurement of the concentratlons of these

various comp0nents of the muscle has prov1ded 1nformatlon about muscle

fatlgue, but has as yet not prov1ded an 1nd1catlon of the pr1nc1pal

causative factor, perhaps an alternative approach to the problem is worthy

of consideration. .Since the main quesﬂxon of concern is whether an in-
. 7t

+ ; -
creased concentration of lactate and/or H. or a decreased avallablllty of

ATP is ultimately the cause of skeletal muscle fatigueﬁ accehtuating
eitherbone of these factors may provide some'insightlinto the fatique
process. >If the rate of production of intracellular lactate, and there;
fore H could be enhanced in a particular muscle, then comparing the

: N . . ) . (e
fatigue characteristics of this tissue with a control tissue may_facili-

tate some understanding. . ” : S o o

-

U
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Pyruvate metabolism in thiamine deficiency *

The first step in pyruvate metabolism, via the TCA cycle, is the
conversion of pyruvate to 2-carbon fragments to be used for acetyl-CoA
anabolism. This step is datalyzed by the pyruvate dehydrogenase enzyme

complex, of which one co-factor is thiamine pyrophosphate (TPP), also
- ;

known as thiamgne diphosphate and cocarboxylase (Peters, 1936; Green

et al, 1942; Stumpf et al, 1947; Wright and Scott, 1954; Franklen and
Stapert, 1954; Thompson and Johnson, 1935; Platt and Lu, 1939). Thiamine
deficiency can Ee'inguced by restriction of vitamin B, dietary intake,

or by the use of the éhiamine antageonists oxythiamine and pyritbiamihe
{(Gubler, l96;). Although these substances chemically induce thiamine
deficiency, several authors have reportbq diff%fﬁgg;;\between this ;n
dietary avitaminosis, aﬁa\that thgy may incorporate different modes of
action (Gubler, 1961; Bitter et al, 1968; Meghal et al, 1977). Many of
these differences have been thoroughly discussed g?,a review article by

. L]
Gubler (1976). Two prominEnt symptoms of thiamindvdeficiency are ancrexia

‘.

and growth failure, or weight loss (Bai et al, 1971; Bitter et al, 1968,

1969) . Several biochemical changes have also been reported in thiamine

~ . . .

deficiency. Calf liver pyruvate‘dehydfogenase activity decreased to 30%
of control values after 40 days of vitamin B, deficient diet (Benevenga

et al, 1967). Similar decreases have been observed in the-livers of

‘thiaminé deficient rats (Gubler 1961; Oshima, 1960; Framken, 1954) and

in pigeon breast and heart muscle - (Montfoort, 1955). However, the results
of a iarge number of diverse experiments have led to serious questioning
of the concept that the ability of tissues to decarboxylate pyruvate can

be altered by thiamine deficiency (Meghal et al, 1977). Interestingly,

\ A
¥
Yy .
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Benevenga et al (1966) reported that the most marked changes occurring
in thiamine deficient calves were the increases in blood lactate and py-
ruvate. Blood pyruvate increased 5-fold from a normal of Img/100ml,

and 1actate_6.5—fq;d from a normal of 15mg/100ml in thiamine deficiency.’
- ) .

Even though Meghal et al (1977) reported no chapggmgndbrain pyruvate
metabolism during él avitaminosis, the incrqased blood.lactate and
pyruvate concentration obServed in these other® studies sﬁégests pyruvaté
metabolism in muscle may be affected by this condition, particularly
when the work of Peters (1936) and many others is recalled.

More recently, Davies and Jennings (1970) reported that thiamine
deficiency results in specific morphological changes in rat heart tissue.
Amongst observations was the preSenee of material within individual
mitochondria, which Hru@an et al (1963) had earlier suggested is an
indication of cytoplasmic dégradation and mitochéndrial destruction,’

In the réport of Davies';hd_Jennings {1970), the mitochondria of indi-
Qidual muscle fibres showed Severe individual disruption in later stages

of thiamine deficiency. Suzuki (1967) noted contraction bands which have
been associated with vere mitochondrial damage, in thiamine deficignt
rats. Suzuki (1967) related the appearance of-these bands to an effect

of thiamine deficiéncy on the sarcoplasmic reticulum causing abnormal
relaxation, and Gilev (1962) suggests tﬂat the bands ;ékresent uncoordinated
relaxation and contraction of m&ofibrils in different areas of individual
muscle fibres. 1Indeed Cohen et al {1976) observed that left ventricular
muscle preparations from thiamine deficient rats exhibited a decrease in

~

. ™ t
performance associated with a deéwease in the duration of contraction and
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rate of tension development. Thése studies indicate that the decrease
in pyruvate metabolism induced by thiamine deficiency may ultimately
have an influence on muscle contractility,

d>

Glucose loading of muscle tissue

Another approach to increasing the lactate and/or H+ concentration
in muscle tissue would be to dtive glycolysis at a rate tha; would
produce quantities of pyruvate that were beyond ghe capacity bf the oxi-
dative systen. However, this would only be possible if‘increased amoun%
og substrate were made available to the glycolytic enzymes,

Parks et al (1955) demonstrated that glucose uptake into the rat
diaphragm could be enhanced if the bathing medium cgntained a high con-
centration of giuco#e in the presence of insulin. Mainwood et ;l (1977;
Qﬁantified this phenomenon, when they observed that perfusing the rat
diaphragq with 55mM glucose and 10mU/ml insulin results in a dramatic
increase in intracellular glucose conceniration. The increased availa-
bility of glucose, underethese conditions, could be used by the,tissue

in conditions of increased activity resulting in a greater pfééiction of

Pyruvate,
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‘ . : Statement of the Problem

[y

It is clear from the studies reviewed in the.previous pages that
certain Siochemical changes correlate to muscle fatigue. Tissue and
blood levels of glycolytic metabolites increase, while concomitantly
the tissué concentration of creatine phosphate decreases. The parameter
that apparently may link these changes together is the intracellular
H+ concentration, which changes following varioﬁs levels of activity.

However, which of these parameters if any, is/are the primary causes

of muscle fatique remains elusive,
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The Aims of the Project

A

The aims of the present study were rather straightforward. It was

hypothesized that intracellular levels of lactate could be dramatically

increased by depressing Pyruvate metabolism (through thiamine deficiency).

The resulting buildup of pyruvate could be accentuated by perfusing an
isolated tissue with a high'glﬁfggéiinsulin solution. Increasing the
activity of the isolated tissue chuld also increase the need for ATP,
which would only be produced Via glycolysis, thus.further iA!Eéasing
pyruvate production. By monitoring the fatigue profile of these isc-
lated tissues, and enzymatic assay for l;ctate, pyruvate ATP and CPp
content of the tissue during basal and/high level of "activity, any
rela£ionship between these parqﬂstﬁrgrcould be observed (Figure 1).

Specifically, this study was designed to investigate a) whether
or not pyruvate metabolism is impqired in thiamine deficient tissues,
and b) if a) is positive does thj:>:ﬁiect muscle contracéility.

. o +
The answer to these questions may elucidate whether H affects muscle

contractility directly, or by inhibiting energy production.



o

Figgre.l. Scheme for developing lactacidosis. The diagrém

on the left illusﬁrates the norméi course of glucose'métabolism. N
Glucose loading (centré) increases the amounts of pyruvate formed,'
which in turn is converted to lactate, if the prdductioﬁ of pyruvate
exceeds the capacity of the oxidative metabolism system. Thiéhiné-
deficiency should further-decrease the  amount of pyruvate being

oxidatively metabolised, resulting in an even greater pfoduction‘

of laé@ate.

glyc - glycogen
G - glucose

P - pyruvate

L - lactate

H+ - hydrogen ion

.ins - insulin

TPP - thiamine pyrophosphate

37
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Materials and Methods

General

Male Sprague-Dawley rats obtained.from Bio-B;éeding Laboratories
(Ottawa) were used for these studies. All animals were housed in
individual cages, those on the thiamine deficient (TD) or pair fed (TP)
diets were kept in metabolic cages, the weight (WC) and age (AC) controls
in regular plastic rat cages. Conditions were controlled for humidity
and temperature, with lights on in the room from 0730h to 1730h. Plastic
cages were changed twice weekly and water freshened daily. All animals
received water ad libitum. Rats of the weight and age control groups .
received the standard Purina Rat Chow in pellet form, ad libitum. -

The thiamine deficient aﬁd pair fed animals received a special diet

prepared by ICN Pharmaceuticals Inc., Cleveland. The powder form of this

diet was chosen as it could be weighed more accurately. Two batches were

prepared, with matched analysis of ingredients, excepting the thiamine
content. THe'thiamine deficient diet contained ﬁﬁ measurable traces of
thiamine, while the control diet (for the pair fed ani-mals) was supplemented
with 1.0g9/45.4kg thiamine hydreochloride.

The animals were fed norxmal laboratory chow for two to three days
upoﬂ their arrival at our animal quarters. After this accomodation period
they were randomly divided into groups and put into individual cages. The
mean weight of the rats was about 68g.

Housing the special diet rats in metabolic cages served at least
two functions. The wire bottom cages provided for immediate removal.of
organic waste, éliminating the possibility of reconsumption of fo;d

and/or vitamins. Secondly, the design of the metabolic cages was such
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that the food was placed in a glass jar which was suspended from a trough
protruding from the front of the cage. A plastic cup was fittedlinside
this jar which facilitated removal of the food for weighing. At da&

one of the experiment, the total weight of the cup and food for both

the thlam;ne def;c;ené and pair fed group was 30yg, constltutlng about

22g of food. Each day after this, the food cups were removed from-

tﬁé cages of the thiamine deficient animals and weighed. By subtracting
this amount from the 30g, the food consumption of the previous 24 hours
was calculated. The difference was the exact amount of special eontrol
food placed in the cups of the pair fed animals. The animals were
specifically paired such that the rat of cage.TP—l always received the
gram equivalent amount of food eaten the day before by rat ?D;l. A%ter
ﬁhis the thiaminé defiéient food cup was refilled each day £o a total of
30g. This regime was strictly maintained as long as possible.  However,
after about three weeks on the thiamine deficient diet, this group of
animals became anorexic and began spilling tremendous amounts of food
from the special cupé. Observation of the rats not spilling their food
indicated their food consumption was approaching nily When any
individual animal of the thiamine deficient group reached this point,

its pair fed control was given 3.0g of the special control diet daily. This
was done to prevent causing the gnimal undue harm by stagvation, yet little
enough food was provided to maintain “control" status.

All rats were weighed every second day.



Plgsma Samples

Approximately one hour before sacrifice, rats were injected with
36 mg/kg sodium pentobarbital (abbott Laboratories.Limited, Montfeal).
After allowing 25 miﬁutes for the anaesthetic to take effect, the tail
of the animal was cleansed with élcohbl, and a small, approximately
lmm, sectign of the tail tip clipped off. Blood was then milked from
the tail directly into a heparinized hematocrifltube (American Hospital
Supply Company, Miami), which was then stoppered and placed on ice.
A total of three samples épproximately 80ul each were drawn from each rat;
The éample tubes were spun for five miputes in a model MB picro hematoérit
centrifuge {(International Equipmen? Company, Needham Heights, Mass.), at
4°c. The hematocrit tubes were maintained at cold temperature until used_
for assays, usually one to two hours. Multiple sampleé from the same rat
obtained in this fashion and stored for periods of five minutes to 120
minutes did not show signifiéént_variation of‘lactate or pyruvate

concentration.

¥
Follbwing collection-of blood samples, the animals were sacrificed

by cervical dislocation.

Fatigue Experiments

§
Immediately after sacrifice, the entire diaphragm was removed and

rinsed in oxygenated Tyrode solution. The final ionic concentration
'of this solutioh was: Na, 145.5mM; Ca, 2.5mM; K, 4.7mM; Mg, 3.1lmM;
so4", 3.1mM; C1, 129.0mM; HCO3 , 25mM; upo4', 1.2mM; and glucose, 5. 5mM.

After rinsing, the entire diaphragm was transferred to a paraffin

. . ]
dissection bath, where removal of extraneous tissues‘and excess rib was
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performed. At this point an incision was made along the centre of the
central ligament to Fhe sternum, and the sternum cut in half. One
hemidiaphragm was mounted such that a portion of the central ligament
remaining attached to the diaphragm.tissue was clamped into the teflon
b;acket (figure 2-A). The portion clamped into the bréckét was that

v

porticon of muscle wPere the indiwvidual fibres attached perpendicular
to the ribs. Tight;ning of the clamp was executed caféfully so as to'
ensure only the central ligament and no part ofrthe_muscle fibre was
pinched. -The ﬁuscle width was trimmed, inqludiné éhg rib, the finai

width being 9-1lmm. The other end of the diaphragm was sécured to a

plexiglass bracket (figure 2-B) with three sutures,.énsuring~tﬁe ribs

would not move during muscle contraction. The whole preparatidn was

then transferred to the 100ml muscle bath (figure 2-E), containing Tyrode

solution contiﬁuously aerated with 5% COz'in_Oz;. The entire apparatus

: ' . ' : P
was maintained at 37°C with a heating/circulating pump (Precision Scientific).

Isometric tension was transferred from the muscle via a silver chain

(figure 2-C), connected to a model FT03C force-displacement transducer
[4

"

(Grass Equipment Company, Quihcy, Méss.) {figure i—D). The signal was

P

traced on a.model 7 Polygraph, gﬁﬁi@ying a model 7Pla low-level DC

preamplifier and model 7DAB DC driver amplifier (all from Grass Equipment

Company) . Resting length of the muscle was set to produce 2 grams tension.

_"[k‘ s
Field stimulation of the muscle was induced by charging platinum ¢

plates (figure 2-F). Pulse trains were generated by a Digitimer type 3290

in series with a Logic Unit type 3080, Gated Pulse Generator type 2521 and

an Isolated Stimulator MKIII, all from Devices Instruments Ltd., Welwin.

-



Figure 2. Apparatus for studying muscle fatique.

A - teflon bracket

B - plexiglass bracket

¢ ~ silver chain

D - forcé—displacement.transducer
E - 100 ml muscle batﬂ‘

F - platinum plhtes
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- \;éj voltage 'which aenerated maxlmum ten51on, (usually 50 to 52

applied to the platinum plates.

ied by a.médel $4G stimulator .(Grass

a homebrew ‘current booster-before keing
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Tetanic muscle contraction was stimulated -

by a,20-$d~§oltkpﬁi§e train at a'frequency of 150 per sécond, for
5 B

of procedures was' followed to'elicit maximum isometric-tension. The

1 . H
stimulator voltage was»varied from lO to 704voltsy»and was reset‘at the

2

P

*

erlod of 200 milllseCOnds, once every 180 secoﬁds. * Immediately”.

\ uscle pseparatlon was in’ place“in the muscle bath, é‘s6riesf

“ . . . - il

L e

(
In

il

P

addltlon the restlng length of the muscle was adjusted in small 1ncrements

v

L

w7

to obtain the optlmal restlng length of the muscle, ]udged as- that length

at whlch maximal response to the electrlcal ‘stimilus, occurred. Fatlgue

w

of the isolated- dlaphragm tlssue was 1ndu§pd by alterlng the cycle length

-+

W

T““f/om 180 seconds to 2 seconds, for a perlod of 5 mlnutes ' If on a g‘ven

:day a thlamlne deflClent anlmal was sacrlflced the matched an1ma1 of

“the pair fed grouphwas also, and the two studledAcohcomitantly. In order:
4 . r -

i to freeze the muscles 1nstantaneously ‘at the end of the experlment a palr
" of Wollenburg clamps with faces of .25m by 12mm 5 prepared The

(1;:scle was blotteq/dﬂbvfggzen by holdlng it between the plates of the S

++ Wollenburg clamps which were precooled in llqu1d nltrogen. The dlmensionsf-

et g

Lo

;.,

Lr

of the frozen muscle tissue were méasured” u51ng a callper and storage

for future blochemlcal analy51s was provided at H60°C.

‘

-



- Efflux experiments

-y
Estimation of muscle thickness and normalization of tension

'Diaphragm thickness was'estimated by diniding the weight of the
muscle sample by the produc of the length w1dth and a factor of 1 05,
to take into account muscle en51ty.

Normaliration of muscle tension wes somewhat . more complicated. First,
gram tension‘was converted to the force equivalent in Newtons. Secondly,
the crose_*gctlonal area of the muscle was estlmated by d1v1d1ng the ’

muscle sample weight by -the product of the length and dens1ty factor (1.05).

Normalized tensicn was calculated as the ten51on d1v1ded by the cross
4

sectlonal area.-', =

Immediately following sacrifice, the animal's abdomen was exposed and

the descending aorta isolated. The aorta was cannulated w1th size PE9O

v,

polyethylene tublng (Clay Adams). ‘A 30ml syringe was’ used to flush out

the dlaphragm, a total of - 90ml Tyrode solutlon being used for this purpose.

The entlre dlaphragm, Stlll intact on the ribs, was remoé;% from the an1mal

and rlnsed in Tyrode solution. Follow1ng rln ing, the whole preparatlon was

b

transferred to a paraffln bath fllled w1th fresh Tyrode, where excess ribs and

extraneous tlssues were: removed. An incision bissecting the diaphragm from the

.central ligament to the sternum was performed. One hemldlaphragm was secured

by three plns throuqﬁ\the central llgament and the dlaphragm was carefully
peeled off the remaining rib bone w1th a razor blade. Great care was taken to
cause as little tissue damage as possible. The central ligament of the

diaphragm nas‘positioned in a teflon clamp (figure 3A-B), so that a section of

34
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Figure 3a and 3b

A

B

‘coiieditubihg

. Apparatus for efflux experiments.

gas’ equilibration unit ..
teflon clamp ;

. . \ .
stainless steel bar

custom hqscle bath:

2

5% co, in 0, gas c¢ylinder

polyethylenevtuﬁing.

scintered glass

37?C»cohstant temperatu;e bath

platinum electrodes

drain tube
injection tube
front piece

coiled tubing
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muscle fibres all the same length and totaling 9mm wide was central.

The muscle.was then secured in this position by tightening of the Elamp.

Excess muscle was trismmed away, leaving only the-Bmm cént;al portion
secured- in the clamp.

.The free end of the diaphragm was secured to a stainlesé,sfeel-baf
(figure 3A-C) designed specifically  for the custom made bath (figuré 3A4D) .
The bar was 19mm w;de, %SAm of which were usable for muscle attachment,
wif& 2mm provided off each side to secure the bar in the.musc.e chamber.

In securing the muscle'to this bar, care had to be taken not/ to damage

~any muscle fibers Ky pinching them between the bar and sutures. To

prevent this, a second bar wa émployed, te be used as a spacer. Eight

000 silk, black braided, si;icone treated; style 1013-40 sutures,

(American Cyanamid Company{ Pearl River) were tied through‘thé ?uscle and
around both stainless steel bars. After all eight were knotted, the second
bar was }emoved, and the suture loops remained around Ehe custom designed
bar. 1In this fashion, all the loops were of equal size, ensuring the base

of the teflon clamp and the stainless _steel bar were parallel and that

tension generated by the muscle would be distributed equ:le aiong the clamp. .

The entire preparation was transferred to a custom designed muscle

. bath chamber (figure 3A-D). The clamp was attached via a bar, which exited

the muscle chamber, ané a silv;r chain to a Grass model FT03C force- _ “
displacement transducer. The transducer input to a Grass model 7PlA low
level DC preamplifigpr and the model 7DAB polygraph DC driver amplifier

in series. Recordings were ;ade with a Grass model‘7 Polygraph. The front

piece (figure 3B-4) was fitted into place and secured with four wingnuts,

\f
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and the muscle flushed with 150ml Tyrode solution which was“preheated
to' 379C and éeratéd‘with 5% CO2 in 02. The wholg rinsing procesé lasted
about 45 minutes.

| At the beginning of the rinéé Process, the muscle was set to optimum
length for maximal contraction‘response to an electrical stimulus, as
described for the fatigue Qtudies.'

.The electficél stimuius was applied.as a field stimulation by suppiying

a DC pulse train to platihum_elecﬁrodes {(figure 3B-1) mounted
on the plexiglass surfacé of the muscie chambei and front piece. This

stimulating‘current was generated by a Gfass model S4C stimulator, with

gating“provided.by a type 160A power supbly, 161 pulse generator, and

type 162 waveform generator, all from Grass.

Five per cent CO2 in O2 equilibrated for temps; ure and water

PR

vapour content was bubbled through the chamﬁé;i This was produced by
__E?bbling the gas from a cyliggg} through a*custom designed equilibration

‘chamber witﬁ three chambers in series (figufe 3A-A). The chambers contained

117mM NaCl which was maintained at 37¢c by.enclosing all three chambers

;ith an outer jacket énd circuiating.heated water with a heating bath/

circulating pump (Haake model FJ). The equilibrator outlet was connec£ed

to the muscle cﬁamﬁer gas inlet by a small piece of polyethylene tubing

(figure 3A-F). From the bath inlet to the scintered glass of the bath

(figure 3a-H), a coiled tubing was used (figure 3a-G and figure 3B-5}.

. i
This provided a final temperature gqhilibration of the gas before it

reached the muscle tissue.
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' hole in the front‘piece (figure 3B-3)."

© successive sample. Y
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To start'the.experiment, the remaining rinse fluid was drawn out

of the bath chamber with a azf}qge, through draln tube (figure 3B- 2),

-~

and 75ml fresh Tyrode injected by a‘second syringe, through a small

Throughout the experrment, samples were colleqted in this fashlon,

‘every 20_m1nutes. The sample was 1mmed1ately placed in a second glass

a‘bath (flgure 4) where H concentratlpn was measured.

¢
h

'One ihherent‘problem of the sampllng;method was the residual volume

of'bathing'fluid in the muscIe bath. The fluid remalnlng in the chamber

after the sample was considered w1thdrawn would obviously have an effect

on;fhe H ’ laétate and pyfuvate concentration of the next sample. The
actual residual volume, as determined using sucrose—Cl4, was- approleately

10% of the total, Or 75ul. This resxdual bathlng fluid may tend to somewhat

4 . . . .
,buffer any acute changes of H , lactate or pyruvate concentratlon in the

N

i

The values calculated as the efflux rates can be corrected for this

<"

inaecuracy. Letting V represent the amount of fluid 1n3ected and withdrawn

._

3
from the muscle bath;: Cl' the'conceﬁtratlon of the substance from the

last sample, Cz,_the concentration of the substance 'in the present sample;
and Eé, the amount of substance which will efflux from the muscle tissue

into the present sample; and x the residual volume, then:

Using this calculation, it can be shown Ehat the difference between

the measured concentration of the substance, and the actual
N :



Figure 4.\ Apparatus for measurement of pH.
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concentratlon due to efflux from.the muscle into the present sample is

represented by x(C —C ).

The'uee of this foemula illustrated that the end effeet.ef the
residual volume on the Ht rlactate and pyruvate concentratlon of the
next sample wouldtlntroduce a max1ma1 error of 5% and thus no correction
factor was applled.

At the end of the experiﬁental period, the front piece was removed
and the resting muscle dimerisions recorded. The muscle was then removed
from the elamp,»the sutures cut, blotted and frozen with liquid nitrogen.

The frozen muscle weight was recorded. Tissues for biochemical analysis

were stored at -60°C until assayed.

+ .
Measurement of H concentration

As mentioned above, samples.were injected into the PH measurement
chamber kfigure 4) immediately foliowiné removal from the musclé bath.
The 5% CO2 in O2 (flgure 3A-E) bubbled through this chamber was
equilibrated with a unit the same as that descrlbed in the previous
section (figure 3aA-a). Temperature of ‘the PH measurement chamber was
maintained at 37°C with a heating bath/circulating pump {Heto model
01 T 623; figure 3A-K). The glass pH measurement chamber was designed
specifically to be used with a'RAAiometer GKS73041 K0l pH probe.

This probe has a diameter of 4.5mm, and only requires 9mm immersion

for reliable measurements. These characteristics allowed PH measurement

of the -75ml sample collected from the muscle bath. pH was recorded with
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é Radiometér PHM64 research pH meter coﬁnéctéd to a Sargent Welch model
TRG cﬁart recb;der. The egterna1-¥ecorder provided an'éxpanded:scaie
for measu?ement_of H+ éoncentration.‘HSamplé PH was recorded for a
period of 10 minutes, after which the éaﬁgle was removed.from this chamber
by a syringe with flexibleipolyethylene tub;ng and stored. at 0°C in )
glass culture tubes until used for biocbeﬁicgl asséy,'usua;ly 1 hour.
When the sample was femo&ed from the pH chamber two individual .75ml
aliquots of fresh Tyréde‘wére injected. The first was simply used to
rinse out the ch;mber from any‘musclé bath'saﬁple remaining. This waé
" then removeé and discarded and the seeond fresﬂ Tyrode injected. The
fresh Tyrode was used as the control PH of the buffer system aioné, and
the difference in Hf Eoncéntration.between the muscle Bathing fluid
and the control was taken to the H+ which effluxed from the contracting
diaphragm. Figure 5 is a duplication of an §§tualftracing from the pH
recdrder. |

The muscle samples are labe}led_consecutively M1, M2, etc. in
figure 5. On éhe trgcing, each muscle saméle is preceded and followed
by a control bath sample, labelied LB" which Qés the fresh Ty?pae solution
sample. Before the muscle was positioned in the chambén, Sﬁmplgs of
Tyrode were tested from the musc;e bath and the Tyrode stock to es;ablish
any différenge in pH of the Tyrode which may be due té accumulation in
the muscle chamber. The results of this test are illystrated in sec£ion‘
hn" of figure 5. The muscle bath sample labelled "M" has the same pH
as those 1abeﬁged "B" wh%ch were samples of the-Tyrodé stéck. g slight

variation is-evident, but is no more marked when samples from the muscle

bath are compared to those from the stock bath, than comparison of
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N

Figure-S. An actual traéiﬁg of the PH recordings on the Sargeﬁt-Welch
reéd;der{‘ pH was recorded using the apparatus illustrated in figure 4.
Saﬁpie iabelled "Mo" wés.TYrbde solution from the muscle chamber before

lhe muséle was put in place: “le, "y2“.etc are measureménts of samples
Whiph bathed the muscléAfor 20 minuﬁéé. éample "B" is fresh Tyrqdé.solution.
Nﬁmﬁeré beside sample measﬁxement represent difference in unité'between |

muscle sample and freéh'tyrqde‘soluﬁion. Unit scale: 25 units = 10 mpH units.
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consecutiye Samples from the stock bath. Because of gzaindicated variation
) -

of Tyrode stock pH, a method of measurement to allow.comparison to the

samples from the muscle bath had to be standaridized. The final value ofl

Jyhe Tyrode séock bath pH preceding and following any individual muscle )

sample determination were connected with a rvele. A line transecting the

line formed when the particular muscle sample was withdrawn, was drawn,

and thi# was considered to be F@e mean pH measurement of fresh Tyrode for

any particular muscle bath sample. The difference between this pointvand

the tracing following 10 minutes pH determination of a muscle sample was

used to calculate total H+ efflux from the muscle over the 20 minute

. . : . +
collection period of that sample. For a detailed analysis of H con-

centration, see appendix A.

Experimental protocol

The protocel, as illustrated in figure 6, was the same throughout all
exp3riment$, once the equilibration period was over. For the first 60
minutes, Tyrode with 5.5mM glucose served as the muscle bathing medium.
‘In the second 60 minute period, or the period from 60 minutes to 120
minutes, the concentration of glucose in the Tyrode solution was increased
10-fold to 55mM. One hundred and twenty minutes after the experiment
was started, 10mU insulin was added to the high glucose-Tyrode solution.
This Tyrode-high glucose-insulin solution was also used as the bathing

medium for those muscles undergoing 10 minutes fatigue. For the first

180 minutes, the muscle received a tetanus inducing stimulus every 180



Figﬁre 6. Diagram of experimental protocol. The muscle was'bathqd
with 3 variations of tyrode solution of 60 minutes each. The first
was a normal .Tyrode solution with 5.5mM glucose. For the secgnd 60
minutes, 55mM glucose~Tyrode solution was used as the bathing medium.
Throughout the third 60 minute interval, 10mU/ml insulin was added

. > - .
to the 55mM glucose-Tyrode solution. The third solution was also

the bathing medium when muscles were fatigued.
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“Seconds. Those muscles that‘were to be fatigued received a stimul
once every 2 seconds for a fdr a2 5 or 10 min. period follow1ng the flrst
’180 minutes. This frequency was chosen as a fatique 1ndu01ng stlmulus
from the results-of some previous work in the laboratory. Figure 7
illustrates the effect of repetitive stimulation at different freguencies
on isometric tension. Although a frequency of 1 every 2 seconds did not
cause maximal fatigue it did reﬁult in a very noticeable and easily
measurable fatigue to about 45% of pre-fatigue tension after 5 minutes.
As well, it was felt that this level of.fatigue would not result in
relatively permanent damage to the tissue, leaving open the possibility

for ies of recovery from fatigue.

ﬁreﬁéiation of ti

Frozen diaphr tissues were weidhed and put in a tube containing

——
e

uve for biochemical assay

lml of precooled 6% perchloric a?id. The tissue was then homogenized
with a Polytron PT 10/35 ahd\gg§eﬁ PCULl pbwer supply (KinematicameBH\\
Switzerland). The homogenizer probe and all homogenizing and ceﬁtrifuge
tubes were precooled to 0°C. Following homogenization, the mixture was
rlaced on ice for éolminutes and then spun at 7500 x g for 10 minutes in

a model B-20a centrifuge (International Equipment Company). The super-
natant was pou;ed off into a second tube, and neutralized with a measured
quantity of 2.5M K2C03, usually 120-150pl. The sclution was placed on ice
for 10 minutes, and then centrifuged at 7500 x g for 5 mihutes. The
supernatant was immediately rémoved to a thi?d tube, where it was stored,

on ice, until assay.
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Figure 7. The effect of repetitive stimulation on maximum isometric

tension. Diaphragms from 170g rats were stimulated at various

-

frequeéncies. 1Initial tension was that tension developed immediately

preceding the increased stimulation frequency.
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Spectrophotometric assay of lactate, pyruvate and creatine phosphate
o LY

F4

Lactate was determﬂqsi by an adaptation of the methods of Olson, %
In this assay, lactate dehydrogenase catalyzes

1961 and Bergmeyer, 1965.
the conversion of lactate to pyruvate by reducing NAD+ to NADH.
Absorﬁance changes were measured with a Unicam SP800 UV spectrophotometer
(England) at 340mp. Reactions were carried out in a semicarbazide buffer,
pH 9.8. A .100 ml sample wés put into a total cuvette volume of 1.03ml.

In a similar method described by Bucher et al, 1965, pyruvate was. f:\

quantitatively measured. A triethanolamine-EGTA buffer, pH 7.5 was used,

(/\\

and the change in absorbance due to.oxidation of NADH to-NAD+ in the ;/"“a-\\/
presence of lactate déhydrogéhise easured. A sample volume of .lOOmi :
in a total cuvette volume of l.OZn&iwas used. .
Determination of G-6-P, ATE, and CP was done in a combined ass
as described by Lamprecht and Trautschal&, 1965. In a triethanolamine
buffer, pH 7.4, the conversion of NADP+ to NADPH was sp ctrqggotome—
-3
trically measured at 340mp. Successive addition of‘G-6 P dehydrogenase,
hexokinase and creatine phosphok{base provided quantitatdve analysis

for G-6~P, ATP and CP respectively. A .100 ml éample was added in a *7

total cuvette volume of 1.125ml.

or Sigma Chemical Company, (St. Louis, Missouri).

"~ ! o 3 . 0 . '
/////////\\QH\\ All biochemical determination were performed at 37 C. Enzymes and
; <j/_}eagents were purchased from Boehringer Manheim {Montreal} preferentially,

)

e



Results

Due toilimitations of phxgical facilities, only eight rats could
be preéared for\each of the thiamine deficient and pair fed groups
at any one time. Because of this, and the § week special diet period
the results illustrated in graphs are occasionally from animals in
groups prepared at different times. Table 1 provides identification
of thg number of animais in edch grBuB. The legend of each figure
identifies the number of animals involved from each group undergoing
any particular éreatment. In this reference scheme; thé?number
following’ﬁhe group type is the total number of animals useq: The
numbers in parentheses refer, to the number from hny speci:fic group
of ;nimals. Thus, a reference like; TD 8{4(2)+4(3)) means a total

of 8 thiamine deficient animals were used, 4*from'group 2 and 4 from

r#a:p 3. : .
3 o .

41
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The effect of thiamine deficiency and restriéted diet on-rat growth

7

The growth of rats maintained on the three %'_ ent AZEEE used
is illustrgfed in figure 8. Rats mainFained on normal }laboratory
chow {(Purina Rat Cﬁow) grow with a relatively linear weight gain over
ﬁhe entire 35 day period. Rats maintained on the thiamine defiegént
diet or those that were pair fed, appeared to gain weight for the
first 10-12 days,.increasing in weight from a mean of 66g and 70g to

o<
100g ‘and 110g respectivély. Whereas the thiamine deficient rats,
following a plateau of 5-7 days, decreased in weight to a 1evél-non—
significantly dingrent from ﬁheir starting weights, the weights of
th; pair fed rats also declined, but not to the same degree. When the
animals were sacrificed, the thiamine deficient group and pair fed
controls had mean weights of 72¢ and 94g respectively.

Certain qualitative changes were cbserved in the thiamine deficient
and pair fed contrel groups, over the 31 day special diet period.J The
pair fed controls appeared to be extremely hungry. They remained
relatively active in the cages, and would bite at anything within reach.
These animais became difficult to handle simply because of the aggressive
n;ture‘déveloped. In other respects the pair feé controls appeared
normal, "although growth stopped after about 12 days.

The thiamine deficient rats appeared much different. Again, no

differences were obvious over the first 10-12 days. However, at this

point gross changes began to appear. The most prevaleﬁt was anorexia,



N -
.

\

Figure 8. The effect of thiamine deficiency on rat growth. The age
control group (AC) was fed a standard Purina Rat Chow. Pair F:ed {TP)
and thiamine deficient (TD) groups were fed their respective special
diets. Rats wefe weighed every second day for 31 days. All rats

. -

were from group 2, with 6 rats maintained on each diet. T

™

o 3ew

P}

N
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- This imbalance appeared to be of central origin, probably labyrinéhine,

‘fed or weight control groups, and of course the intestine appeared empty.

. &
which de@eloped by day 25 into an apparent complete lack of food intake.

The animals of the group became somewhat sluggish and apathetic. Between

day 10 and day 20, very noticeable pilo-erection occurred. The eyes did

not maintain their brighF red brilliance. From ax\zg/én,“the apathy became
.o -’

extrege, with the animals éften remaining in a rear corner of the cage.

After déy 25, when movement did occcur, problems of balance were obvious;

-

the animals at this point -were often not able to walk a strdight line.

as the animals also lost certain righting reflexes.., If they were
I
hoisted by the tail, and‘EIbw%? lowered toward a table top, no attempt
L
A , N
was made to land on the fore-paws, with“head upright. Rather the
f

animals would most often tuck the head in. After day 253 the thiamine

deficient groupjwas also very weak, and indeed appeared to sleep most
Y

. of the time. As the thiamine deficients were left on this diet, death

would occur somewhere between day 31 and 35. The animals would become ' »
very disoriented, begin to convulse, and die within 1—é§ ours At -,

. ® ' [}
sacriae the thiamine deficient animals were-very thin, e/feet and :

- v

paws being scaly, and having littﬁe flesh. &t dissection, the muscular
, - :

layers.of the thorax and abdomen did not appear as robust as the';gir_

.The concomitant weight loss of the thiamine deficient and pair fed

ércups suggests the weight*loss during thiamine deficiency may be due to

the Tgprexia, rather than being a dirgél effect of the induced avitaminosi#.

-~
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Effect of thiamine deficiercy on rat diaphragm thickness
LN

Since, as discussed earlier, diaphragm thickness is of paramount
importance to metabolic processes in the isolated diaphragm, this
parameter waﬁ eétimated. Figure 9 illustrates the diaphragm thickness
fo£ all fohr groups of rats employed. The age controls were thickest
having ? mean thickness of 0.69 if:;ggﬁy. This was significantly larger

than the thiamine deficient anima snénd the other two controi groups,

the mean diaphragm thickness being 0.29 £'0.05mm (TD), 0.34 #+ 0.05mm (TP) S

and 0.36 * 0.04mm (WC). The OWBpHrdgm thickness of each of the latter thxee

. o

groups were nen-signific ‘fdifferent fr%# each otﬂer. B
o | ‘ '
Effect of thia&iné deficiency cn plasma lactate and;b;;égzzzkgigéls
Figure 10 il}ustrates the effect that the various diets had on N
plasma lactate and pyruvate levels at sacdrificeé. ‘The thiamine deficient " %

animals had a sign{ficantly elevated plasma lactate’ level of

5.45 % 0.45umoles/ml a5 compared to 2.2 2 0.2umoles/ml, 3.2 % 0,4immoles/ml
N o : . . X

and 2.15 % 0.3umoles/ml observed in the age control, pair fed and weight

control groups respectively. Whereas the lactate levels were significantly

elevated in the thiamine deficient animals only, both the thiamine deficient

and pair fed groups had _/v—=\\pyruvate levels with mean values of

0.22 % 0.03umoles/ml agd/;.19 * 0.02umoles/ml resgectively. The ages

o

control and weight control mean values of 0.11 * Q3umoles/ml and

0.08 * 0.0lumoles/ml respectively we non-significant different from

the previous two groups and each other.
. T
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Figure 9. Effect of thiamine deficiency on rat diaphragm thickness.
Diaphragm thickness was calculated by dividing the weight of the
frozen diaphragm tissue by the tissue dimension multiplied by 1.05
to take into account tissue density. The number of animals used was:
AC 6 (group 2), TD 9(5(2)+4(3)), TP 10(6(2)+4(3), WC 5(2):

(

to ‘ther groups. Values represent mean * S.E.M.

Asterisk genbtes?statistically significant difference (p<.05) relative

¢ Coe
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Figure 10. The effect of thiamine deficiency on plasma lactate and

-

Immediately before sacrifice, rats were

T

pyruvate concentration.
L
. n

anaesthetized with s en¥abarbital. After allowing 25 minutes

to take effect, blood Hamples\were taken in a heparinized hematocrit
tube by clipping the milking. The number of animals’

R
TP 10(6(2)+4 (3),

.

in each{égoup: AC 6(group 2), TD 9(5(2)+4(3)}

WC 5(2)

Concentrations were detected spectrophotometrically.

Values represent mean t+ S.E.M. Asterisk denotes signiftcant

¢ . T e,
difference p<.05. : Zi;k\

'\

o F e
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The elevated plasma lactate and possibly pyruvate levels lend support to
the hypothesis that thiamine deficiency results in increased anaercbic

energy production.

.
L
The effect of glucose and insulin on muscle contraction

Over the first hour, muscles were bathed in Tyrode

solution containing 5.5mM glucose. Tissues from the 4 di'fferent groups
all responded similarly, losing 5-10% of the maximum recorded isometric
contraction tension (figure 11). The force of ¢ontraction usually
increased over the first 18 minutes and then began to decrease gradually.
For this r%éfon,\the strongest contraction in the first 18 minutes was
considered maximum. When the bathing medium was replaced with a
Tyrode-55mM glucose_solution, the tissue from the weight con?rol gfoup
underwent a characteristic response whereby tension dropped relaﬁively_
rapidly from 91.5% at 60 minutes to 72% at 108 minutes, and plateaued
there ﬁntil insulin was added. Following the addition of ,insulin tension
increased to 84% maximal tension observed. This increase of isometric
contractile tension began 12 minutes after the addition of 10 mU/mll |
insulin to the bathing medium, and reached the 84% value 24 minutes
later, at which point a new plateau was reached. *

Thecfhiémine deficient and pair fed groups had a tendency to‘
react iﬁ the same manner to the bathing solution chaniges, but the

N

changes were considerably less marked. Upon changing to the high

(55mM) glucose-Tyrode solution, an accelerated rate of decline in

[} x ] ’ » \-—'—-——.‘ ) - >
isometric tension occurred for about 12 minutes. gallawzng this
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Figure 11. The effect of glucose and insulin on rat diaphragm fgometfic
tension. Isolateq‘rat diaphragm tissue was pbrepared in a 100 ml .

- capacity glass bath for measurement of isometric tension developed upon
electrical stimulation. Protocol was ;s explaine@ in the Materials

and Metheds section,. whereby the muscles were bathed for successive

60 minute periods with Tyrode solutions contaipiné 5.5mM glucose,

55mM glucose, and 55mM glucose plus 10 mU/ml insulirn. Tensions
illustrated are mean values, indicated ;s a2 per cent of the maximum
tension observed in tﬁe first 12 minutes. The largest contraction,

in terms of tension, occﬂting in the first 18 minutes was considered

the maximum tension. Number of animals used: 71D 13(5(group 2} + 8(3))'5.

WC 6(2), and AC 6(2).

A~
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initial change of rate, the electrically induced isometric tension in
the thiamine deficient tissues plateaued at a level of 89% maximum.
Tetanic -tension in the tissues isolated from the pair fed animals continued
to decrease at approximately the same rate as during bathing with the 5.5mM
glucose-Tyrode solution. The:decline in tension of the thiamine déficient
and pair fed groups was only 25% and 45% of that cbserved with the weight

.
control tissues. Introduction of 10 mU/ml insulin to the 55mM glucose-
Tyrode bathing medium at 120 minutes resulted in a tendency of the isometric

‘ .
tension to return towards that observed in the first 60 mI;ktes/of the

-
experiment. Although all three groups recovered following the addition of
insulin to_levels approximating those observed immediately prior to the S5mM
glucose-Tyrode solution bathing medium, the decline in isometric tension
observed following the addition of this medium was Sigéificantly greater

°
in tht weight control tissues, compared to that observed in the thiamine
deficient and pair fed tissues.

A progressive éecrease.in ability to develop isometric tension was
observed with diaphragm tissue isolated from the age control animals when
the tissues were bathed in 55mM glucose~Tyrode solution. Isometric tetanic
tension decreased from 90.5$5maximum immediately prior to changing the
bathing medium,.to 61l% immediately before the addition of insulin. ﬁo
plateauing of tension development bécurred in this 60 minute interval.

‘

. .
Addition of inskﬁin to the 55mM glucose-Tyrode bathing medium resulted

in an increased tetanic tension development, recovering to 70% maximum.

/



However, this recovery was not sustained, and by the end of the total
180 minutes, isometric tension had declined back to the 61% maximum
level.

The inabiiity of the_tissues from the thiamine deficient and pair
fed animals to ;espond to 55mM glucose-Tyrode sélution, may reflect the

*

dietary state of the muscle.

/ ;

Effect of thiamine deficiency on tissue lactate.-and pyruvate levels

Whereas the plasma lactate concentration was elevated in animals
’ :

maintained fn a thiamine deficient diet, diaphragm tissue from these

animals did not iﬁhicate the same (figure 12). The age controls,

thiamine deficient and pair fed groﬁps had lactate concentrations which
'(,’;;re all non-significantly different from each 5ther_(4.5'i l.5um6ies/g;

5.05 £ 0.9umoles/g, and 4.1 * 0.5umoles/qg respectively). The weight
control group was the only one to have anlelevated éissue lactate, éhat
being 7.7umoles/g. However, the reliability of this difference is
questionable, because samples from'only two of these animals were availaple
for biochemical analysis. Diaphragm tissues isolated from 3 other Weight-
cgntrol animals, at a much later period of time, tend to support this
doubt. Following the same 180 minute protocol, and freezing in liquid
nitrogen, lactate levels were measured to be 2.02 # 0.lO0umoles/g.

Pyruvate concentrations were elevated in the thiamine deficient

(0.31 t O0.lymoles/g) tissues, relative to the levels measured in the

pair fed (0.18 t 0.03pumoles/g), weight control (0.08 t 0.02umoles/q) .
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Figure 12. The effect of thiamine deficiency’on tissue lactate and

pyruvate concentration. Tissues were stimulaﬁgé'with a tetanus inducing

stimulus once every 3 minutes for 180 minutes. The last 60 minutes T

the muscle was bathed in Tyrode solution contéining 55mM glucose and

10 mU/ml insulin. Tissues were instantaneously frozen with ' !
. ) ] 'S

Wallenberg clamps. Concentration of substrates was detected

spectrophotometrically. Number of animals uéed in each diet:

AC 3(group 2), TD ;(2(2) + 2(3)), TF 5(3(2) + 2(3)), ‘I;IC 3(2).

Values represent mean * S.E.M. .

//’
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and age control (0.08 #* 0.04pmoles/qg) tissgés. There was no statiétically- Cs

significant difference between any two of the groups. Pyruvate concen- s

-

)
tration in the tissues of the animals sacrificed much later was L.

i

0.20 £ 0.07umoles/qg.

-

N

Normalization of isometric tetanic tension on the basis of force

Effect of thiamine deficiency on normalized tension

generated per square unit area of muscle resulted in'non—signiﬁicant
.\ﬂggkerences between animal groups. On this basis, the thitamine deficient .
and pair fed tissues developed tension og 20.63 t 1.35 N/cmz‘and 18.69 t 1.24 N/cmz
respectively at minute 12 of the experiment. Tensions from minﬁte 12
fﬁaere normalized because the majority of tissues contracted maximally at \
this point in time. The tissues isoclated from the weight control animals
developed a mean normalized tension of 16.21 * 1.58 N/c:r{2 and the age controls
~ 19.30 % 2.02 N/cmz. The lack of statistical significance between the
various normalized tension sgggests that the dietary restrictions.}mposed
did not have significant effect on the contractile mechanisms of the muscle *

tissues. ) —~—

Effect of thiamine deficiency on isolated rat diaphragm fatique

Following the 5 minute period of /fatiguing stimulation the mean
tension produced by diaphragms from thiamine deficient rats was 64%
of that produced in the immediate pre-fatigue period, (figure 13}).
Althéugh tissues isolated from the weight control group had a.similér

pattern and degree of fatigue as did the thiamine deficient group
-

< N
{figure 13b} diaphragm tetanic teEEISh of the pair fed group declined



" . 'The' complete protocdl is explained in the Material and Methods section.

.

Figure 13a,b,c.

as meaﬂ't S5.E.M. The transectlon of each-bar re resents the individual

-

Thé§gﬁ§ect_of thiamine deficiency cn isolatéd rat diaphragm fatigue.

This.ig“illustrated by the left portlon of figures 13a, 13b and 13¢.

Isolated rat dlaphragm was electrlcally stlmulated every 2 seconds w1th v
a tetanus inducing DC train'for a period of-5 minutes. The bathing . :

’ w»- .
medium fig,a.Tyrode solution with 55mM glucose and 10 mU/ml “insulin. ‘ o

B

. ' pe
Each point represents mean * S,E.M. for the following number of rats: -“~\\X

A

TD 5(3(group 2) + 2{3)}, TP 5(3&\{_2_53)), WC 3(2), and AC 3(2).
. ' £ L .

N

7
Effect of thiamine deficiency on rat diaphragm lactate and pyruvate

e, represented

spéctrophotométric aésay. Valﬁes are pmoles/g tis

value of cdntrol tissues frozen without fatlgue. steriskqﬁenotes a’ N

g?[gicant dlfference (p< 05)." Number of'anima;§3u§ed-' Non-fatigued

TD 4(2(group 2) + 2(3)1), TP 565@%&1% 2(3)), w 2(2), ala ac 3(2);

Fitlgued TD 5(3(2) + 2(3)), TP 5(3(2) + 2(31), WC 3(2)r except - J

pyruvate 2{2), and AC 3(2).
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toc a mean of 52% of pre-fétigue levels (figure 13a). Not only were the °
final fatigue levels non-significantly differént for these 3 groups,

a similar statistical relationship was also found for each point of the
curve throughout the 5 minute fatigue interval. The fatiqued tissues
from age control animals declined to a mean of 30%-Qf pre-fatigue levels
{figure 13c¢). There was a significant difference in degree of fatigue
between the age .control tissues and that of the other three groups. The
difference was statistically significant after 60 seconds of the higher

frequency stimulus, for the remainder of the 5 minutes. ‘ \‘\3
Tissue lactate and pyruvate édhﬁgnt following fatique

.
.

Figure 13 alsc illustrates the tissue content of lactate and
pyruvate following 5 minutes of fatigue. Lactate and pyruvate con-
centrations lelowing.fafigue were elevateé in all tissues analyzéd.
The‘mean lactate concentration. increased 3-fold in all groups with the

. 'S
exception of tissues from the weight control animals, where lactate

concentration doubled. The levels of lactate, althou;;t%aried in absolute
concentration; 19.0 + 0:6Bumoles/g (TD), 18.71 * 1.31lumcles/qg (TP),

. s .
14.99 * 3.3%moles/qg (WC), and 23.43 * 2.54umoles/qg (AC), did not differ
significantly. L

* a A
Similar anélysis for pyruvate proved interesting. Whereas once again, '
tissues of all 4 groyps had an increase in pyruvate concentration.to
1 rying degrees, the mean absolute concentrations in the thiamine deficient

tissues (0.41 % 0.06umoles/g) was significantly greater than that measured

in the pair fed (0.23 % 0.04pmoles/q), weight control (0.l4ymoles/q) and the
- . =4

’
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age control (0.16 * 0.03umoles/g). The pyruvate concentrations of the »
latter 3 groups were non-sigiificantly different. Although it appears .
that there should be a statistically significant difference between the

pyruvate concentration follewing fatigue in the paif fed tissues and
“

weight control tiSsues, the low number of tissues from the weight control
group available for biochemical analysi;_(z) resulted in non—si;ﬁzficaigf.
A significantly différent degree of fatigue occurred only in tissues
isolated from the-age control animals. However, the observation that the
elevation of lactate and pyruvate levels in the age coptrol tissues was
not significantly different from any of the other 3 gréups suggests that’

increased glycelytic metabolite concentrations, of the order observed

in these experiments, are not major factors in muscle fatique.

Tissue concentration of high energy phosphates following fatigue

In all groups, except the thiamine defiéient animals, there was a
significant decline of ATP concen€ration (tablg 2) to 52%, 58%, and
73% for the pair fed, weight control and age control groups respectively,
An even greater decline of”creatine phosphate was;seen,ato-37%, 39%,

and 29% for the respective groups. Although the observed mean glucose-6-
. 4

.phosphate level was different in all 4 groups, the difference was™not of
AN ) .

statistical significance.
The fact that the thiamine deficient, paéf fed and weight ER?trol
diaphragm tdissues fatigqued to about the same degree, but the ATP and

CP.levels declined in the latter 2 groups significantly more than in the

-,
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N first group, suggests depletion of high energy phosphate stores may

»

not be a major contributor tp miscle fatigue. Support of this idea

is alsoc found when one studigs the data for the tissues of the age
. : f/...i'
control group. In these tissues, the only group to fatigue tqq;ig;gnlflcantly

r//”' greater degree than an t th7 other 3 groups, ATP and CP levels alsc
. —

declined significantly. Howey;a no significant difference was found

o~

between the degree of decline of high energy phosphatés in the age control

tissues and the pdir fed or weight controls. F3

a
]

. J
P :
'Rglationship of gat diaphragm thickness to degree of fatigue, lactate
\

and creatine phosphate levels : .
eﬁjlf

1
Ld

Plotting the degree of fatigue (from figure 13} as a functi
+ g l n‘ » > ] »
diaphragm thg;kness illustrates a relationship which tends to suggest .
that fatigue of the isolated diaphragm preparation may be correlated

with diaphragm thickness (figure l4a). .Included in“this figure is an

- extra,group of rats, prepared and housed in the same manner as the age
ontrol and weight control groups, but sacrificed at about 170g." These
rats, with a diaphﬁfam‘;hickness which was intermediate to the age and

‘ weight control diaphragm preparations, also fatigues to an intermediate
degree, a mean of~56} for this group as opposed fo 65% and 26% for tggj
weight and age coq£#ois respectively. fThe illusfration-provided.by this

e {
plot-suggests the. degree’ of fatigue increases as thg’isolated raé\\

[T
e

diaphragm;musple thickens.

v,
M)



"in 6% PCA and prepared for spectrophotometric enzymatic analysis.

%
5P
+
~ \ '

\\_/

\u_—/l
Figure l4. The effect of thickness on diaphragm fatigu¢, lactate, and
cfdatine phosphate content following fatigue.

/'/'

Figure l4a.

Diaphragms were frozen betweéﬁ the surfaces of Wollenburg

.

-,
clamps, following 10 minutes of fatigue induging stimulation. During

N
this perlod the Tyrode bathing medium contained 55mM glucqse and 10mU/ml

. - /}\

insulin. The complete protocol 'is descrlbed in the Materlﬁ}s and Methods

section. Fatigue is expressed as % pre- fatlgue tensxon. Values represent

mean * S.E.M. >

4" . , s

e
Values

N
N

‘ . ¥ ‘

represent mean * S.E.M. Diaphragm thickness was calculated By dividing
the muscle weight by the product of the frozen muscle length,'ﬁidth and 4. -
a factor of 1.05 to account for muscle density. The number of animals

used: TD 5(3(group 2) + 2(3)), TP 5(3(2) + 2/4)), WC\\(2),_a.nd AC 3(2).

—
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A similar pattern is suggested when lactate concentration (from
figure 12) is plotted as a ftieion of diaphragm thickness, figﬁre 14b.
AltLough muscles of the interég;iate size were Qot available, the tendency
is the same, indicating that muscle lactate concentration} following &
minutes fatigue may also be correlated with ddaphragm thickness.

o
Correlation déﬁdsolated diaphragm,creatine phosphate depletion,

- ’_/
following fatigue (from table 1), with diaphragm thickness does nct

produce data which is easily interpretable (figure l4c¢). Although a

‘general tendency of increfsed fatigue induced depletion of creatine

14
pdgs?hate stores with_greater thickness of diaphragm tissues is suggested,

the extreme decline of concentration from a medn of 13.0umoles/g with
diaphragm thickness of 0.29 mm (T} to 7.1umoles/gfq£ 0.34mm thickness (TP)
and 4.8umcles/g with a thickness of 0.36mm (WC) makes one hesitant to
™
draw conclusions. If such a relationship is so indicated in figure ldc,
it also appears that a plateauing effect occurs whereby creatine phosphate
oy

levels in this preparation do not drop below a mean of approximately

4.8ﬁm01es/g tissue even“tQEE§E~diaphragm thickness of the groups may

increase from 0.36mm (WC) o 0.69,, (ac).

Fatique of rat diaphragm in small bath

ﬁheg isolated rat diaﬁhragm tissuee.were prepared in a specially
designed small muscle bath with a total.bathing fluid volume of 0.75ml,"
the fatigue profile (flgure 15) wgl tatlstlcally non-sxgnlflcantly

dlfferent from that observed in the larger bathgl(flgure 13). FOIIDWing‘

10 mlnutes of fatlgue, tlSSUES 1solated from the pair fed anlmals developed

~

1sometr1c tensicn upon stlmulatlon wh}ch was‘é“Tean of 38% that observed

-
¢ . o




Figure 15a, b. The effect of thiamine deficiency on muscle contractility,

Muscies were prepared and s!ihed in'0.75m1 Tyrode solu£ion with 55mM *
glucose and 10 mj/ml insulin. The coﬁélete experimental protocol used'

is described in theq§%terials and Methods section. Muscles were
electrically stimulated with a tetanus‘inducing DC pulse at the rate

of 1 every 2 seconds for 10 minutes. Values represent mean ¥ S.E:M.

Number of animals used: TD 2(group 4), TP B(4), and WC 9(4).

\

¢/~
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before fatigue. Similarly, the thlamlne deficient tlssue tension decline ’;
a mean of 45% and the weight control tissues to a mean of 49%,
Following 5 minutes of fatiguing stimplus, the tensions had declined
to means of 47%, 53% and 60% of pre—fatigue levels for the pair fed, -1
~ N - \’/
thiamine deficient and weight control groups respectivel¥$ ‘The fatigue.
observed in the small bath is similar to that observed Qiph muscles ey

prepared in the larger muscle bath (figure 12) where mean tension ,
- . ’ . N

decline to 52%, 64% and 64% in the pair fed, thiamine deficient and

weiéht control groups. These results suggest no significant change in

dlaphragm fatlgue was measurable when the tissues were prepared in the

fMaller muscle bath, as compared to the larger bath.

Effecgﬁbf thiamine deficiency on lactate and pyruvate efflux from

rat diaphragm

-

Lactate efflux from isolated rat diaphragm remalned at a relatlvely

t
constant level for all groups throughout the 60 ‘minute period of perfusion

R

with the)S.SmM glucose~Tyrode solution (figure l6a). The efflux ¥ was

consistently greater from the thiamine deficient group than the pair fed,
. - -"'/‘
» o .
as was the pair fed relative to the weight control group. When the»é@ﬁlux
rates for the first 3 individual 20 minute periods are pooled for each -

group of animals, a significéﬁ difference can be seen between aﬁy 2
. - kY

N - " -

groups. When poollng is perfd&med lactate- efflux was caTéulated to be &
367$0' 19. 1nmoles/g/m1nute'TTD), 181 0 + ll.Bnmoles/g/minute (TP), and
1 65.0 ¢ 4.10nmoleS/g/miI_1Ute Wwey., Ty

- 3
>
¢

3y



Figure l6a, b. The effect of thiamine defici&ncy on the efflux of

.lactate and pyruvate from 1solated rat dlaphragm.

Samples of bathlng medium were collected at 20 mlnute inte

as

explalned in the Materlals and Methods section. ¥ The m

bathed for successive 60 minute perlods in Tyrode sclution containing

A

5.5mM glucose, 55mM glucose, and 55mM glucosé—plus 10 mU/ml insulin,

as explained in the experimental‘protocol Samples were retained on

ice until used for spectrophotometrlc enzymatic analy515. Values
illustrate mean- * S. E M. efflux over a 20 minute period. Number of

.

animals used: TD 5(group 4), TP B(4), and WC 9(4).
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Dietary status also appeared to affect the raté of pyruvate efflux

from diaphragm tlssue, but not in the same way as 1actate Pyxuvate

efflux, in the first 60 minutes ﬁathlng period, was.con51stently 51gn1f1cantly
' greater from tissues of the weight controls relative to the thiamine -

def1c1ent and pair fed groups (figure 16b). Poqling of the 3 individual

20 minute coliection periods for each group of animals results in pyruvate

-e%flux rates of 10.7 +* 1.2nmoles/g/miqﬁte (TD) , 1.8 * O.7nmole5/q/minute (TP),

and 21.7 * 0.9mmoles/g/minute (WC) {table 3). Statistical analygis of the

pyruvate efflux rates illustrated that pyruvate efflux from the tﬁiamine

deficient group wag significantly greater than from the pair fed tissues.

The fact that lactate efflux from the pair fed tissués‘was significantly
greater than from the weight control tissues suggests that restricted diet
does have an effect on. the prpduction of glycolytic metabolites. A 'similar,
more pfonounced, effect is indicated in thiamine deficienéy? This latter
p;int may indicate that thiFmine éeficiency does reduce the oxidative

+

metabolism’ of pyruvate.

The effect of giucose and insulin on lactake and pyruvate efflux from
)5 ‘ ) -
isolated rat diaphragm
Increasing the Tyrode solution concentration of glucose from 5.5mM
N .

to 55mMiresulted in no statistically significant effect on lactate effiux

* 3

rate from any of the 3 groups of tissues (table 3). The addition of insulin

to the Tyrode-55mM glucose solution increased the rate of lactate efflux
. ’ . .
from the thiamine deficien roup but the change was non~significant.
’ .

/y.
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Similar treatment of the pgir fed and weight control gfohps resulted in
statistically éignifican? incr;ases from 187.0 ; 6.§nmoles/g/m%nutg and
73.0 t 2.6nmoles/g/minute to 231.7 & 7.lnmoles/g/minute and 113.0
/

% 2:1nmoleé/g/minute reépectively. Lactate efflux réte'was-consistently
significant}y greater from the tissue of the thiamine deficien; group
relative to either bf the other 2 groups during similar treatment. The 4
same reiatiuQFhip existed between,lactate efflux rates from the paif fed
and weight control tissues.

Tgs rate of pyruvate efflux from the various tissues dgffered'somewhat.
Changing the glucose concentration to 55mM (from 5.5mM) in the Tyrode
bathing solution resuited in a significantly increased rate of pyruvagg -
-efflux from the pair fed and welght control ‘tissues (Table 3). These B
rates increased from 1.8 t 0. 7nmoles/g/m1nute and 21.7 % 0. 9nmoles/g/m1nute
to 6 0t 0. 6nmoles/g/m1nute and 26 0 = 0. Onmoles/g/mlnute respectively

1

in the pair fed and welght control tissues. DPyruvate efflux rate was -

increased non-significantly féllowing similar treatment of the thiamine

deficient tissues. Addltlon of 10 mU/ml 1nsu11n to the bath 51gn1f1cantly

increased the' rate of pyruvate efflux from all 3 groups of tissues,” when

coempared to the efflux rate in the absence of'insulin. Pyruvate efflux

rate increased %nom 14.3 ¢ 1.2nmoles/g/minu£e to 17.7 ¢ 0.3nmoles/g/minute.

in the thiamine deficient tissues, from ﬁ;O.i-O.Gnmoles/g/mihute to

B.7 % 0.3nmoles/g/minﬁte in the pair fed group and from 26.6 t 0.0nmoles/g/minute
4

to 33.0 t O.énmoles/g/minute in the weigh; control group. Unlike the

rate of efflux observed for lactate, pyruvate efflux was consistently
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significantly greater from tissués of the weight control group, relative
to the thiamine dqfibient and pair fed groups, during similar treatments.

These results suggest that membrane permeability changes may
occur in thiamine deficiency hecause throughout the entire 180 minute

period lactate efflukx was siégificantly greater from the thiamine

deficient than the control tissues.

+
H effbux from isolated rat diaphragm

Throughout the first 60 minutes, when the bathing medium contained
5,.5mM glucose~Tyrode bathing medium, H+ efflux was consistently significantly
greater from th; thiamine deficien% tissues than the pair fedrtissues,.
(figure 17). A similar relationship was cbserved with H' efflux from the
pair.f;d control tissues in rglatian to the weight control tissues.

Increasing the glucose concentration of tﬁe Tyrode scolution to 55mM
appeareds to increase slightly the rate of-H+ efflux from the thiamine
deficient‘?nd weight control tissues. Analysis of the efflux rates from
these tissues individually in the 5.5mM glucose—fyrdde bathing medium
compared to the 55mM glucose;Tyrode meéium did not illustrate a significant
Aifference. H+ efflux from the pair fed tissues did not appear to be
significantly altered with tﬁe change of glucose concentration.

Whereas the mean H* efflux from the pair fed tissues was elevated
significantly following the adéition'cf insulin, this was not the case

- .

in the thiamineldeficient and weight c?ntrol groups. A.significant

L + . . . ¥ .
elevation of mean H efflux did occur over the first 20 minutes collection

P
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‘Pigure 17. The effqct of thiamine deficiency on uh efflux from isolated
rat diaphrag@. Rat diaphragm muscle was isolatéd and Prepared as discussed
in the materials and methods éection. Muscle bathing samples were
collected for a period of 20 minutes and then H concentration measured.
Total H concentration of thé.sample was calculated by the method in
Appendlx A. Experimental protocol was as discussed in Materials and
Metheds. Values represent mean * S.E.M. efflux over any 1nd1v1dual

20 minﬁte period. Number of anlmals used: TD 5{group 4), TP 8(4),

and WC 9(4).

C
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period following the addition bf insulin in the latter 2 groups, but
the significance was not sustained over the whole 60 minute period when
insulin Qas Present. .
Pooling of the mean H+ efflux rates, in any individual group, over
the first 120 minutes and.last 60 minutes séparately, results in a
état@stically significant difference between any 2 of the 3 groups
throughout the whole 180 minutes. The actual mean H+ efflux rates
overhthe first 120 minutes are 635.00 + 3.53nmoles/g/minute,
334.17 % 2.39nmoie§/g/minute, and 206.33 ¢ 7.34nmoles/g/minute for the
£hiamine deficient, pair fed angd weight control groups respectively.
In the presence of insulin the efflux rates increased to means of
485.33 + 9.96nmoles/g/minute (TP) , 718.00 % 46.00nmoles/g/minute (Tﬁ),
" and 325.67 * 5.67hmoles/g/minute (we) .
That lactate anq H+ efflux rates are elevated significantly in
tissues from the pair fed animals relative to the'weight-controis,'
and that tissues from similarly freated animals do not contain
significantly higher levgls of lactate following fatigue (figure 12),
duggests an increased pexmeability of the membrane to lactate during
' starvation. A further increase of Permeability may be indicated in
‘th%amine deficiency, as the mean lactate and H+ efflux from th;se tissues
was.élso sigﬂificantly greater than the tissues of the pair fed’group.

—

+ .
Difference between H and lactate plus pyruvate efflux

. . + . . ‘
Figure 18 illustrates the excess H efflux, relative to the sum

~ of lactate and byruvate (where measurable) efflux. In the first 60

o
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Figure 18. Difference between the efflux rate of H+ and lactate plus
’ _ .
pyruvate. The arithmetit difference between the means of figures 14

¥

and 15 has been Plotted. Number of animals used: TD S5{group 4),

TP 8(4), and WC 9(4).

?id te
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. . +
minutes (5.5mM glucose-Tyrode bathing medium) the excess efflux of H

-

appeared to be greqtef from the thiamine deficient tissues (mean of
275.33nmoles appeared to be greater from the thiamine deficient tissues
(mean of'275.33nmoles/g/mgpute) thén the pair fed group '(mean of.
r174.99nmoles/g/minute) which was in turn greater than that observed
with the weight control tissues {mean of_85,33nmoles/g/mind£e). The

~

+ s - . Do
excess H  efflux from the thiamine deficient tissues was significantly

i

greater than that observed with the weight control tissues. Q\
Increasing the bathing medium glucose concentrat;on to 55mM did ‘

not result in major changes 6f excess H+ efflux. Excess H+ efflux, f) \

relative to the total of lactate plus pyruvate efflux, from the thiamine

deficient tissues decreased tﬁ a mean of 2;5.00nmoles/g/minute over this

60 minute pe;iod, and this rate was significantly greater than that

observed from the'other 3 tissues. During the same periocd excess H+ efflux

from the pair fed tissue decreased to a mean of_137.33nmoies/q/minute.

The efflux from the weight control tissues increaséd significantly to a

mean of 129.00nmoles/g/minute. ’

Addition of 10mU/ml insulin to the bathing mediuﬁ'did not have a
statistically significant effect on the exceés H+ efflux from the thiamine
deficient tissues. ‘fThe efflﬁx rate from this tissue increased to a mean of
285,00nmoles/g/minute over the 60 minute period. 1Insulin did increase-H+ efflux
from ehe pair féd énd weight control tissues, to 245.00nmoles/g/minuté and
179.67nmoles/g/minute respectively. These efflux rates, in both cases,.were
not only significantly greater when c;mpared to that observed with 55mM
glucose~Tyrode‘in the absence of insulin, but were also greater than the

hY

efflux from these tissues into 5.5mM glucose-Tyrode solution..
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Close observation of figure 18 illustrates a general tendency for
the excess H+ efflu; to increase over the whole'lao minute experimgntal
period from the pair fed énd weight control tissues.

The fact that insulin significantly iﬁcrease excess B efflux
form the pair fed and weight control tissiues, but not the thiamine

deficient tissues further supports the suggestion that thiamine

avitaminosis may affeffﬂfig,muscle fibre membrane.

b .



Discussion

Effect of thiamine deficiency on rat growth'

In the present study, rats maintained on'a thiamine deficient
diet;géined weight for about 12 days and then began to lose weighﬁ.
The weight loss conti#ued for the duration of the experiﬁent, with
the rats attaining the'weight at which the experimeﬁt started by
approximately day 30. Similar effects of thiamine on rat growth have
been ;eporteé {Davies and.Jennings, 1970; Meghal et al, 1977; Bitter
et a%, 1968) . Gubler in 1961, observed that rats began to lose
weight after 5 or. 6 days of thiamine deficiéﬁt diet, but these were
rats’ with a starting weight twice that used in this study. The
fact that a very similar pattern, with regard to weighf:gain and
lass was observeq in the pair fed control animals suggests that this
is a function of food intake, and not due primarily to an effect of
thiamine deficiency. ‘The fi;st tendency is to suggest that the
anorexia ;esults from thiamine deficiency in the central nervous system.
Gubler (1976), reported that after 25 days of thiamine deprivation
thé brain total thiamine levels decreased to approximately 35% of .
contrxol, and the sum of brain TPP and thiamine triphosphate (TTP)

declined to 45% of control values. The effect of thiamine deficiency,

'

in this case, may however, be through a mechanism other than inhibi-

tion of pyruvate decarboxylation as Meghal et al (1977) reported no

]
!

gross changes in rat brain pyruvate dehydrogenase activity in thiamine

=1
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- deficiency. Notwithstanding the mechanism by which thiamine deficiency

results in anorexia, the observed weight logs suggests that the animals
¢

used in this study were reacting to thiamine deprivation as those in

other reports;

<
a

It is Q;qo interesting to note that only tissues from the age
«©« - ’

control group had a diaphragm thickness significantly greater than
that of the thiamine deficient groubf the pair fed and weight control groups
being noh—significantly different. Gubler (197¢) observed that the
rat brain to body weight ratio was similar for rats on experimental

thiamine deficiency which had attained a higher weight and then sub-

sequently lost weight, and for those which had attained the same body -
o

weight by uninterrupted growth. Although first impression suggests ’
that once again anorexia may account for the lack of changes in the
thiamine deficient animals, the similarity of diaphragm thickness
amongst the” 3 groups may have implications,

‘It is probable that the number of muscle fibres is maximally
fixed at birth. The fact tha?’the thiamine deficient and pair fed
animals first gained and then lost weight indicateg atrophy of the

existing fibres and not a decrease in the number of cells.

Effect of thiamine deficiency on plasma lactate and pyruvate

* concentration

%

Plasma lactate levels of the thiamine deficient animals were

significantly greater than the other 3 groups studied -in these expe-

riments.



76
I
Simiiarly high levels of blogd‘lactate have been reported in the
tﬂiamine deficient calf, 40mg/100 ml, (Blaxtgr and Rook, 1955) and dog,
60 mg/100 ml, (Chesler et al, 1944). Values from the present study
coqverted to these units; were 45 mg/100 ml blood. Park and Gubler
(1969) reported a‘somewhat lower blood lactate concentration of 400

s

umoles/loo ml in thiamine deflcxent rats. Whereas the plasma pyruvate

A

»

levels were elevated in both the thiamine déficient and pair fed
groups, the difference between these and the other 2 groups was not
significant. Other authors' have recordéd blood pyruvaté levéls during
thiamine deficiency to be somewhat higher than those of this study;
2,38mg/100ml in rats (Gubler, 1961); and 5mg/l100ml ip calves (Benevenga
et al,_1966).2 Conversion 6f the.results of the preseﬁér;;:ay‘fb the
same units, giye meén _byruvate levels of l.th/laéml In a latet
study Park and Gubler- (1969) neported blood pyruvate values in thla-
mine def1c1ent_;ats to be l?Sumoles/lOOml, a value very similar to

that recorxded in the present study.
: . The fact that plasma lactate levels were 51gn1flcantly greater
" in the thlamlne deficient animals relative to the 3 control groups
. suggests that pyruvate metabolism was indeed being affected by the
induced thiamine deficiency.

Ve

The diaphragm as a model of skeletal muscle

In order to investigate the role which glycolytic metabolites and/

or high-energy phosphate depletion may play in fatigue, the skeletal

~ L ' ).



within these fibres have hlgh activity and also show }ow phosphorylase
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fiuscle model chosen-ﬁad to tonferm to several requirements. It had to
be.a tissue which could be easily removed from Ehe animal without the
fibres being damaged, and was thin enough that diffusion of oxygen into
the fibres and.metabolltes out of the fibres WOuld not be a restric-

tive property. As well, the gﬁssue sample had to have enough mass to

rermit biochemical analysis. The tissue dimensions also had to permit

A
.

'quick freezing. The tlssue used in these studies was the rat diaphragm,

I

because it fulfilled all of these requirements, as discussed in th@

- introduction. Howevér, Beatty et al (1960) have cautioned agalnst

.

interpréting data collected from diaphragm preparatlons as being re-~
presentatlve»of skeletal muscle.
Ine series of pdpers, Engel (1962, 1865, 1970) developed a

classification system‘for muscle fibres; type I, whlch were conSLdered

Loxldatlve fibres in that the enzymes of aerobic metabollsm found

and myosin ATPase, and type II, whigh-had low activity levels of the

aerobic enzymes, and high activity in the phosphorylase and myosin

. v
‘ATPase enzymes. This system of muscle fibre typing was expanded by
-

Edgerton and Simpson (1969) sc¢ that at ledst three different muscie
fibre types axe studied in recent 1ieerature-' a) type I, which % still
classed by the ‘definition of Engel, b) Type IIa, which are those which
have high act1v1ty for myosin ATPase and boeh aerobic and anaerobic

enzymes; and ¢) Type IIb, which have high }jyosin aTPase activity, high

activity .of anaerobic enzymes and low activ y of the_aerobic

~
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enzymes. This fibre claésification‘system has for the most part,
replaced the earlier "red and white" fibre system which-rélated the

speed of muscular -contraction ‘to the red or white colour of the (

{ - /

1 muscle. It has now become evident that the red colouration of muscle,

fibres is due to the ‘mycglobin content.

Although this latter claSSLflcatlon system appears to be quite

functlonal some hazy areas still exist. In trying to relate the.
earlier and later fibre typing systems, Essen and Haggmark ]1975),

noted both red and white fibres contained high levels of glycogen.
7 Glycelytic activity was more pronounced in type II fibres, but they
e
,suggested the type I glycolytlc pPotential’ may be enough to maintain

a high rate of glycolysis. They exposed subjects to m i bicycle

exercise, taking samples 10, 20, and 40 seconds after exercise tarted,
and after exhaustion ?3 to 4 minutes). -Lactate levels in both fibre
types, at rest, were 1. 8mmoles/kg- wet weight. These increased to
2.8mmoles/kg wét weight at 10 seconds d continued to increase to
20mmoles/kg wet weight at exhaustion.<ﬁn

Davxes and Gunn (1972} observed some further dlscrepanc1;s during
hlstochemlcal studies of flbre types from diaphragms of several species.
They reported that th& rat diaphragm consisted of at least the 3
fibre types described earlier. Their analysis revealed that rat
diaphragm consisted of about 60% fast fibres, and as well, 60% of the

fibres were,high in activity of oxidative eénzymes. A most interesting

inconsiste cy however, is their observation that whereas the\{ii
LN f’\ ’ ,



diaéhragm contains 61% "fasgh fibres, ahd the dog diaphragm 64%, the
contraction_tiﬁe of the rat diéphragm is 18msec., as compared to
65msec. fo;' e dog diaphrégm. .

These gtudies only serve to’emphasize that although a partiigiar
muscle may be classified from histochemical data as a type I or type II'
fibre this representation may not entirely correléte with function. °
Whereas it would be preferable to study a muscle with homogeneity of
fibre type, these are practifaiiy~non:§xistent, and certainly do not
fulfill the particular qualifications required for this study. The
rat diaphragm can be regarded as consisting of predominantly oxidative
and fast fibreﬁ*hgs‘well as meeting the other restrictions of tissue

. . ¢
thickness etc.

Effect of thiamine deficiency on tissue lactate and pyruvate levels

With respect ta the observed elevation of plasma lactate

levels in the thiamine deficient animals, it was a surprise
to find that tissue lactate concentrations did not follow the same -
pattern. The thiamine deficient group tissues did not have an elevated
lactate or pyruvate content relative to the 3 control groups, following
180 minutes perfusion in the muscle bath (see experimental protocol in
Materials and Methods section for details): The pyruvate leveis in
the plasma suggested that tissue pyruvate metabolism was being affected
by-thiamine deficiency. Increasing tﬁznrate of glucose metaboliém in

muscle was then expected to result in increased lactate content,
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Y
based an the fact that the lactate in the blood must be produced by

the tissues. In order to érive glycolysis at an elevated rate, greater

amounts of glucose were made available to the tissue by bathing it

with 55mM -glucose-Tyrode iﬁ the presence of 10mU/ml insulin. Parks

et al (1955) were the first to demonstrate glucose uptake in the rat

diaphragm was a function of the external.glucoée and. insulin ;oncen-

tration.\\Moie recently; Mainwooa et al {1977), observed that with an

é{ternal glucose concentration of- 55mM in the-presence of 10 mU/ml

/{nsulin, thecnean intracellular glucose concentration increased to

19.0 umoles/ml fibre from 1.2 umecles/ml fibre in the absence of insulin.
The overall sequence of events being investigated may be repre-

-

sented schematically as:

a

, ruvate (P) L, | Lactate (L e ’
£y | — V—=—
v2
- TCA
Cycle -

where Ve = lactate efflux

<
]

1 pyruvate production rate

<
]

rate of copversion of pyruvate to lactate

<
1]

pyruvate oxidation rate

Then the change in concentration of pyruvate in the tissue to increase

. . . 4P - . .
with time is 3¢ and the change of lactate concentration to increase
o dL
ith ti is —. :
wi ime is o+ Then; .
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dap dL
= Vl (VL+V2) and

=-V -
dt ve

dt L

. . . . ap
Thus, for the pyruvate concentration to increase with time (EE=> o),

. dL S
> + a— . > R
Vl (VL V2) and 51@}1arly for 3t to be positive VL 2 Ve Therefore

1 2

Thus the lack of lactate and pyruvate buildup in the thiamine deficient

for pyruvate and lactate concentrations to igcrease, v, >v_ + Ve.

tissueg/could be due to any one, or combination of 4 reasons;.a) the

g}ycolytié pathway was being inhibited at a rate limiting step, such
ag fFK, by increased metabolite concentrdtions, b) pyruvate‘;?tabolism
via tbe TCA cycle was noF, in this case, being inhibited by thiamine
deficiency, ¢) that even glucose loading does not maximally activate

the glycolytic eqéymes, and although the maximum potential activity

of pyruvafe dehydrogenase may be reduced by a lack of TPP, the rate

of pyruvate production stil;‘does not épproach the rate of oxidation,

or d) lactate and pyruvate was being proéuced, but the rate of efflux
from the muscle tissue had also increased, and thus the increased
production could notlbe detected at this point.

The first solution can be discounted with evidence from the results
of the present study. Although Henderson et ;l {1978) reported that
there is a decreased rate of protein synthesis in rat brain and viscera
during thiamine deficiency, the production of ATP did not appear to
be affected in the present study (table 3). As well, if the ability
of the thiamine deficient tissues to produce ATP had declined, one
would expect that the thiamine d%ficient tissues would fatigue at a

greater rate than the control tissues, but figures IAa, b and ¢, suggest
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this is not the case.

The suggestion that the pxidative metabolism of pyruvate in dia-
phragm muscle may not be inhibited by thiamine deficiency brings to
light an even morelobvious question: does thiamine deficiency result
in TPP depletion from.this par?icular tissue? A second review of the
literature did not help resolve this issue, because although data of
TPP depletion was available for‘seJeral tissues including human
(Ferrebee et al, 1942; Taylor et al, 1942), and rat (Schultz et al,”
1939; Mitchell et al, 1942) data in skeletal muscle was co;spicuously
absent, or discredited due to variability. Lowry, 1952, did report
however, total thiamine levels decreased in skeletal muscle in rats
at the rate.ef about 10% ser daf of deficiency (iO ug/100g/day) , with
a beginning mean concentration of 2 ug/g. Thus he cbserved that ske-
letal muscle thiamine content declined from 1.8 ug/g to 0.14 ug/g
after 20 days. No data was available for longer periods of time.

The reason for this lack of data in the literatsre with regard
to TPP content of skeletal muscle, Secame obvioug when the attempt was
made to measure“TPp spectrophotometricallyi‘ Several modifications of
the method of Ullrich (1974) were attempted, to no avail. 1In this
method the apo-decarboxylase ({pyruvate dehydrogenase ﬁinus TPP) enzym§
is combinedrwith the tissue homogenate aAd incubated for 30 minutes,
allowing any TPP present to combine‘with the apo-enzyme to reform holo-

enzyme pyruvate decarboxylase. A base slope is then obtained ofi the

spectrophotometer (set at 340mu). A fixed amount of pyruvate is then



83

added to the cuvette -and the rate of change in absorptlon due to the
oxléatlon of NADH to NAD measured. The difference in slopes observed
after and before the addition of pyruvate can then be related to Fhe
amount of holo-enzyme reformed in the first step, providing for the.
calculation of the TPP concentré%ion in the tissue homogenate. Whereas
accurate standard curves were easily attained, addition of the centri-
fugeé tissue homogenate interfered with measurement. Indeed, addition
of a specific concentration of TPP standard to the diaphragm homogenate, .
still gave én indicated level of O Tpp.

In light of the fact that tissue TPP levels could not be measured,.
it was assumed, on the basis of reports from other tissues, thét dia-
phragm TPP levels were depleted by the ihéuced athiaminosis.

The possibility that the efflux rates, and thus membrane permea-
bility to lactate and/or pyruvatéjmay have been altered was explored,
and will be discussed later. It may be sufficient to say at this point

that lactate efflux may be increased significantly in thiamine deficiency.

The effect of thiamine deficiency on normalized muscle tension

It has generally been assudéd for many years that thiamine defi¢iency
results in a decreased muscle strength, ie a decline of muscle contracti-
lity. This is so well accepted, that very generél statements can be
found in many medical textbooks;,as_examplified by the following quétation

from Follis and Mann, 1970.
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"Over the course of days or weeks, the patient comes

to be easily fatigued and experiences heavy feelings

in the legs, together with stiffness and aching

in the muscles. In time, the muscles become weaker,

acutely painful and then atrophic." S\

The results of the present study suggest the muscle fatique observed
clinically in thiamine deficiency, is not a rxesult of decline in muscle
contractility because the normalized tensions from the 4 groups of tissues
were not statistically significantly different from each other, nor
was the fatigue profile. Overall strength decreases may be indicated
-in this condition because tissue atrophy does occur. Thus, even though
the contractile tension developed per unit area of muscle does not decline,

total tension developed may decrease because the amount of tissue

decreases.

The effect of glucose and insulin on muscle contraction

Mainwood et al (1977), using the same preparation as in the pre-
sent study, observed that maximal isometric tension would decline if
the external concentration of glucose was increased. 1In their report,
.altering the external glucose concentration from 5.5mM to 55mM resulted
in maximum isometric tension dropping by about 30%, and this was: almost
completely reversible by restoring the glucose concentration of the
bathing medium to 5.5mM. This change in contfactility wag attributed
to the increase in osmolarity of the external.medium associated with
the <increased glucose concentration. The decline in contractile tension

was also reversible by adding insulin to the bathing medium. The
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increased glucose uptake apparently assisted in causing isotonicity
between the intracellular and extracellular medium. 1In the present
study, the weight‘control group underwent the characteristic response
to high glucose and insulin, observed by Mainwood et al. The thiamine
deficient and pair fed groups tended to react in the same fashion, but
the decline of tension occuring when the bathing medium was changed
to one with 55mM glucose, was much less. Similarly, the insulin in-
duced recovery was not as dramatic. With regard to tﬁ: work of
Mainwood et al (1977}, the results of this study may also be explained
in terms of osmolarity, and lead one to suggest that
thiamine deficiency may cause membrane permeability changes. Although
this has not been documegzed quantitatively, ‘one can extrapoiate from
the work of Mainwood et al (1972) that the osmolarity induced decline
in maximal isometric‘tension will reach a plateau when the intracellular
and extracellular fluids are isosmolar. ‘Since the isometric tension
developed in the tﬁiamine deficient and pair fed tissues plateauned at
a mucb greater level relative to maximum than did the weight and age
c;ntrols one can assume they reached isosmolarity with the external
medium quicker. The rapidity of this equilibration may be explained by
either an increased intracellular osmolarity in these tissues, or an
increased permeability of the memb;;ne to fa&ilitate equilibration.

The response of the age control tissues was unique in that mactimum

isometric tension generated continued to decline throughout the entire

60 minute exposure to 55mM glucose, and while an increase in this



parameter was observed when insulin was added, the iqcrease was
transient. This response is probably a result of diﬁfusion proble
due to the thickness of the muscle tissue. Creese et al (1957)
suggested a muscle thickness greater than .Smm resﬁlts in delayed
difﬁusion into and out of the inner fibres. Tissues of this group
had a mean thickness of .69mm, which would account for the slow
equilibration during the bathing in high concentration glucose.
The transient response to insulin may be due to its effect on the
outer diaphragm fibres where it ma? have been metabolized before
ever reaching the inner fibres.

Effect of thiamine deficiency on muscle fatigue

Over a 5 minute stimulation period, at a frequency of 1 every

2 seconds, maximal isometric contraction of the thiamine deficient
tissue decreased to 64% of the level obsexved immediately before

the fatiguing stimulus was begun. The pair fed tissues underwent

a somewhat greater degree of fatique, but the difference in degree

86
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-

of fatigue between these 2 groups was statistically non-significant.

In contrast, the age control tissues did fatigue to a much greater
degree, and the difference between these tissues and those of the
thiamine deficient and pair fed groups was significant. At this p
the only difference found between an? of these groups'has been the
diaphragﬁ thickness, that being sighifiéantly greater for the age

control tissues, the tissues which fatigue to a significantly grea

oint,

ter
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degree. If the degree of fatlgue can be correlated w1th dlaphragm

thlckness, then one would anticipate, in light of the non-significant

difference between diaphragm thickness of the thiamine deficient and
pair fed groups, that the fatigue characteristics of these 2 groups

would be similar, and this was indeed the observation.

L

Tissue lactate and pyruvate concentrations following fatigque

The increase of the tissue lactate and pyruvate concentrations
following 5 minutes fatigue may be relevant to several ideas discussed
in éhis thesis. It is interesting to n;te that the lactéte concen-
tration in all tissues increasea 3-fold following fatigue, excepting
the weight control group, where éhe Concentration doubled. The
differences betweén groups were non-significant when compariné non-
fatigue tissue levels with post-fatique lévels. Perhaps of greater
importance however, are the Pyruvate levels observed following fatigue.
Whereas the levels of Pyruvate were elevated in all tissues, the
thiamine deficient samples were significantly greater, in this cése,
than any of the other 3 groups. The implications of this are impor-
tant. 1In particular, the fact that lactate angd pyruvgte'csncentrations
were elevated suggests that the muscles were producinh,energy anae-
robically, at least to some degree (Karlsson, l97la,b;\Knuttgen and

Saltin, 1972).

. The hypothesis that thiamine deficiency would have an effect on

\
kY

Pyruvate metabolism is Supported by the fact that the elevated
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pPyruvate levels following fatigue become significantly greater in the

thiamine deficient tissues, as conpared to any of the 3 control groups.

Effect of fatigue on muscle ATP, CP, and G-6-P concéntration

Tﬁe levels of ATP, CP, and G-6-P were measured in an attempt to-
answer the question of the involvement of high energy phosphates in
muscle fatigque. In the present study, it was observed that not only
did CP concentration decline significantly following fatigue in the
pair fed, weight control and aée control tissues, but AfP levels did
as well. The ATP concentration did not deglineﬁfo levels as dramatic
as éhe CP, but one might predict this, since the function of the phos-
phate stored with creatine is to replenish ATP concentrations as it
Vgets used up. These results contradict other studies in rats (Hohorst
et al, 1962), mick Spénde and Schottelius, 1570), and frogs (Mainwood,
et al, 1972) whereonly a significant decline of CP concentration was
reported. Hohorst et al, 1962, did report a drop in ATP concentration,
but this was only 15%, whereas the decline ocbserved in the present
study was to between 52 and 73% of non-fatigued tissu& levels. A
further twist enters into the picture when the TD tissue ATP and CP
conecentrations are p;mpared te the other tissugs. The Eoncentration
of both these compcunds dropped, but not significantly. This may suggest
that the caﬁability of the glycolytic enzymes to convert glucose to
pyruvate has incfeased in thiamine deficiency. Inherent to this idea

would be an increased'capacity of the glycolytic pathway due to an
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increased reaction rate or decreaseé?inhibition of certain glycolytic
enzymes, reSultiné in an increased agility to maintain energy supplies.
The G-6-P*congcentration of the various tissues appeared not to
correlate to fatigue at all as they remained non~significantly diffe-
rent from the levels observed in non-fatigued tissues in all cases.
The present results indicated that the intracellular levels of high
énergy phosphates following fatigue do not correlate to the degree of
fatigue.

il

Correlation of degree of fatigue and post-fatigue lactate and CP

concentration to diaphragm thickness

At this point, the data of the present study suggest that fatigue
of isolated diaphragm tissue does not correlate with lactate concen-
tration and dietary stapus. Another possibility however, is that )
another parameéer may be involved. Since the only major difference
between groups appeared to be body size (weight), a related parameter,
diaphragm thickness may provide an integral contribution. After
plotting, fatigue and post-fatigue lactate concentration appeared to
correlate with diaphragm thickness. Creatine phosphate, which Spande
and Schottelius (1970) found related linearly to fatique, did not
appear to correlate with diaphragm thickness. These results stimulate
some interesting thoughts. Muscle Eatigue is a state which we know

to exist. Rearrangement of the data suggests that the degree of

fatigue of the isolated diaphragm correlates in a curvilinear fashion to
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diaphragm thickness. as well, a similar rearranging of data illus—‘
trates the diaphragm lactate concentration following 5 minutes fatigue
'incrégées with ingreasing digihragm thickness. However, data dis-
cussed earlier illustrated that fatigue did noticorrelate with lactate ~
concentrétion and thug %n total,.the pre;ent'data tend to suggest

in the isolated diaphragm Preparation, that even though the corre-

o
%

lation of fatigue with didphragm thickness may provide some insight

-

into the muscle fatiguing process, the fact that lactate also corre- -

lates with this parameter is probably a result of decreased diffusion

, '

rates and does not have a causative role in muscle contractile response.

Diaphragm fatigue in smSIIJ;ﬁgzle bath

The custom made muscle bath (for details see Materials.and Methods

T

~

section) was designed fbr.§tudies‘of H+, léctate and pyruvate efflux
bm isolated diaphragm tissues. In order to analyze these compqunds
accurately, a small volume of bathing'fluia had to be used, because
"the quantity of these substances leaving the muscle was very small and
greater dilution would render them uhdetecéable bylthg'analyticgl
methods used. Thus the bath was‘deéigned such that the entire muscle
sample could ge bathed with volumes of 0.75m. to l1.0ml. In thesg par-
t;cular studies, 0.75ml fluid was used.

What effect, if any, the incfeasing concentrations of ‘substances
from the muscle tissue on muscle contractility had, was bf'éreat concern.
However, muscle fatigue in this bath was non-significantly differeﬁt
than in the larger 100ml bath used in the earlier fatique sfué;es.

. . Ty

. s
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Effect of diet on lactate and pyruvate efflux from isolated rat

'diaghragm _—

- . .
The mean lactate efflux rate from ihe weight control group over

the 180 minutevberiod was 83.67 nmoles/g/min. This rate is relatively
low when compared to other values reported in the litegéturg. Using
vArious other types 6f diaphragm preparation, steady stape lactate
efflux rates of aboﬁé 330 nmoles/g/min. have been repdrt (Hollanders,
19é8; Rowlanﬂs, 1969%9ab). However, much earlier, Wallaas and Wallaas
(1950)-and Beatty et al (1960) reported’control.iactate efflux rates
of 104 to 124 nmoleﬁ/g/min and 80 mmoles/g/min respectiygly using pre-
parations of manometrically incubated diaphragms. CECheétd and
Méinwood {1978) using the same‘pféparation as this study found a

control lactate efflux rate of 120 nmolées/g/min.
-

The fact that the steady state lactate efflux in the present
study is somewhat lower than other reported values is somewhat of a
éuzzle, but may be explained by several ideas. Firstly, the rats

used in this study were much smaller, weighing between 70 and 90 grams,
. . 4 T

whereas other studies utilized rats of 200 to 300 grams. Krebs

(1950) and Zeuthen (1955) have both published reports in which meta-—
bolic activity has been related fo body size, the smaller the animal,
the more increased the capacity of oxidative processes., As well,
Gauthier and Padykula (1966) suggested that in general, muscle- fibre
type cﬁénges as the animal species get 1arger;.the mouse diaphragm

consisting entirely of red fibres, the elephant of white. Although

1

L
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the adult (350g) rat diaphragm was reported to consfst of avmixture
of red and white fibres, the majority béﬁng white, at this smaller
weight, thq composition of fibré type may be closer to that of the
mouse. Further support to this idea is suggested by the fact that
although, according to the authors Previously mentioned,:these smaller
animals would have a higher metabolic rate, the non—fatigued dia-

a

phragms of the thiamine deficient, pair fed, and weight control .
I 4 H

.

animals did not contain greater amounts of lactate than did the age

v,

The smaller diaphragm thickness of these animals may also be
an a;d to a greater metabolic rate by providing greater oxygen avai-
lability. Although Creese et al (1958) observed that diaphragms

from ;ats weighing 150 to 250 grams ‘maintained fibre potentia;s to '
a depth of 250 u, even if the bubbling gas c6BFained only 60% O,
he did ngt demonstrate that this could maintain optimum metabolism.
With the smallergff;phragms‘hsed in the présent study, bubbling
with 95% 02 on bagth Sides of the muscle, may facilitate better 02
availability if the oxidative processes should require it for ih-

creased activity.

It was of great interest to note that lactate efflux rate was

-

significantly greater from the' thiamine deficient tissues (390nmoles/g/

min) relative to the pair fed group, as was the pair fed group rela-
tive to the weight control tissues. This leads to speculatien that

the nutritive state of the tissue can affect membrane permeability,

N

NN
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in that even the Yestricted diet of.the pair fed group resulted in
an elevated laggate efflux rate of 189 nmoles/g/min.
o

The reportt% of several authors have inferred that lactate efflux
is more complicated than a simple diffusion process. Karpatkin et al
(1964} sugges£ed that lactate efflux f;om frog sartorius muscle may
be a saturabie process, and mea;;red the efflux vmax to be 0.8 umoleg/ml
intracellular water per minute. Others'have tended to support the

hypothesis that maximal lactate efflux may not depend on a simple

diffusion process (Hirche et al, 1970; Karlsson et al, 1971; Mainwood

» anS?WOrsley—Brown, 1975). It has been suggested by one author that
lactate efflux is an active process (Kuklexr et al. 1966):
If lactate efflux is carrier ﬁediated, the maximal rates of
effiux from different tissues vary greatly. Maximal lactate efflux i
from the dog gastrocnemius was cbserved to be 0.6 pmoles/g/min.(di
Pramperc et al, 1970) and for frog muscle 0.3 to 0.4 umoles/g/min.
In the isolated rat diaphragm, Hollanders (1958).reported maximum
lactate efflux v;lﬁes of between 1 and 8 ﬁﬁoleS/gYmin. However,
.even the ma;imal rate observed with the thiamine deficient tissues
was only 66% of the lowest value reportéd in these publications, and
\
thus wéuld not bg a factor. A carrier mediated mechanism for lactate
‘efflux from muscle may not be merely acédemic speculation, even
"*ihough ne specific function of such a process has péen sugge;ted, as /N
we do know of the existence of a pyruvate specific carrier mediated

mechanism for mitochondrial entry (Pande and Parvin, 1978; Halestrap

1975; Halestrap and Denton, 1975), and carrier mediated entry of

\-' .
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pyruvate and lactate into erythrocytes (Halestrap, 1976). In what
respect thiamine deficiency may further affect membrane permeability
of lactate can not be answered by the data of the present study.

The pyruvate efflux raées obsexrved in the present study were
very loQ, and difficult to interpret. It is indeed doubtful that they
represent the true pyruvate efflux, particularly from th? thiamine
deéicient and pai; fed tissues. Two inherent problems became obvious
when performing the enzymatic assay for pyruvate. The first was-that
the concentration of pyruvate being meésured was at the minimum Jevel
detectable with "the assay, and thus open to large error. Secon Y.
some other substance, probably enzyme, haa also undergone efflux
from the thiamine deficient anq pair fed (to a lesser degree} tissue
samples and remained in the bathing fluid samples. Tﬁis became
evident when performing the assay, be;ause some time was required
to obtain a steady base line, evén before the enzyme was added, a
phenomenaa.which never ocgurrgd with the standard curves or the bathing
fluid of the weight cont£ol group. In fact, often a complétely steady
base line was never observed before the exogen;;s enzyme was added.
In the spectrophotometric analysis for pyruvate used, the enzyme 1is
added last, after a steady base line is obtained, and thus it must o
be é§sumed that either lactate dehydrogenase, or another enzyme capable E

of metabolizing pyruvate toglactate, was present in the bathing me-

dium of the thiamine deficient and pair fed tissues.

a
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Effect of glucose and insulin on lactate and pyruvate efflux

Increasing the glu;ose concentration from 5,.5mM to 55mM in the
bathing medium did not alter significantly the lactate efflux rate for
any of the 3 groups of tissues. The addition of insulin in the pre-
sence of 55mM glucose did increase significaQQly lactate efflux from
both the péir fed and weight control groups. This result is most
likely a reflection of the increased glucose uptake induced by insulin.
The purpose of béthing the muscles in a high glucose-insulin medium
was to drive the glycolytic pathway at a maximum rate, the result
being an increased‘production of pyruvate, which, if the concentra—
tion was greater than the oxidative processes could handle, wéuld be
converted to lactate, The fact that lactate efflux was stimulated
by insulin and high glucose, in the pair fed and weight contrql tissues,

{
suggests that the hypothesis of this thesis was valid. -

.

,

The fact that insulin and high glucose concentration in the
bathing medium did not increase lactate effldx from thiamine deficient
tissues suggests that either glycolysis was operating at a maximal
rate before the addition of insulin, or that the insulin-sensitive
9lucose uptake system had lost the ability to respond to insulin.
Since in all experiments where the tissues were fatigued, .tissue
lactate values increased, it is obvieus that thelcapacity of the
glycolytic pathway was not a limiting factor. The evidence tengs to
suggest that thiamine avitaminosis may render diaphragm tissue glucose

ﬂptake insulin-insensitive.
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Efflux of H from isolated rat diaphragm

H+ efflux from diaphragm tissuerfolQOWed basically the same
Pattern as lactate. H+ efflux was consistently greater from the
thiamine deficient tissue than either the pair fed or weight control
tissuves, but was significantly greater than the efflux from the
weight control tissues only. Efflux of H+ was also consistently
greater from the pair fed tissues than the weighf.control tissues,
but the difference was not statistiéally significant. However,
pooling of the efflux values from any simiiarly treated group for the
first 120 minutes and last 60 minutes produced a significant diffe-
rencé when efflux rates from any 2 of the 3 groups are compared.

) Of interest was the observation that insulin did not signifi-
cantly increase H+ efflux from the thiamine deficientJﬂ&aphragm tissue,
but did from the pair fed and weight control t£§snégf'wh§$ﬂefflux
is considered over the whole 60 minute period. A similar pattern
was observed in the lactate efflux from the pair fed\aqg welght con-
trol tissues relative to that from the thiamine deficé;nt tisspes.
These results indicate that lactate and H+ efflux rates tend to respond

concomitantly to similar stimuli.

. +
Difference between H and lactate plus Pyruvate efflux

The recalculation of data of this study was Presented in this
fashion in an aﬁtempt to add some knowledge to ideas already published

on the form that the lactate molecule takes during efflux; as lactic

\Y]
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acid or the lactate ion. Ample evidence is available in the lltera—
ture to support e1ther opinion.

., Hill et al, in 1924, and Bock et al, in 1927, reported that the

CO dlssoc1atlon curve in human blood shifted following heavy exercise.
This Shlft which was in the dlrectlon as if pH had fallen, was attri-
buted to the accumulation of lactic acid in the blood by other authors
(Turrell and ‘Robinson, 1942)., Roos (1975) also reported, based on his
o ervatlons of the ratio of intracellular. and éxtracellular lactate

n the equlllbrated state, and the raﬁio of H between extracellular
énd intracellular compartments, that lactate permeated the membrane in
the undissociated form,

On‘the other hand, as lactic acigd can be considered to be almost
completely ionized at physiological pH, with a PK of about 3.8 (Benade
d Heisler, 1978; Lockwooé, Yoder ;nd Zienty: 1965), can the smail
amé'nt of undissociated 1a§tic acid present in the intracellular com-

partme:f account for the large rates of efflux discussed earlier.

everal authors have prov1ded evidence which tends to support

e <

lactate ion permeation. Mainwood "and Worsley~Brown (1975), using a low

buffer concentration {10mM) ba;hing medium reported a higher fate of
lactate~efflux than H+ from frog sartorius muscle. Benade and Heisler

(1978), reported the efflux of,H exceeded that of lactate ®y a factor

of 14 from diaphragm and 50 from sartorius. As well, WOodbury and Miles (1973),

calculated from experiments with frog sartorius muscles that the membrane



had neot only a low Permeability to lactate, but also that the efflux
rate was limited to a level approximating 0.07 the permeability of
chloride, |

Hirche et al (1975) observed efflux rates which support both sides
of the argument, depending on the experimental conditions. 1In alka-
losis, H+ and lactate permeated into the blood QF approximately equal
rates from the stimulated doy gastrocnemius perfused with blood.
However, during acidosis, H+ ions were found to permeate even more
slowiy than lactate during the first 3 to 4 minutes of exercise.

The results of the present_%iydy indicate H+ efflux occurs at
a rate 1.5 to 2 times that of lactate in all tissues tested. These
values concur closely with efflux ra£es obtained in oth;r similar
experiments carried out in the same laboratory. The relatively small
differenée in efflux rates may lend some support to those that hy-

.

pothesize that H+ and lactate efflux are independent or occur by

separate mechanisms, but this evidence is not very convincing alone.

Concluding Remarks -

The hypothesis of this thesis was based on the theory that if a
thiamine deficient diet was fed to rats, thiamine levels in the body
would be éepleted, and thus TPP levels would decline. The lack of TPP
to act as a cofactor for the pyruvate dehydrogenase enzyme complex
theoretically would result in an accumulation of pyruvate and lactate.

By observing the fatigue profile of the various groups of
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rats, and determining the tissue concentrationg of lactate, pyruvate,
ATP, and CP following fatigue, it was anticipated that a determination
of which, if any, of these substances have a role in muscle fatigue,:
couldﬁbe made, ;

The evidence that tissue concentration of lactate and pyruvate
did not increase more in the thiamine deficient tissues thaﬁ the pair
fed, weight and age control tissues, following glucose loading,
Suggested perhaps that either deprivation of thiamine in the diet did
not result in the depletioﬂ of TPP from muscle tissue, or that skeletal
muscle pyruvate dehydrogenase doe$ not require TPP as a co-Ffactor.
The observations appeared to support the idea that the oxidative me-
tabolism of pyruvate was not decreased. The observation that pyruvate
levels increased in all tissue following fatigue, but the concentration
in the thiamine deficient tisSsues was significantly greater than in
the other tissues supported the original hypéthesis of this thesis.
These results also suggest that whereas the capacity of the thiamine
deficient tissues to oxidatively metabolize pyruvate may remain adequate
for the maintenance of ATP levels at rest, the decrease from maximum
capacity becomes evident when energy demands increase.

The efflux studies produced some more interesting evidence to
support the hypothesis. Lactate and H+ efflux from the thiamine defi-
cienk tissues was significantly greater than that observed from\gny

of the 3 control tissues. More to the point, the efflux of these

substances remained significantly greater from the thiamine deficient
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tissues even in the presence of insulin. This is important because
only the pair fed and weight control tissue lactate and H+ efflux
rates were significantly increased when insulin was added to the me—
dium of high glucose, suggesting that the efflux of these substances
from the thiamine deficient tissues was occurring at a maximal rate
throughout the study. fThus, the efflux rate was significantly greater.
Inherently implied in this argumenﬁ is that whether or not the acti- |
vity of the pyruvate oxidizing enzymes is bompletely or partially
decreased by thiamine deficiency can not be determined, but glucose
loading was successful in increasing the rate of pyruvate production
be&ond the capacity of the oxidizing enzymes.

Tﬁe evidence presented may also suggest that thiamine deficiency
causes changes in the membrane. This is supported by the fact that
inSulin‘did not have a significant effect on lactate or H+ efflux from
thé thiamine deficient tissues. Thig implies that the glucose uptake
mechanism of the membrane of the thiamine deficient tissues was not
sensitive to insulin or that glucose influx into the tissue occurred
indépendent of this mechanism. This latter .point is more probable
because lactate and H+ efflux was not significantly altgfed by increa-
sing glucose concentration in the bathing medium or by the further
addition of insulin, and thus the lactate production, even in the pre-
sence of 5.5mM glucose was greater than that observed in the pair fed
and weight control tissues in the presence of the 55 mM glucose and

insulin.
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‘It was apparent in this study that thiamine deficiency does not
cause a greater depletion of high energy phosphates in muscle tissue,
and may actually enhance the ability Sf the muscle to produce ATP and
CP. However, this may be a consequence of the increased H' efflux
resulting in less pH induced\inhibition of certain glycoly£ic enzymes,
particularly PFK. The role of ATP and CP in muscle fatigue'is questionable
because the levels of these phosphates did not decline significantly
mofe in the age control tissues which fatigued to a significantly greater
degree than the thiamine deficient, pair fed, weight or age contfol
tissues. | . ¢

The role of increased lactate concentration in muscle tissue
fatigue could not be answered by the results of this study. It was
observed that a 2 to 3 fold increase of lactate concentration occurred
in fatigue, but a relation;hip between these variables was not apparent.

It is conceivable that further increases of muscle lactate concentration

may affect this parameter.
"

1]
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APPENDIX A

Calculation of H+ Efflux
To calculate total change of H content of the buffer system used,
4 guantities of H+ must be summed: a) AH+, b) -AoH, c) —AHCOB_ and

d) -AB~ (non-bicarbonate buffer). :

- + .
These four quantities of H can be represented mathematically as:

T a = v[107PH2 _ ;47PH1]

~y[107 (147PH2) _ 7 (14=pHy) g

o
1

= v-B[1r10PH27PH1]

1 1
= V.p% -
J+ 10PH27Pkn 1 + 10PH17PKA

"Where B = the concentration of bicarbonate buffer

0
[

o
I

A

"V = the volume

PHy = the measured pH fellowing the 20 minute muscle bathing
2
period

PH is the pH of the tyrode solution

NOTE: The concentration of bicarbonate buffer must be corrected
from the original value. The presence of the non-
bicarbonate buffer will cause a change in concentration
of B; the working concentration of %Epay be represented
mathematically as:

, 1oPH1 - Pka

B=B-A4 ;-ua'ﬁ
1 + 10PHI"Pka”

Where B' is the working.qoncentration of B.

A more complete derivation of the formulae used can be fouAQ\in the

works Qf Cechetto (1979). %

the concentration of non-bicarbonate buffer in the acid form
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