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ABSTRACT
The ability of skeletal muscle to synthesize glycogen using
lactate as the only substrate was assessed in isclated rat
nindlimbs following 12 weeks of interval training. Trained
animals were subdivided into a Trained Control group (n=10), a
sroup which performed an acute run to exhaustion (Trained
Exhausted) (n=10), and a group which pérformea an acute run to
exhaustion superceded by a 12 hour fast (Trained Fasted) (n=10).
Scleus and gastrocnemiug muscle tissue slices were incubated for
one hour in a medium containing 8 millimolar l—lacéate and 1
microcurie of uniformly labelled lac l-lactate., Glycogen content
5f the soleus and gastrocnemius of Trained Control animals was
increased 25% ana lh% respectiVely, following training (p<0.05).
Exhaustive exercise procduced a 75% and 84% depletion of glycogen
in both muscles (p<0.03). A 12 hour fast following exercise did
not maintain the glycogen depleted state since glycogen levels
recovered to near Trained Control values in both muscles. During
incubation, there was a mean decrease in muscle glycogen of 12
and 13 umol'gram'l in soleus and gastrocnemius muscles 1in

Sedentary Control, Trained Control, and Trained Fasted groups,

£

nereas Trained Exhausted soleus and gastrocnemius muscle -

resyntnesized glycogen £o 78% and 66% of Trained Control values.

Tne r

\1

diolabelled carbons o9& lactate were incorporated into th
"3

ogen of all groups in both muscles, although the rate of

Wl
'.1

o
O

iactate conversison and the percentage of lactate converted to

slytogen were 50% lower in the soleus muscle, for all treatment

3roups except Trainecd Exhausted. Acute exhaustive exercise

[

b

(R




accelerated conversion of lactate to glycogen in soleus muscle
oy 100%, such that theriate was not significan%iy different from
Trained Exhausted gastfocnemius muscle. Following exhaustive
exercise the percentage of lactate converted to glycogen was
increased from 13% to 48% in soleus muscle and from 23% to 53%
in gastrocnemius. Activities of glycogenic enzymes were
consistantly higher in the gastrocnemius which may eggﬂain the
higher rates of éonversion of lactate to glycoégn in this
muscle, Both slow and fast skeletal muzgzgh?ibres of the rat are
capable of rapia intramusculaggglycogenesis from lactate. Acute
exhaustive exercise and/or the accompanying glycogen depletion
appears to be a stimulus for this process. It is suggested that
direct intrémuscular conversion of lactate to glycogen ﬁay

represent a stﬁg;egy tor enhancing an exhausted animal's ability

TO survive);;ight %5>flight" situations.
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I. INTRODUCTION ) -

The performance of intense purposeful work, be it
occupational or recreational, is often halted by transient
localized fatigue. Lactic acid has classically been the factor
implicaied as directly or indirectly béusing‘thiétimpaired
muscular function (Tesch, 1980; Sahlin, 1978; Asmussen et al.,
1948; Bang, 1936). Although the causal relationship remains to
be established, the inference has existed since 1841 when the
Scandanavian chemist, Berzelius,‘claimed to have found 1acti§
acid in the’muZ@ie of exhausted game (éited by Hermansen -and
Vaage, 1979; Karlsson, 1971a).

Considerable research attentionrin the last 80 years has
been devoted to examining the conditions leading to lactate
progggtion and the conditions necessary for removal. Fletcher
and Hopkins (1906) demonsfrated increased lactic acid production-
in muscle confractioné carried out in an oxygen deficient
medium; thus advanciﬁg the older hypothesis (Liebig, cited by
Karlsson, 1971b) that blood lactate increased as a result of
hypoxia. Based 3; the results of independent studies both
ﬁeyerhof (1920, 1925) and Hill (1924) concluded that lactic acid
formation during exércise was due to local tissue hypoxia. This
nypothesis, however, did ﬁot fit with all experimental
observations as Cori and Cori (1929) were able to demonstrate
that blood lactate concentration increased in rats receiving -
intravenous ¢glucose.,

An examination of the kinetics involved reveals that excess

pyrﬁvate would simply, Dy a mass action effect, lead to lactate



production. The rate of byruvate production is regulatedrby the
intracellular ratio of adenosine diphosphate/adenosine
triphosphate (ADP/ATP). An.increase in’the ratio of these two
nucleotides automatically accélerates gf§colysis to match the
production of high energy phosphate to thatrbeing consumed in
metabolic processes, as long as the NADH+H' (nicotinamide
adenine dinucleotide, reduced) produced in‘the pathway 1is
re-oxidized to NADYT (nicotinamide adenine dinucleotide). Under
conditions of severe energy demand as imposed by muscle
contraction for example, systems responsible for shuttling
"NADH+H' into the mitochondria may be exceeded leading to a build
up of reducing egquivalents in the cytospl. Under these
- circumstances the active skeletal ﬁuscle enzyme lactate-
dehydrogenase cat;lyses thé redox reaction between pyruvate and
NADH+HY. The resulting products of this reactidn are lactate and
NAD' (Wenger and Reed, 1976). Thus the signifiéant benefit of
rlactic acid production lies in the maintainence of adequate
concentrations of the hydride ion acééptor NAD* (Wenger and
Reed, 1976), and coincidently a cytosolftmrﬁﬁefwstaté conducive
to a maXimum glycolytic rate. = |
Studies dn separated muscle fibre types (Essen et al.,
1375) reveal consistent patterns of metabolic profiles and
mechanical properties. Extrapolating ffom observations of4animal
tissue, Barnard (1971) proposed a fibre type classification
system which would incorporate these features. Thus in mammalian
skeletal muscle three classes of motor unit pools are identified
from which an animal is able to recruit when performing muscular

work. The slow oxidative (SO) motor units are relatively slow



contracting and suited for. use in prolonged activities. They
rely on oxidative metabolism, as indiqated by the higher .
activity of Krebs cycle enzymes (Essen et al., 1975), as well as
an LDH isozyme distribution which favors lactate oxidation
(Sjodin, 1976).

At the other end of the spectrum are the FG, or fast
glycolytic motor‘units. These units display faster contraction
times, higher peak tension (Thorstensson et al., 1977) and are
easily fatigued (Burke and Edgerton, 1975; Thorstensson, 1976}).
Metabolically, these motor units exhibit higher activities of
enzymes thought to be rate limiting for glycolysis, ie. -
phosphorylase (Piehl and Karlsson, 1977), phosphofruc%bkinase
(Essen et al.;, 1975) and lactate dehydrogenase (Sjodin, 1976;
Thorstenssen et al., 1977).rBetween these extremes of the |
spectrum of motor units are the so called FOG units (fast
~oxidative glycolytic). Fibres comprising thesé motor units have
the'chéracteristic contraction properties of FG fibres with the
fatigue resistant properties of SO fibres (Burke and Edgeton,
1975; Burke et al., 1971).

An analysis of the motor unit pools of skeletal muscle
demonstratesrconsistently higher rates of lactate production in
FG fibres compared with SO and FOG fibres in human su:}ébtéf\\
(Teséh, 1980). Thus, a relationship is implied between physical
performance and lactic acid production, dependent;on the motor
;unit distribution pattern within the muscle and the integsity
and duration of the pefformance.

The production of lactate during high intensity work may be

considerable. Hermansen and Stensvold (1972) estimated that a



typical post exhaustion blood lactate concentration of 150-200
mg% would represent approximately 70-100 grams of this
metabolite in a human subject. The site or sites for removal of
such large quantities of lactate has been thépgEﬁ?éeﬁin%Eigiilzjggmg;‘
for several decades. Since lactaté is essentially a metabblic -
dead end, the primary step in its metabolism should be a
re-oxidation to pyruvate.

Two schools of thought have produced conflicting evide;ce
regarding the mdjor metabolic fate of lactate during recovery
from high intensity exercise {(Meyerhof, 1924; B;ooks et al.,
1973). The traditional view of lactate removal, of Hill and his
associates (1924) proposes that oxygen is consumed duriﬁg
recovery from exercise in excess of that during rest ('excess
postexercise O; consumptinn' or EPOC) (Brooks et al., 1973;

Margaria, et al., 1933). This O; debt theory was modified to
assign a portion of the EPOC to the rephosphorylation of ADP and
creatine, the so called "alactic debt" (Margaria et al, 1933).
The{Qz'debt theory maintains that the major fraction (80%) of
La&taté formed during exercise is converted to glycogen in the-
immediate post exercise period, while the remainder is oxidized
£o CO;, and water. The ATP generated by oxidation thus supplies
the energy necessary for glycogen repletion.

Much of the recent literature‘indicates that an
insignificant amount of glycogen is resynthesized in the
i;mediate post exercise recovery period (Hultman aquhergstrom,
1967, Piehl, . 1974a.). Also, complete restoration of muscle

glycogen appears to be dependent on a high dietary intake of

carbohydrate. Brooks and Gaesser (1980) were able to demonstrate



skeletal muscle glycecgen repletién follo@ing pulse injectioné of
lactate but this was not significant nor was it in pha;e with
the time of\ﬁoz decline thought to represent EPOC. Radioactive
tracer studies using l14c lactate also suggest that the primary
fate of lactate at rest, during exercise amd recovery is by~
nxidation (Brooks and'Gaeéser, 1980; Searle and Calavari, 1972;
Depocas et al., 1969).

There are several notable exceptions to these findings, one.__
of which 1s contained in a report by Hermansen and Vaage (1977).
These authors concluded that during recovery fromrheavy
intermittent exercise, 75% of the lactate present in hgman
skeletal muscle was converted to glycogen within the muscle
itself, and a.much smaller fraction (less than 15%) was
oxidized. These findings vindicate a series of much older and
often overlooked publications by Meyerhof (1925, 1920)
demonstrating in isolated frog skeletal muscle that removal of
lactate during aerobic recovery from exhaustion is associated
with glyéogen resynthesis. His observations also indicated that
up to 75% of the removed lactate wasdzonverted to glycogen
directly within the muscle, while approximately 20% was oxidizéd
to CO, and H30. This concept was advanced by Hill (1955) who
examined the rate of lactate removal in terms of its heat of
combustion. Therconclusion was that only 20% of the-lactate
removed during recovery could be accounted for by oxidation, Eher
réﬁaining 80% being resynthesized to glycogen. Meyérhof‘s
original thesis has received _recent support from work on
isolated skeletal muscle pfzgg;gkfens and radioactive tracers

P 0N

{Connett, 1979; Berdall and Taylor, 1970; McLean and Holloszy,
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1979). These studies all i dicated that under certain
t /. ' '
§ a significant glycogenic precursor in

circumstances lactate
skeletal muscle, ‘ )
The actual site or sites of t%f”glycogenlc process 1S |
controversial. Meyerhof's provocative hypothesis of glycogenesis
within the muscle itself, as opposed to a hepatic process, has
been severely criticised (Krebs and Woodfora, 1965; Krebs,
1965). The unfavorable energetics of a reversal of glycolysis
implies the necessity of some additional reactions which
overcome several thermodynamic barriers. These reactions are
catalysed by the enzymes phospho({enol)pyruvate carboxykinage (EC
4,1,1.32), pyruvate carboxylase (EC 6.4.1.1), and
fructose-1,6-diphosphatase (EC 3.3.3.11). Because there is good

agreement in the literature that pyruvate carboxylase does not

<

exist in mammalian skeletal muscle (Crabtree, Higgins and
Newsholm, 1972), Bendall aﬁd Taylor (1970) proposed an ~
extramitochondrial system operating through the so called "malic
enzyme" (malate dehydrogenase, NADP', decafboxylating; EC
1.1.1.40). Recent evidence indicates that mammalian skeletal
muscle does possess these proteins, vindicating the biochemical
basis of muscle glycogenesis (Mclean and Hollozy, 1979; Pearce
and Connett, 1980; Searle and Cavalie%i, 1972; Opie and
Newsholm, 1967; Krebs and Woodford, 1965).

The fate of lactate in terms of skeletal muscle glycogen
formation has great theoretical implications for exercise
science, 'In view ofitﬁe importance of lactate as a metabolic

byproduct of high intensity muscular work and its suggested role

in limiting muscular performance, it was necessary to undertake

—
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further experiments to investigate its fate during recovery, The

p;imary purposé of this study was, therefore to determine if
mammalian skeletal muscle can directly synthesize glycogen'from
l-lactate. A
" .To solve this problem it was necessary to determine:
1. if\different mammalian skeletal muscle types possess the
enzymes necessary for the conversion of lactate to glycogeh.
2. what the effects of training were on these enzymes.
3. what the effects of training, acute exhaustive<exercise, and
nutrient supply during recovefy from acute exhaustive

exercise were on the potential of mammalian skeletal muscle

to syntesize glycogen from lactate.

SCOPE AND LIMITATIONS

The experimental methods used in this thesis represents a
unigue approach in that an in vitro isolated rat skeletal muscle
preparation was used. One must use caution in Fttempting to
extrapolate the in vitro metabolic potential of muscle to the
complex metabolic condition found in“vivo. The validify of
conclusions about the metabolic processes in human tissue drawn

from animal experiments are also caut.ioned.

DEFINITION OF TERMINOLOGY

Definitions and abbreviations used in this thesis include:

1., ©Short term high intensity work. Interval work invoi;i?g
repeated high intensity work cutput over a short period of -

time, followed by a similar period of rest. In this case

repeated bouts of one minute of running at 1 meter per

~
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second up an 8% grade, followeddBy'one minute oﬁﬁrest.

y

2. l-lactate (lflaétic acid). Lactic acid is often referred to

" as lactate since it is largely dissociated at physiological

pH. Both terms will be used interchangeably in this thesis.

3. lﬁg'laétaté. Commercially prepared sodium iﬁlactaie in which

all three carbons labelled as carbon 1l4.

4. ‘CEm or counts per minute. The number of disintigrations per

minute of a radioactively decaying element registéred in a

counting system.

5. Dpm or disintigrations per minute. The absolute number of

disintigrations per minute of a radioactive element in a
compound sample: equivalent to the cpm corrected for sample

preparatibn and recovery, background and the efficiency of

__.the counting system. .

6. .Specific activity.The total.radioactivity of a given isotope

(in this case l4c), per unit weight of the compound or

tissue e.g. meﬁmg'l,Aor me'mM'l.



II. METHODOLOGY

2.1 ANIMAL CARE AND SELECTION

Forty male rats of the Wistar strain (specific pathogen
frée) were obtainea at approximateiy 12-15 weeks of age (300-350
grams) through-the director of animal care at Simon Fraser
University, Burhaby, British Columbia. Upon arrival the animals
were weigheq, housed individually. in si&;;cleaning cages kept on
racks in an%gir conditioned room (22°C) and provided with
commercia1 rat feed (Purina Lab Chow) and water ad libitum.
Immediately, the animals were squected to a reversed light/dark
cycle (light from 1600 h to 0800 h) to allow training sessions:®
to be performed during the animals' normal peék activity period.

Each morning all animals were handledi the cages were
rotated on the cage rack, soiled papers were changed, and food
an@ water were replenished. The cages were washed and sterilized
every two weeks and the rats were weighed weekly. After one week ~
of orientation to the laboratory the animals were randomly
assigned to one of four grdups, one sedentary (N=lﬁ) and three
exercise training groups (N=3°10). Due to injury and poor
running ability five animals were eliminated from the trained
groups. Thus, the  final number of experimental animals used in

the study was 35.



2.2 INTERVAL TRAINING {

Training for short term, high intensity work was performed

four dafs per week (e.g. Mon., Tues., Fri.,.Sét.) at
approximately 1200 hours. Prior to each running session the
animals hind quarters were soaked with water and after each
session the animals were thoroughly dried<and inspected before.
being returned to their cages;’ J
The first week of traininq was essentially a treadmill
orientation progr amme cdnsisting oﬁ one- 10 minute running C79

session each day at .33 m_'sec"l up an 8% grade. Following this

preliminary exposure the training programme was initiated,

consisting of 5 intervals of one minute running at .33 m'sec_l,

up an 8% grade followed by one minute ‘rest.

The treadmill speed was progressively increased by .083 m*
sec”™l each week until all animals were running 5 intervals at 1
m'secfl, up an 8% grade. Tpe number of intervals performed each
training session was increaseé'by one each day until all animals
were fﬂng}gg a total of:lo boutg at 1 m'sec_l, 8% grade, four
times per week.

The running speed, % grade, and interval protocbl was

maintained until time of sacrifice. This work intensity

initially xepresented apprdximately 120% of the maximum oxygen

L -
Furthermore previous investigators have shown that this running.o

’uptake of the rat (Bedford, 1980; Gollnick et al., 1974).

programme resulted in significant aerobic a anderobic training
effects, and when carried to exhaustion caused significant,
immediate post-exercise skeletal muscle glycogen depletion

(Gaboriault, 1977). N
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2.3 EXPERIMENTAL DESIGN

After a 12 week period the three traid}ng groups were
paired with the age matched sedenﬁary controls. Thé sedentary
control gréup (sC) provided data on hormal rat skeletal muscle
’biochemical,parametefs. The trained éontrol (TC) group providéd
data on the effect of chronic ‘interval training on skeletal
muscle.,The'trained exhausted group (TE) provided data on the
efféqts ofi acute exhalstive work on skeletal muscle, and the
trained fasted gréup (TF) allowed collection of data on ﬁhe
effects on skeletal muscle of an acute éxhaustive run followed
by a 12 hour fast. | |

To examine the previously stated problems several aspects
of lactic acid metabolism were investigated. This study invol&ed
the evaluation of the following dependent variables at various
points in the experimental protocol,

1. Body Weight (grams)

2. Muscle Weight (grams, wet weight)

3. Acute exercise performance (total distanqe1 me ters)
4. Fructése—i,6—diphosphatase activity (umole'g'l'min'l)

5. Phospho(enol)pyruvate carboxykinase activity (umole+g~l-min~1)

6. Malic enzyme activity (umole°g71'min‘l)

7. Muscle glycogen content, pre a post-incubation (umol-gram
_1)
8. Muscle lactate content, pre and post-incubation (Umcl'gram'l)

9. Rate of 14c uptake into muscle glycogen (me'g‘l'hour‘l)

11
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10. Rate of lactate uptake (umol'gram'l'hour'}) o
11. Rate of lactate gxid;IEBﬂJto 14C62 (Dpﬁ'g’l'hodfgr):;
1

12. Rate of lactate conversion’ to glycogen (umol'g“ljhour' .

13.. Rate of lactate oxidation to carbon dioxide (umol'g“l'quf'¥

)

2l

14. Rate of lacate metabolism (umol-gram'l'hour'l)
15. Percentage of total me tabolized lactat?ﬁponverted'to_

glycogen (%)

* - .
16. percentage of total mgtabolized lactate oxidized to carbon

~

. . . ] .
> - N ’ -l —_— - \S'
. . A

dioxide (%) ' : » > L-'ﬁ

2.4 STAEISTICAL CONSIDERATIONS

Group means +/- the standard error of” the mean (SEM) were

i

calculated for all the dependént‘variabieé lisEedi_One way
analyses of :gEiAnée (§.P.S,5.7 ANOVA Progfﬁmme) were performed’
betWeen‘tréatment COnditiqn ’Qith reépecf.po‘muscle‘metabolit;
‘contents, incorporation-of '4C'lac£ate into ti;sué\géicogenAof"
COQ;'and with respect to m&sFle Qlycggenic enz yme ?ct1§ity;lwhen
the F ratio indicated significance (P§0.05), 29§E4§é;
Neuman-Keuls anafyses were used to locate significant (P<0.05)
‘group differences. Varying N's for the dependent var;?bles in

various treatment groups arise out of methodological error in

laboratory preparation of experimental samples.
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2.5 PRE SNCRIFICE PROTOCOL .

Seventy two hours‘prior to the acute run or sacrifice all
éraining‘was terminated to reduce the chances of carry over 7 -
effects confounding the experimental-results. Five hours prior
to the acute run or sacrifice all animals were placed 'on a fast
to control for potential‘dietary effects by diminishing the .
output of exogenqus fuels from the gut. The fast also served to
diminish liver glycogen in an effort to reduce the time
necessary for the acutely exercised animals to reach exhaustion
(Clarke and Conlee, 1979).

The acute exercise test was administered to individual
runners from TE and TF groups on designated treatment days and
consisted of the animals running one minute work/rest intervals
at 1 m*sec’l, up an 8% grade, to exhaustion. Exhaustion was
defined as the point at which the animal could not keep pace
with the treadmill speed, repeatedly fell back on the shock

grid, and could not right himself when placed on his back.

2.6 TISSUE PREPARATION

The general experimental procedure is outlined in the flow
chart on the followiné page. All animals were killed by a blow
to the head foliowedwby cervical dislocation. The left and right
lower limbs were skinned and the achilles tendon severed at thg
musculotendon junction. The soleus and gastrocnemius muscles
were excised, trimmed of connective tissue, blotted, and weighed S
on a Mettler balance. A 50 mg tissue sample was taken from the

soleus muscle and from a full cross section of the medial

gastrocnemius muscle and placed in hot KOH in preparation for

13-



Fig. 1. Experimentd Procedure
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initial glycoge andilactate determinations. An additional 150
mg tissue sample was taken from the soleus and cross séctibﬁ of
the head of the medial gastrocnemius muscle of the two control
groups (SC and TC), gquick frozen in liquid nitrogen and stored
at -80°C for subsequent assay of glycogenic enzyme activity. Two
hundred mg of soleus and medial gastrocnemius muscle tissue wés

excised from each animal for incubation studies.

2.7 TISSUE INCUBATION

The 200 mg muscle tissue samples from soleus and
géstrocnemius muscles were cut into 1 mm slices and suspended in
2 ml of a 37°C buffered Ringers medium (pH 7.3). The 2 ml of
incubation buffer (Appendix 1) contained 8 mM l-lactate and 1
uCi uniformly labelled lactic acid (Na salt: (U-l4c)L(+), 138.6
mCi*mmole-1, New Englané Nuclear, Boston, MA). Radiochemical
purity of the tracer was certified by the vendor to exceed 98%.
The buffered incubation medium was freshly bubbled with a
standaré gas mixture of known composition (20% 0,, 5% CO,,
balance nitrogeh).

The incubations were carried out for 60 minutes in sealed
15 ml Vacutainer tubes. The space above the incubation medium
was well gassed with the mixture described previously. The
temperature ofnthe incubations was maintained at 37°C by a
:ircﬁlating water bath. The time from sacrifice to onset of the
incubation period awveraged 10 minutes.

Immediately prior to commencement of the incuba;iéns an
aliquot of the medium was drawn of f for initial determination of
the lic specific aCtiVi§§}Of the medium., Following incubation a-

15



5 ml sample of gas was drawn off in a sealed hydrated syringe
from above the incubation medium for determination of
radiolabelled 14C02 which may have escaped to the gas phase
above the incubation medium. One 500 ul aliguot of the
incubation medium was ana;robically withdrawn in a tuberculin
syringe for determination of dissolved 14C02 specific activity
and residual 14c jlactate in the médium.

Following incubation the muscle samples were removed,
washed in cold (4°C) non radiolabelled buffer, blotted and
immediately emmersed in hot KOH for determination of glycogen
and lactate content and for glycogen and lactate l4c specific

activity.

2.8 TISSUE METABOLITE DETERMINATIONS
' e

Eate

2.8.1 MUSCLE GLYCOGEN

all biochemical determinations were performed in duplicate
unless otherwise sta;ed. The non incubated tissue samples for
glycogen and lactate aﬁalysis were placed in screw éapped
chture tubes and digestéd in 30% KOH at 100°C for 30 minutes.
Cold 95% ethanol was added to the cooled samples which wére then
placed on ice for 20 minutes in order to precipitate glycogen.
Following centrifigation of the ;ample at 2000°*g for 10 minutes,
the supernatant was decanted and retained frozen at -80°C for
subsequent lactate determination. After the supernatant was
decanted the glycogen pellet was dissolvded in 1 ml of distilled

water for assay. Muscle glycogen content was analyzed

colorimetrically according to Lo et al., (1970) (Appendix 2).

16
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All muscle samples incubated in radiolabelled lactate were
tfeated similarly. However, the glycogen precipitate'was washed
with cold 66% ethanol and centrifuged at 2000°g for 10 min, a
procedure which was fepeated 3 times to ensure constant ébecific
activity ofvthe radioisotope incorporated into glycogen
(Gaboriault, 1977). All supernatants from each centrifugation
were decanted, added together and ffozen for éubsequent lactate
de termination. S
The: radiolabelled glycogen pellets were simiiarly dissolved

in 1 ml of distilled water; 500 ul of this suspension was used

for glycogen determination (Lo et al., Appendix 2), while the

remaining 500 pl was used for determination of the 1l4cC specific

activity of glycogen.

2.8.2 MUSCLE LACTATE )

The thawed KOH/ethanol supernatants énd washings from the
radiolabelled glycogen eXtraction procedure were neutralized
with 60% HC1lO4 (Bendall and Taylor, 1970). The supernatant was
decanted from the KClO4 precipitate, and following appropriate
dilution was assayed spectrophotometrically for lactate
concentration according to Lowry and Passaneau (1973) (Appendix
3). A 250 pl aliquot of the KOH extract from incubated muscle

samples was assayed for intramuscular 14C lactate specific

activity.

17



2.9 PREPARATION FOR 14C CHUNTING : )
R =2C QBUNTING

Carbon 14 beta emission was qugntified in a Beckman LS 8000

liquid scintillation counter using 15 ml of Aquasol 1liquid
scintillation cocktail (New England Nuclear, Boston, MA) as the
fluor. Counting efficiency was assessed using an external
standard, and corrected for dpm using the APL computer progr amme
NUBEC. | T

Radiolabelled carbon dioxide (l4coz) dissolved in the
incubation medium was prepared for liquid scintillation counﬁing
by injecting a 500 pl aliquot of the medium into a center well
created in a stoppe}ed liquid scintillation vial. The center
well contained Qerchloric acid, whiie the scintillation vial .
contained 2 mlg of ethanolamine methylcellusolve (EMC),
saturating a strip of Whatman %1 filter paper. The }4C02
liberated by the acid treatment of the incubation medium was
fiapped in EMC. Following an overnight equilibration period the
center well was regzved and 15 ml of Aquasol was added to the
scintillation vial containing the trapped 14C02 and EMC-filter
paper andIGLemission was quantified. '

Five hundred npl of the sﬁlution from the center well of the
COp trap was added to 15 ml of Aquasol in a scintillation vial
for determination of residual radiolébelled lactate within the
incubation” medium. |

Radiolabelled CO; which may have escaped into the gas phase
above the incubation ;edium was recovered by flushing the gas
sample through a blood/gas analyser, trapping the exhaust in a

scintillation vial containing EMC and quantifying the beta

emission. Specific activity of the evolved CO, was determined

18



from trap activity
_ Two hundred aSB fifty nl of the,glyéogen‘egiract solution '
was added to 15 ml of Agquasol in scintillation vials and the-
specific activity of the radiolabelled glycoéen (dpmfgram’l) wasv
de termined. | | -
T;Q hundred and fifty ul of the supernatant collected from
the wasHing of the radiolabelled glycogeh pellet was added to 15

ml of Aguasol for determination of the uptake of the radiolabel -

into6 the tissue metabolite pool.

2.10 MUSCLE LACTATE UPTAKE AND METABOLISM »

The rate at which the incubated muscle tissue took up
exogenous lactate from the medium during one hour of incubation

was determined from the following-éQuation:

LACTATE UPTAKE = tracer S.A.xXx(Medium activity-medium activity)

. initial final
(umol/gram/hour) (umol/dpm) (dpm) (dpm)-
705.201

L
~
-

The amount of lactate transported into the muscle per gram of
tissue per hour when added to the initial pre incubation léctate
content of the muscle gave the total lactate pool available to
the various metabolic pathways during the one hour incubation.
Thus by subtracting the post incubation lactate content of the

muscle from this value the total amount of in vitro lactate

19



metabolism was determined.

- ) - ~ N 7 } . h.
2.11 UPTAKE OF 1%C LACTATE INTG GLYCOGEN AND OXIDATION TO: CARBON

DIOXIDE

-

The rate of uptake of the radiolabelled carbon atoms into
glycogen, expressed as (clpm_'lO'3'gram“l wet weight of tissue-

hour~l) was calculated from the following formula:

INCORPORATION OF TRACER - .l

INTO TISSUE GLYCOGEN POOL = concentration x S.A, X time™
~ (dpm/gram/hour) (pmol/gram) (dpm/umol) (hours)
’ 0052-2-{

The rate of lactate converted to glycogen expressed as umol

lactate*gram—l'hour_L was calculated according to the following

equation:
incorporation of
- tracer into tissue -
glycogen pool
LACTATE (dpm/gram/hour) total lactate
CONVERTED TO = X me tabolized
GL YCOGEN ) total incorporation —= (pmol/gram/hour)
{pmol /gram/hour) of tracer into tissue -
(dpm/gram/hour)
ced2.3
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2.12 ENZYME ASSAYS

»

. One hundred ahd;fifty milligram'mQSQle samples pbtaineé‘
from the soleﬁé and cross section of the medial gastrocnemius
muscle of TC and SC animals were separated into three fractions
and assayed for glycogenic enzyﬁe acti&ity. The tissue sampleék
were then hémogénized in the apprqpfiagé mediumlyécording'to
McLane and Holloszy (1979) (Appénd&ces 4, 5, 6). Aftef '
hOmogeni;atién qndrce;trifugation‘thg muscle fractions were

assayed for fructose-l,6-diphosphatase _activity (Opie-gnd

-Newsholm, 1967) phosphb(enol)pyruvate carboxykinase activity

-

(Opie and Newsholm, 19675, and for malate dehydrogenase (NADP4,
decarboxylaﬁ&ngs enzyme éctivify (Stickland, 1959) (Appendices
5, 6, 7). All enzyme activities are reported as fate exbressed
in ymoles of product formed per hour per gram wet weight of
muscle ﬁissue according to the following’formula: h

»

ENZYME ~ AO0.D. x V x 103
ACTIVITY =
(umol/hour/g) E.coeff. x (W x V2/Vl)

where:
Delta 0.D. is the change in optical density of the
appropriate pyridine nucleotide at 340 nm.

V is the total volume in the reaction cuvette.

103 is a transformation factor.

21



E. coeff. is the ext inction coefficent of NADH or NADPH at

1

340 nm.

W is the wet weight of the muscle tissue sample.
Vy is the volume of the buffered homogeniz ing me dium.

Vo 1s the volume of the tissue homogenate used in the enzyme

reaction.

/
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III. RESULTS

3.1 BODY WEiGHTS, MUSCLE- WEIGHTS AND PERFORMANCE TIMES

-

Groub means for body weights;_muscle weights, and running
performance are shown in Table 1. In all groups there was a
significant (P<0.05) growth over'time. Interval training induced
a significant suppression in weight gain (mean difference, 88
grams). This type of training howeQer, did not result in muscle
hypeftrophy as no significant differences were demonstrated in
whole gastrocnemius or soleus weights, and there were no
differences when these values were expressed as a percentage of
total body weight.

The average number of one minute running bouts performed
duriné the acute performance_test for TE and TF groups was 29.5,

corresponding to a mean running distance of 1768 meters.

3.2 PRE-INCUBATION MUSCLE GLYCOGEN

The initial muscle glycogen values prior to in vitro
incubation treatment are presented in Figure 2. There was a J
significant increase in resting glycogen in both muscles
following twelve weeks of interval training (trained control

animals). Soleus muscle glycogen content was increased 25% above

1

sedentary controls (24.8 compared to 18.4 umol°*gram - wet

welght). Resting glycogen content in the gastrocnemius muscle of

trained animals was 16% greater than in non-trained (31.7

1

compared t&™~26.4 umol'gram - wet weight). For both these control

i/
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GLYCOGEN CONTENT  (mol x gram™ wet welght) -

NITIAL MUSCLE GLYCOGEN

© i?lgnlﬂcanﬂy different from

® 49

other groups

v ficantly different from
muscie of the same
group ‘

®

o7, R R A 8\

| LEUS GAST;}OCNE;{IUS
FIG. 2. Muscle glycogen content of rat soleus and gostrocneml:us
muscle following training, exhaustive exercise, and post exercise

fosfing. Values are means +/ - SEM. Values in the bars are the

-~ number of dupficate determinations.
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groups (SC aqd'TC)-resting lecogeﬁ,va;ues were significantly

higher in gastrocnemius compared to soleus. -

The acute run to exhaustion produced decreases (P<0.05) in

muscle glycogen of 75% in soleus (from 24.9 to 6.0 }Jmol_'gram"1

wet weight) and 84% in gast¥Yocnemius muscle (from 31.7 to 5.3

1 yet weight). At the point of fatigue glycogen

umol*gram
content was not significantly different in the two muscle types.
Ih order to’obtain glycogen'depléted muscle in a S

metabolicaily rested state, the exhaustive run was superceeded -
by a 12 hour fast., It may.be seen in Figure 2 that thi;ﬁ
procedure was not successful in that a substantial restoration
of glycogen occurred in both sbleus\and gastrocnemius muscles
(p<0.05). The‘largest percentége and absolute increase in musc;e

[

glycogen under fasting conditions‘occured in gastrocnemius
muscle with an increase of 15.7 ‘pmol'gram"l wet weigﬁt. This
value was significantly less than trained control values but
nevertheiegs represented repletion to 66%~of the pre exercise
valuef Soleus musclé\}ncreased‘its glycogen Eontent by 13.5 umol

"c_:;ram"l

wet weight during fasting recovery from exhaustive
exercise. This represented an equi?élgnt restoration of muscle
glycogen to 78% of trained control va}ues. Following 12 hours of
fasting recovéry from exhaustive exercise there was é slightly

higher, though non significant (n.s.), glycogen content in the

gastrocnemius muscle when compared to soleus.

—
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3.3 POST-INCUBATION MUSCLE GLYCOGEN

Muscle glycoyen content measured before and after
incubation of soleus and gastrocnemius tissue slices in a medium
containing 8 mM l-lactate is shown in Figures 3 and 4.
Significant glycogen depletion (P<0.05) of the order of
magn itude seen 1in acute exhaustive exercise occured in both
muscles from trained control anima}s'during one~-hour of
incubation. The mean decrease in soleus glycogen content was
1.8 pmol‘géaﬁ'l wet weight, (Fig 2) and 18.1 pmol'g;gm:ivﬁét
weigﬁt, in gastrocnemius (Fig 3). The degree of depletion in
absolute  terms was not significantly different in the two
muscles. Soleus and‘gaétrocnemius muscle from sedentary animals
also depleted glycogen (P<0;05) but to a lesser'extent;

In contrast to these data, incubated tissue from exhausted
animals repleted glycogen. The glycogen content in soleus muscle
~and gastrocnemius ﬁﬁ%cle during the one hour incubation, ~
increased 10.5 ).uuol'gram'l wet weight (P<0.5) and 12.3 umol-gram
'lrwet weight (P<O.QS) reépectively. Glycogen contént of the
soleus mus;le from trained fasted animals remained remarkably
Stable wit '6 significant différence in pre and -post incubation
glycogen content. This was not the case in the gastrocnemius
muscle which showed a slight drop (P<0.05) in glycogen content

over the course of the incubation.
2.



GLYCOGEN CONTENT (umol x gram™ wet weight)

GLYCOGEN CONTENT OF
SOLEUS MUSCLE
PRE AND POST-INCUBATION

Legend
[ PREINCUBATION
BB POST INCUBATION
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o Significantly different fram
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SC - TC TE TF
SOLEUS MUSCLE
FIG. 3. Glycogen content of soleus muscle from control, exhous’rad
and post exercise fasted rats following a one hour incubation
in an oxygenated bicarbonate buffer containing 8 mM [actate.
Values are means +/ - SEM. The number of duplicate deferm?nahons
is given In the bars.



GLYCOGEN CONTENT (szmol x gram™ wet weigh)
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 GLYCOGEN CONTENT OF
GASTROCNEMIUS MUSCLE
PRE AND POST-INCUBATION

' Legend
! [ PRE INCUBATION
MR POST INCUBATION

° Significantly different from
pre incubation vaiues

10

SC TC TE TF
GASTROCNEMIUS MUSCLE

FIG. 4. Glycogen content of gastrocnemius muscle from control,

exhausted and post exercise fasted rats following a one hour
incubation in an oxygenated bicarbonate butffer containing

8 mM I-lactate. Values are means +/ - SEM. The number of
duplicate determinations is glven in the bars.



3.4 INITIAL MUSCLE -LACTATE . .

The initial pre-incubation muscle lactate content was
determined in the neutralized KOH muscle extracts and expressed .
~as ‘umol°grém"1 wet weight. As shown in Table 2, the lactate
content of gastrocnemius muscle was considerably greater igrall

treatment groups when compared to soleus muscle (P<0.05).

No significant differences were observed in trained control
"soleus, or gastrocnemius muscle lactate lev;ls when compared fo
corresponding sedentary contrel muscles. While lactate content
of soieué mﬁscle dia not change following acute exhaustive
exercise, a decrease (P<0.05) was—observed in -gastrocnemius
muscle when ¢ompared to the respective control values; with

1

lactate content decreasing from 8.5%0.8 to 5.0%0.7 pmol *gram” -.

Followiag the exhaustive run, fasting induced a further increase
(n.s) in laZtate content in the soleus muscle to 3.1%0.7 pmol -

:gram—l. The increase was more dramatic in the lactate content of
gastrdcnemius muscle with mean values reaching 7.6%0.9 Mmol*gram

-1 (p<0.05).

3.5 MUSCLE LACTATE UPTAKE and METABOLISM

It may be seen in Table 2 that the rate of lactate
transport into the muscle remained relatively constant at

-1. 1 regardless of experimental

aproximately 19 pmol}gram hour™
treatment or muscle type. Thus, no significant difference was
observed between treatment groups or between muscle types.

The total lactate metabolized (pmol'gram;l'hour-l) by
incubated muscle tissue is shown in Table 2. While gastrocnemius

muscle seemed to metabolize more lactate in all treatment groups

30



TABLE 2. Initial muscle lactate content, and
rate of lactate transport and removal

GROUP . sC TC TE TF
Soleus _ 2.6%0.4  1.9%0.2 2.5%0.7 3.1%0.7

INITIAL (10) (8) “(10) (7)

INTRAMUSCULAR

LACTATE

(pmol’gram_l)

Gastroc. ¥7.8%0.8 §8.5%0.8 *
(10) - (8) (10)

Soleus  20.8%1.7 17.6%3.0 21.1%1.1 18.8%2.0
LACTATE : )
UPTAKE BY MUSCLE

(pmol'gram“l'hour'l)

Gastroc. 19.8%1.1  18.2%1.7 19.s5%
, (1

Soleus 18.7%¥1.0 - 19.7%4.0 17.5%
.LACTATE . (1 (1
METABOLIZED B
(pmo{'gram_l'hour—l)

Gastroc. 21.9%0.8 22.7
' (1 -

o |+

1.8 18.6%0.8 5.0%1.7
) (10) jﬂ

Vdlues are means +/—- SEM. The number of duplicate -
determinations is given in parenthesis. '

Osignificantly different from control (P<0.05)
#*Significantly different from soleus (P<0.05)
®Significantly different from TE wvalues (P<0.05)

compared with soleus muscle, this was only significant between
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trained fasted groups (18.4%X2.0 pmol'gram'l'ﬁoug‘l in soleus,
compared with 25;0il.7 for gastrocnemius) . The interval A
train{ng progréﬁme did not significantly influence the ability
of soleus or gastroCnemihs muscle to qulize lactate as a
substrate under incubation conditions.

In gastroénehius muscle, exhaustive exercise decfeased'the
total metabolism of lactaﬁe (P<0.05) from 22.7¥1.8 to 18.6%0.8
pmql°gram’l°hour“l. The same general effect was observed in
exhausted soleus muscle, however this did not reach sﬁatisticai
significance. After/post—exercise fastihg,Athe ragg of lactate’
me tabolism showed a 30% (P<0.05) increase in gastrocnemius

muscle, but not in soleus muscle.

3.6 UPTAKE OF 1%C LACTATE INTO.GLYCOGEN

"Exhaustive exercise increaseq the uptake rate of l4c into
giyco@en four fold in soleus muscle (from 10.2%1.8 to 41.3%10.5)
and two fold in gastrocnemius muscle (from 15.9%4.0 to 31.4%8.0)
when compared to trained control values (Figuré 5). The rate of
incorporation of tracer lactate carbons was greater in soleus
muscle compared to gastrocnemius although this did not reach
statistical significance. -

The rate of incorporation of 14¢ carbons into glycogen in
the other traiﬁed groups (TC and TF) was greater in |
gastrocnemius muscle (P<0.05). It was Also noted that soleus
muscle léc incorporation into glycogen exceeded that of
gastrocnemius (P<0.05) in sedentary controls.

The rate of lactate conversion to glycogen expressed as

o

pmol'gram_l'hour;l was much higher (P<0.05) in gastrocnemius
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(dpm x 107 x gram™ x hour™")

GLYCOGEN S.A.

| RATEOF
RADIONUCLIDE INCORPORATION
~ INTO GLYCOGEN

60 )
Legend
[ SEDENTARY CONTROL
50+ TRAINED CONTROL
-| I8 TRAINED EXHAUSTED
TRAINED FASTED
c] .
404 BB : . . .
, ® Significantly fifferent from TC
V Significantly fifferent from soleus
30
20- | v
104
6 97 g 5 s /8 [} 53
| SOLEUS GASTROCNEMIUS

FIG. 5. Incorporation rate of “C carbons info

the glycogen stores of soleus and gastrocnemius muscles of rats.
Tissue was incubated for one hour in @ medium containing 1 uCi
lactate in 8 mM lactate. Groups are as described previously.
Values are means +/~SEM. N's are given in the bars.
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than in soleus muscle in all treatment groups except TE (Figure
6). Acute exhaustive exercise induced a large significant o
(P<0.05) increase in thexraxe of lactate conversion to glycogenl
in soleus muscle ahdrOﬁiy a slight (n.s.) increése in
gastrécnemius muscle when compared to trained control muscle.,

In Figure 6 it may be observed tha£ the measured rate th
lactate to glycogen conversién accounted for ‘40% of the actual
measured glycogen resynthesis rates in bdth soleusxg;d

gastrocnemius muscle (see Figures 3 and 4).

3.7 OXIDATION OF 14C LACTATE TO CARBON DIOXIDE-

o a

The rate of labelled substrate oxidation was determined
1

from 14C02 production and expressed as dpm'1073°gram- wet

1

weight*hour™*. As seen in Figure 7, the ability of gastrocnemiué
muscle in all groups to oxidize the radiolabelled tracer carbons
under 4incubation conditions was less than soleus. These
aifferences were‘significant in all trained gr&%ps (P<0.05) bué
not in the muscle from sedentary animals. |

Training increased the ability of resting soleus mgscle to .,
oxidize radiolabelled lactate carbons, with oxidation rate
increasing from 29:@14.4 in SC to 44.7#9.5 in TC (P<0.05).
However, exhaustive exercise had no effect on increasing the
rate of lactate oxidation in either muscle when compared to
trained controls. | )

The rate of lactate oxidation was calculated using an .
equation similar to 2.3, by substituting for the specific

activity of carbon dioxide (Figure 8). In both resting sedentary

control muscles there was no significant difference in the rate

)
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(#mol x:gram™ x hour™)

LACTATE CONVERTED TO GLYCOGEN |

X]
]

S
1

 RATEOF

- LACTATE CONVERSION
.10 GQCOGEN o

Legend |

[J SEDENTARY CONTROL

TRAINED CONTROL

BN TRAINED EXHAUSTED -
TRAINED FASTED

®
8- v
6‘—.
o Significantly different from all other
. soleus groups ,
Signjficantly different from soleus
muscle in each group
L A\
2
0 g e
SOLEUS - GASTROCNEMIUS

FIG. 6. Rate of lactate conversion to glycogen in the soleus and
gastrocnemius muscles of rats during a one hour incubation in a
a medium containing 1 uCi lactate in 8 mM lactate.

Groups are as described previously. Values are means +/- SEM.
N's are given in Fig. 8.
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(dpm x 10™* x gram™ x hour ™)

CO, S.A.

RATE OF
* RADIONUCLIDE OXIDATION
TO CARBON DIOXIDE

- Legend
- [ SEDENTARY CONTROL
TRAINED CONTROL
Bl TRAINED EXHAUSTED
TRAINED FASTED
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1

v Significantly different from soleus
© Slgnfﬂcani'ly different from SC
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L.

SOLEUS GASTROCNEMIUS

FIG. 7. Oxidation rafe of “C tracer carbons o
carbon dioxide in the soleus and gastrocnemius muscles of rats.
Tissue was incubated for one hour in a medium containing 1 4Ci
lactate in 8 mM lactate. Groups are as described previously.

" Values are means +/- SEM. N's are given in the bars.
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LACTATE OXIDIZED ~ (pmol-x gra

RATE OF

- LACTATE OXIDATION

TO CARBON DIOXIDE
25+ ‘
Legend
o~ ] SEDENTARY CONTROL
N M PZ) TRAINED CONTROL ~ |
3 . 20 " | S TRAINED EXHAUSTED
-g TRAINED FASTED
TE%Q_%
5 1
e
10
5- © Significantly different from other groups
v Significantly different from SC
$ Significantly different from soleus
.. | | N
SOLEUS GASTROCNEMIUS

FIG. 8. Rate of lactate oxidation to carbon dioxide in the
soleus and and gastrocnemius muscles of rats during a
one hour incubation in @ medium containing 1 uCi

lactate in 8 mM lactate. Groups are as described previously.
Values are means +/- SEM. N's are as in Fig. 7.
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of lactate oxidation. With interval t;aining a. significant
(P<0.05) inhaﬁcement of in vitro lactate oxidative capacity was
seen in soleus muscle only. It was interesting to~note that in
both muscles from trained exhausted animals a large significant ;
(P<0.05) depression of lactate oxidation was observed. Following
fasting, both muscle types increased the raLé of iﬂ vitro
lactate oxidation although in soleus muscle this was still lower

than rested, trained control values (n.s.).

#

.8 TOTAL 1%C LACTATE METABOLISM

Figure 9 summarizes the total rate of incorporation of the
radioiabélled tracer carbons into glycogen and carbon dioxide
expressed as dpm'lO"3'gram_l'hour'l. There were nonifferenéés’
in the total incorporation of the labelled tracer between ahy of
the treatment groups with the exception of the increase (p<0.05)
in the total radionuclide incorporation rate in TE soleus
muscle. A significant difference was also observed Hgkween the

TE soleus and gastrocnemius muscles with soleus muscle

demonstrating greater (P<0.05) td&al incorporation of the

lactate carbons.. 7 : —~———

Figures 10 and 11 summarize the rate of lactate conversion
" to glycogen ‘and oxidation to carbon dioxide expressed as a
percentage of the total lactate metabolized. It was generally
observed that the greatest percentage of lactate glycogenesis
occured in the gastrocnemius_muséle {P<0.05) of‘all groups.
However, within muscle types a reduced percentage con§ersion of
lactate to glycogén was observed fallowing training. Exhaustive

. : A . L
interval exercise was_accompanied by a large percentage increase
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TOTAL RADIONUCLIDE INCORPORATION
N 'INTO GLYCOGEN AND CARBON DIOXIDE
120- - | e
Legend
~ [ SEDENTARY CONTROL | -
100 - TRAINED CONTROL
RV o | M TRAINED EXHAUSTED
E \) , TRAINED FASTED |
.  Slgnificantiy different from other scleus
| g groups | ’
5 N V Significantty different from soleus muscle
7‘ “X 80 - q\\ .
F |
£
\.8: 40
\
< 2-
£
oL ’ J N 3

| SOLEUS GASTROCNEMIUS

FIG. 9. The fotal incorporation rate of “C tracer

carbons info glycogen and carbon dioxide in the soleus and
gastrocnemius muscles of rafs. Tissue was incubated for ohe hour

— in a medium containing 1 uCi lactate n 8 mM lactate,
Values are means +/~ SEM, N's are given in the bars.
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PERCENTAGE OF TOTAL METABOLISED LACTATE

LACTATE CONVERTED TO GLYCOGEN %%

701

60

504

304

20+

10+

CONVERTED TO GLYCOGEN

Legend .
3 SEDENTARY CONTROL
Voo 21 TRAINED CONTROL
| M TRAINED EXHAUSTED [\
TRAINED FASTED N

Slgnlflcqnﬂy dn‘feren’r from soleus
muscle in respechve groups

\/ Slgmflconﬂ] different from TC

®©

SOLEUS GASTROCNEMIUS

FIG. 10. The percentage of the-total lactate mefabolized
by soleus and gastrocnemius muscle tissue, which was converted

‘o glycogen during a one hour incubation in a medium containing

8 mM lactate. Groups are as described previously,
Values are means +/- SEM N's are as in Fi g g,
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LACTATE OXIDIZED TO CARBON DIOXIDE

- PERCENTAGE OF TOTAL METABOUSED LACTATE

OXIDIZED TO CARBON DIOXIDE

100 - '
80+ ,LZ § 5
é t% °| é ®
%\ N
N
t
;-:i:
40 =
i Significanﬂifferen’r from soleus
| muscle in respactive groups
20- Legend
{3 SEDENTARY CONTROL S' gmf!can’rly different from ail
€2 TRANED CONTROL V other groups
B TRANED DXHAUSTED
TRAINED FASTED N !
-l
: SOLEUS GASTROCNEMIUS

FIG. 11 The percentage of the total lactate metabolized

by soleus and gastrocnemius muscle tissue, which was converfed -
to carbon dioxide during a one hour incubation in a medium
containing 8 mM lactate. Groups are as described previously.

Values are means +/- SEM. N's are as in Fig. 9.
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in lactate~convergfﬁﬁﬂéb“glycogen in both soleus and
gastrocnemius muscle such that soleus was not significantly
different from gastrocnemius. .

The total lactate oxidized to carbon dioxide was the mirror
image of the previous observations. Of particular interest is
the large significant drop iq percentage oxidation rate in both
tissue types from exhausted animals.

When Figures 10 and 11 are taken together, the-general
profile is that in sedentary control%aniﬁals approximately 80%
of the lactate metabolized byrsoleus muscle is oxidized. In

gastrocnemius muscle this ratio is approximately 67% oxidized

~and 33% converted to glycogen. Following 12 weeks of interval

training the, percentage oxidation rate of lactate increased in =

both soleus and gastrocnemius muscles and hence lactate
conversion to glycogen decreased. Exhaustive exercise shifted
tne percentage of lactate to glycogen conversion in soleus from.
13% in TC animals to 48% in TE and in gastrocnemius muscle from
23% to 53% respectively. Post—exefcise fasting returned these
fractions to the same order of magnitude as trained control
values. |

After éxhagstive exercise a ;@ther dramatic drop in the
percentage oxidation of lactate was observed in both muscle
types.,In soleug this decrease was from 86% in TC to 52%7in TE

o

and in gastrocnemius from 76% to 46% respectively.
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3.9 GLYCOGENIC ENZYME ACTIVITIES

Table 3 shows tﬁe activity levels of the glycqgenic enzymes
that catalyse the reactions bypassing pyruvate kinase” and
phosphof ructokinase. The activity of t;e "malic enzyme"
(1-malate dehydrogenase; NADPY, decarboxylating, EC 1.1.1.40)
was not significantly different in either of the muscle types
and training had no effect on its activity.
Phospho(énol)pyruvate carboxykinase (EC. 4.1.132) activity was
much lower in soleus muscle whenrcompared to gastrocnemius. In
addition, interval training increased the activity of this
enzyﬁe by 50% in gastrocnemius muscle andAhad a.slight but not
significant effect on activity in soleus muscle. .

A major difference was observed in the activity of
fructose—l,6—diphosphatase betwéen soleus and medial
gastrocnemius muscle. The aqtivit§‘of this}enzyme in soleus was

guite low under assay caonditions.-Training had no effect on

activity of this enzyme in either muscle type.
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TABLE 3. Levels of activity of the glycogenic .enzymes

"malic enzyme,

phospho(enol )pyruvate carboxykinase
and fructose-1,b-diphosphatase

Gastroc 24%0.6 22i1.2
(5) (5)

¥60%4.5 59312.4
(6) (6)

Muscle malic enzyme phospho(enol)- fructose-
' : pyruvate -1,6-di- ‘
" carboxykinase phosphatase
“Group e TC sc TC e TC
Soleus 28%0.6 29%1.s 28%4.0 33%2.0 8%0.3 4%0.3
(6) (6) (5) (5) (5) (5)_

¥31%0.7 *32%0.2
(5) (5)

Values are means +/- SEM. The. numbe¥ of duplicate
determinations is given in parentheses. Units of

activity are umol'gram-l'hour

_1.

*Significantly different from soleus muscle (P<0.05).
OSignificantly different from sedentary control (P<0.65)
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IV. DISCUSSION

4.1 BODY AND MUSCLE WE I GHTS

"Increases inrtotal body wéight during maturation of
sedentary rats have been previou;ly documented (Wiikinson et
al., 1978; Pitts and Bull, 1977; Houston and Green, 1975). Body

e

weight changes .following high intensity interval training vary.

" Post training reductions in body weight similar to those

observed in the present study have been documented (Wilkinson et

1., 1978; Hickson et al., 1976; Houston and Green, 1975;

Staudte et al., 1973), - whereas non appreciable differences have
been reported by Baldwin and co-workers (1975), and Jobin

(1977). The pattern of reduced body weight is both intensify &nd

duration related and does not appear to be specific to interval

training regimens. It is also observed in isometric training

l., 1973a, 1973b.) and is mos t pronounced 1in

(Exner et
endurance training (Baldwin et al., 1975).

Qualitative observations made during the surgical
procedures of the present study- suppport the suggestion that
intense training programmes inhibit the accumulation of large
fat deposits, perhaps through increased energy expenditure
combined with a supprésSiOnrof appetite (Houston and Green,
1975). Emperically, exercise inhibits adipocyte préliferation in
adult animals and decreasesfédipocyte size (Bukowiecki et al.,
1980). Although this observation has some support in the

literature in cases of moderate interval. and endurance training

§rogrammes (Mackie, 1976; Houston and Green, 1975; Hubbard et
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'gi., 1974}, theleffects of high intensity interval training on .
normal growth reméins unexplained.

Although whoie muscle hfpertrophy has been observed
following weight training prograﬁmes (Jaweed t al., 1974; = -

Gordon et al., 1967) and with endurance running (Jaweed et al.,

1974) this was not observed in éhe present study, in agreement
with the findings of others (Baldwin et al., 1975; and Hickson
et al., 1976). Similarly, no evidence could be provided to
suggest that there was a disproportional hypertrophy of trained
mufcle when body weights were normalized between sedentary and
interval trained animals. The present data suggest that 12 weeks
of high intensity interval training has a pronounced effect on
normal whole body growth patterné, with little effect on muscle

growth itself. These phenomena deserve quantitave description in

terms of maturation processes.

4.2 RUNNING PERFORMANCE ' i

Maximal oxygen uptake in the untrained rgt is elicited at a
running speed of 0.80-0.83 meters per second on a level surface
(Patch and Brooks, 1980; Bedford et al., 1979; Shepherd and
Gollnick, 1976). Animals used in the present study were trained ‘
e ] ) -l - TM
to run 10 one minute intervals at 1 m*sec up an 8% grade. This

poWwer output was clearly well above the normal maximal -aerobic
capacity of the rat (aproximately 120% VOZmax) which. fer male
Wistar rats is in the fange of 75 ml'kgm—l'min'l (Brdoks and

Gaesser, 1981; Bedford et al., 1979). At the beginning of the

training programme the rats in this study had difficulty

completing five work bouts at this power output. The average



work time to exhaustion during the acute performance test was
29 .47 minutes, corresponding to a mean running distance of 1768
meters. This was an extreme workload and attests to the fact -

that these animals were highly trained.

4.3 PRE-INCUBATION MUSCLE GLYCOGEN CONTEﬁT

4.3.1 MUSCLE GLYCOGEN CONTENT in CONTROL ANIMALS

Values for pre-incubation muscle glycogen conteﬁt of
sedentary control animals were slightly lower but compare
tavorably with those previously reported (Fell et al., 1980;
Baldwin et al., 1975). Muscle glycogen is influenced‘by many
factors one of which is the method of sacrifice. Killing by a
blow to the head and cervical dislocation induces, in many
animals, considerable activity of.the.hiﬁdlimbs which may result
in reduced muscle glycbgen stores enhanch by catacholamine
modu lated glycogenolysié (Richter et gl., 1981). This activity
is eliminated in pentobarbital anesthesia but, the effeéts of
barbiturates on muscle cérbohydrate me tabolism, are not well
documented.. .

Since muscle glycogen content is hormonally modulated and
therefore susceptible to diurnal variation, the time of death
has also been shown by several research groups (Poland et al.,
1980; Clarke and.Conlee, 1979; Conlee et al., 1976) to be an
important independent variable. Rat soleus muscle for example,

shows a 55% change from a peak at 0700 to nadir at 1900 (based

on a 12 hour light cycle from 0700-1900) (Conlee et al., 1976).
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Tb ensure that all animals were in a comparable dietafy '
state and to reduce the running time to exhaustion all animals
were placed‘on a five hour fast prior to autopsy. ‘Contrary to
previousljyheld views that muscle glycogen is stable and not
significantly influenced by,fastiﬁg (Adrouny, 1969; Russel and
Bloom, 1956), Conlee et al. (19765 and others (Poland et gl.,
1980) have demonstrated that 24 hours of fasting leads to a 49%
drop ih,glydogen content of soleus and 23% drop in lecogen of
the gaéirocnémius muscles of rats. ExXperiments in the present
study were performed throughout the 12 hour nadirrof muscle
glycogen content. Combining this effect with a five hour fast, a
considerable range of muscle glycogen values and performance

times might be expected.

4,3.2 THE EFFECTS of TRAINiNG on MUSCLE GLYCOGEN CdNTENT
"Training over 12 - weeks resulted in a very significant
glycogen superéompgnsation éf 25% in soleus and 16% in
gastrocnemius above sedentary controls. Elevated glycogen
conteﬁt in the skeletal muscle of rats is a common response to
sprint;training (Armstrong et gl., 1974) and endurance training
(Gollnick et al., 1970; as first described by Proctogyand Best
{1932; cited by Gollnick et al., 1970). This phenomena Has also
been observed in well trained humans (Gollnick et al., 1972,“
1973é); A significantly higher glycogen content in the
gastrocnemius muscle compared to soleus for both sedentary and
trained animals occurred as has been observed previogsly (Bégtty

and Boceck, 1970). It has been suggested that training may have

a local effect on skeletal muscle giycogen, perhaps through
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increased activity of glycogen synthetasé (EC 2.4.}.11) activity

(Taylor et al., 1972). Enhanced glycoegen storage is an itportant

training effect in view of the suggestion that at high relative
workloads glycogen stores are a decisive factor for maximal work

times (Maughan and Poole, 1981; Klausen et al., 1975; Hermansen
' &

et al., 1971; Hermansen et al., 1967; Bergstrom et al., 1966) .

4,3.3 THE EFFECTS of EXHAUSTIVE EXERCISE on MUSCLE GLYCOGEN -

CONTENT

Acute exhaustive exercise resulted in pronounced depletion

" of muscle'glycogen in both soleus and gastrocnemius muscles. In

both relative and absolute terms glycogen depletion was dgreater -

in the gastrocnemius muscle. Based on the numerous studies
relating work intensity and glycogen depletioﬁ in both man
(Gollnick et al., 1973a, 1873c) and rats (Armstrong et 1.,

1974; Staudte et al., 1973) differential recruitment of motor

units may be a possible explanation. However, at workloads

approaching 100% of maximal aerobic activity, such as the ones

used in this study, it is not reasonable to assume that fast

motor units are preferentially recruited over slow motor units..
Soleus muscle is composed of 80% slow oxidative (SO0) énd

20% fast oxidative glycolytic (FOG) motor units, whereas the

medial head of the gasfgpgnemius muscle of the rat is about 60%

fast glycdlytic (FG) and 40%-EOG motor units (Ariano et al.,

'1973; Baldwin et al., 1972; Barnard et al., 1971). Based on the

original size principle™of motor unit recruitment order proposed
in 1965 by Henneman and Olsen (Hennamen et al., 1977), and

confirmed in electrophysiological (Grimby and wgnnerz, 1974;
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Grydiko& and Kosarov, 1974) and metabolic studies (Gollnick et
al., l973¢,ASalt£3 and Karlsson, 1971; Armstrong et al., 1974)
ali three motor unit types are recruited at high ‘work
intensities. Slow ox1dat1ve fibres would, by virtue of high
oxidative potential (Saltin et al., 1977) make more economical
uée of stored glycogen. Gastrocnemius muscle, withjits high -
glycolytic capacity (Piehl and Karlsson, 1977; Essen et al.
1975; Thorstesson _E}_lf' 1977) WOuld, on the other hand,ﬁbel
somewhat less economical. HoweVer, the greéterxglycogen
depletion>observed in gastrocnemihs muscle suggests a
proéortiéqally greéter contributio; to tension development at
rapid speéds of contraction, as demonstrated in sudies of

7

isokinetic leg exercise (Thorstensson et g&., 1977,1976; Tesch,

1980) . ' S {'

~.

R

4.3l4 THE - EFFECTS of FASTING on MUSCLE GLYCOGEN CONTENT

Follo&ing exhaustive exerciée, one group of animals was
subjected to a 12 hour fast designed to providé a glycogen
depieted state in metabolically rested muscle. The results
indicated that this procedure was not successful in that post
fasting glycogen was increased by up to 600% over exhausted
glycogen depleted values. This represented a return to 78% of
resting trained control values in the soleus muscle and 6%% of
resting trained control values for the gastrocnemius muscD‘.
This is an in?g?esting finding in iight of the commonly heid
view that the restoring process for muscle glycogen is

relatively slow, taking up to 46 hours with carbohydrate

feeding, and being virtually non existent if carbohydra&% is
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vexcluded from the diet (Piehl, l974b; Piehl et _l:, 1974;
Bergstrom and Hultman, 1966).

Recent exceptions to this view of essential carbohydrate
feeding for muscle glycogen fepletion have been provided by
Maehldm,_Felig and Wahren (1978) and by MacDougal and co-workers
,(1977) Both groups of inyestigators reported rapid and
51gn1f1cant glycogen repletﬁon in guadriceps muscle of fasting
meh;rec0ver1ng from exhausting b1cycle leg work. It was

concluded that in the absence of carbohydrate feeding muscle

glycogeh stores wezg preferentially replaced at the expense of

~

hepatic glycogenory51s and gluconeogene51s.,D1rect supportive
evidence is prov1ded by Poland et al., (1980) who showed that
muscle glycogen increases after exercise with,insignificant
liver glycogen‘recovery.v B |

McLean and Holloszy (1979) studied rats made to swim to
exhaustion and subsequentdy maintained on a minimal carbohydrate
diet of liver sausage. Aa found in thg present study, muscle
glycogen{recovered to 77% and 69% of resting fed controls ;n‘
plantaris and soleus muscles respectively. Gaesser and Brooks
(1980) observed a repletion of muscle glycogen concentration of
51.1% and 51.6% in guadriceps of rats recovering from exhausting
continuous and intermitteht exercise within the first four hours
of a fast. In a protocol similar to that in the present study
Fell and co-workers (1980) observed a similar phenomena.

During heavy, intense exercise epinephrine levels rise
sharply (Bloom et al., 1976). Concurrently, sympathetic

alpha~adrenergic stimulation of pancreatic cells results in

decreased insulin levels (Galbo et al., 1977; Galbo ahd Holst,

-
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1976). éiasma glucagon levels are obserwed to ihcrease durihg
exercise (Winder et al., 1979),‘possib1y via a\symeethetic”
beta-adrenergic pathway (Samols and Weir, 1979). As a result, a
decrease in the insulin/glucagon ratio durlng intense exerc1%e
is observed

Glucagon and epinephrine are powerful stlmuiators of
hepatic glycogenoly51s and gluconeogene51s. Low 1nsu11n/glucagon:
and‘hlgh cortisol levels permit increased release of )
gluconeogenic emino acids from muscle and glycerol formation via
triglyceride Hydrolysis, making these substaeces available to
liver tissue for rapid'glueoneogenesis. The observatiqn that
glycogen accumulates rapidly in skeletal muscle followingk
exercise illustrates a,ma;ked difference be?ween liver and
muscle in the regulation ef glycogen metebolism.

Changes in. circulating catecholamines found during exercise
are somewhat modified by exercise training. At a given levelvof,
exercise intensity and duration, decreasegylevels of -

norepinephrine and/or epinephrine have been found in trained

individuals (Bloom et al., 1976; Hartley et al., 1972a, 1972b.).

The intrepretation of these observations may need to be somewhat
modified to account for the apparent increase in receptor'site
seﬁsitivity to a given plasma level of cetacholamines (Pavlik
and Frenkl, 1972; vVon Euler, 1974). Submaximal endurance
training significantly alters the iesulin/glucagon response
during acute exercise, with the typical decrease in plasma
insulin and the increase in plasma glucagon being greatly

reduced or eliminated (Galbo et gi.) 1977)
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In addition, skeletal muscle is insensitive to glucaygon

(Robinson et al., 1971). This fact, operating in concert with

_—

the powerful insulin like effect that exercise has on'muscle;_

’

results in rapid glucose uptake for a considerable period of
: . ~

‘time after exercise stops (Fell et al., 1982; IVy and Holloszy,
“~ K - ) .‘ . B
1981; Terjung et al., 1974; Holloszy and Narahara, 1965). The

\

magnitude“of this effect is highlighted by the observation that
additional insulin does not change the_increment in glucose
uptake caused by exercise (Z1nman et al., 1979)

Recent ‘findings by Conlee and co-workers (1978) -

demonstrated that low muscle glycogen 1is ‘an extremely potent ‘
st1mulator of:muscle ;lwcogen synthe51s. This effect overrides o
the synthesis.inhibiting, and glycogenolytlc effects of elevated
catacholam1ne levels and/or reduced 1nsul1n/glucagon ratios. The

o mechan1sm of this action appears to be that glycogen blnds

lycogen synthetase and protects it from the actlon of

synthetase phosp atase, which is also bound to glycogen. As

glycogen is_deplet‘df both enzymes are;released, enabling. the

\ phosphatase to cataly'se the conversion of synthetase D to the 1

form (Vfillar-Palasi, 1969). Thus, in rodents (panfofth, 1965b;

Conlee et al.,; 1978) and in man, it has been confirmed \,

(Bergst _t ais, l97l) that there is a gooed inverse

correlation between the percentage of glycogen synthetase in the
\
I form (active) and glycogen concentrations. The suggestion that

glycogen levels per se are responsible for accelerated glucose
uptake and enhanced glycogenesis is supported by Poland et al.
£1980). These investigators demonstrated that fasting for 24

hours had the same effect as exercise in promoting rapid



giycqgen resynthesis and even supercémpensati@n;

| The concentrations Qf muscle glycogen obtained in the
fasting state and the rate:of recovery’repletion are generally
mu ch less than those seen/in the glycogen ‘"supercompensated
state" (Terjung et él,,:1974; Hultman et al., 1971; Bergétrom et
al., 1966;). Nevertheless, glycogen increases significanfly
during fasEZi: in man (Maehlum g&lii., 1978;'Ma¢Dougal et al.,
1977; Hermanéentand Vaage, ;977) and in‘rats (Fell et él., 1980;
Gaesser and Brooks, 1980; McLean and ﬁolloszy, 1979). éince
muscle glycoggn is essential foriperformance,of\sustafned, heavy
work (Bergstrom et al., 1967; Pernow and saltin, l9§l), a
teleological rational exists .in the preferential channeling of
gluconeégenic glucose away from liver and into mﬁscle glycogen

as a strategy for enhancing the carbohydrate starved animals'

capability to survive "fight or flight" situations.

4.4 MUSCLE ;;ACTATE CONTENT

| The l;gtate content of both sedentafy and trained control
soleus and gastrocnemius muscles agree with pgeviously'reported
data (Baldwin, Campbéll and Cooke, 1977b)1 There havé been
numerous,studiés in both rodents and hdmans (see Tesch, 1980 for
review) which show tﬁatrlactate accumulates exponentially ‘
depending on work intensity and modality (i.e. continuous Qersus
intermittent). The resﬁénse however is not that well defined.
Fell and co-workers (1980) used a very intense exercise protocol

regquiring rats to Fun five minute intervals at .70 mrsec” * up a

15% incline followed by a five minute interval at .37 m'sec;l,

repeated to exhaustion. In both soleus and plantaris there was a
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non siganificant increase in miscle lactate., To examine the
relationship between exercise intensity and muscle lactate,
Baldwin and associates (19§7a) ran rats on a treadmill at pdwef
outputs up to 90% of Gozmax (.80 m*sec” 1, up a 17%-inciine).
_After 5 minutes of continuous work the lactate content of the
;soleus muscle increased two fold over controls whereas there Qas
very little change in the lactate content of FOG vastus muscle.
The degree of glycogen depletion obtained by this exercise
protocol was similar to that observed in the present study.

The data suggest that some of the lactate pool in the
gastrocnemius muscle was metabolized du}ing the rest intervals,
undoubtedly in competition with the pyruvate being formed via
glycolysis. Becauseﬁzhe present study used intermitteﬁt work the
possibility exists that considedable lactate was produced during
the exercise bauts but was répidly removed during the one minute
rest periods. Both the SO fibres of the soleus and the FOG
fibres of the gastrocnemius possess a large capillary density
which yould facilitate rapid eguilibrium of lactate in various
compartments.

I; was initialiy postulatedithat the exercise protocol
selected would be of such an inégnsiiy that the animals would
fatigue rapidly, and low glycogen/high lactate levels would be
induced. In the initial phases of training this appeared to be
the case, in that the animals had great‘difficuftyﬁperforming
five inte;vals at the criterion power output; During thé
terminal exercise test the average number of work bouts

rperformed was 29 with two of the animals performing 42 and 45

repéag interval runs. If this work rate was performed
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X
~continuously it is likely that-.it could not be maintained-for

. more than 4 to 5 minutes (Baldwin et al., 1977a). o
‘ ' By using intermittent work as a model, more efficient yse
is made of stored muscle glycogen or a shift is madé toﬁardé
more bx{dative me tabolism with a greater contribution from
substrates otﬁer'than glycogen (Eséen, 1978). Continﬁous release
of lactate from muscle during interval exercise with subsequent
juptake by heart, 1liver, kidney and non-work ing muscle is a
possibility that should not be ruled out. Since blood lactate
was not measured it is impossible/to speculate on the magnitude
of this factor. It is also possible that there was a rapid
resynthesis of glycogen from intramuscular lactate during the
rest intervals (Hermanssen and Vaage, 1979), leading to lowered
lactate levels and enhanced intramuscular glycogen.
s

, N
éJS MUSCLE LACTATE UPTAKE

{f ‘Using a lactate concentration of 8 mM in the incubation

1 1 was

medium a lactate uptake rate of 20 umol°*gram -‘*hour”
observed. In stud}es of perfused rat hindlimbs MacLean and
Holloszy (1979) observed that at lactafe concentrations greater
than 4 mM muscle consistantly regoved lactate. Between 6 and 26
mM lactate there was a linear r%lationship between perfusate
~lattate concentration and the rate of lactate uptake.
Interploation of these data reveals that at lactate |
ﬁconaentrations of 8 mM the rate of }gétate'uptake was 24 pmol-
gram—l’hour_l, in agreement wi£ﬁj£hg present findings;

The linearity of the lactate uptéke curve reported by

McLane and Holloszy (1979) suggests that the mechanism of
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lactate uptake may be quite different from the procesé ian;véd
in lactate transport out of the cell. The often observed
concentration gradient from musClg'to blood (Tesch, 1980;
Sahlin, 1978) has led to postulation of a rate limited carrier
translocation mechanism for mgving lactate out of the cell

(Sahlin, 1978; Hirche et al., 1970). At high intramuscular

lactate concentrations a well defined levelling off in lactate

release is observed (Karlsson et al., 1972) indicating

-~

saturation of the translocation mechanism (Maiﬁwood and
Worsley-Brown, 1975). The observations of McLane and Holloszy
were not supported in an earlier report by Jorfeldt (1970)
indicating a non-linear relationship between lactate uptake and
arterial lactate inflow, suggesting a saturation state in the

mechanisms responsible for lactate uptake.

4.6 EFFECTS OF in vitro INCU?ATION Qﬁ MUSCLE GLYQOGEN CONTENT

In vitro incubation of muscle tissue slices in a
bicarbonate buffered lactate solution had highly significant
effects on thg miscle glycogeh content of all groups, .except in
the soleus muscle of animals which were fasted following
exhaustive exercise. Pearce and Connett (1980) have observed
rapid élycogenqusis in rat soleué incubated for 30 minutes in a
straight bicarbéﬁate buffer gassed with 95% oxygen/5% cérbon{
) dioxide similar to those seen in the TC and SC groups of the
present stuay. )

Due to the theoretical diffusional limitations in incubated

‘muscle slices of 1 millimeter thickness, it may take tissue

considerable time to recover from the hypoxic stress of



dissection (Pearce and Connett, 1980). The acceleration of
‘glycolysis in hypoxic hepaticvtissueﬁhas been cleafly sh@wn
(Hems and Brosnan, 1970; Woods and Krebs, 1971). There are
multiples responses which are a function of oxygen tension. The
diffusion limitations that may exist in in vitro incubétion
studies have not been well considered. In addition, treatments
such as slicing the tissue increases metabolic rate (Stainsby
and Welch, 1966).

If skeletal muscle in this study responds similarly to
hepatic tissue under hypoxic conditions it may be that an
inhibition of the dephosphorylation of phosphorylase a by AMP
{Stalmens and Hers, 1974) was activating glycogenolysis.
‘'Inorganic phosphate and glucose-6-phosphate would contribute to
an increase in phosphorylase a and thus enhance the
glycogenolytic effect. The incubation system used in the present
study may have presented a hypoxic stress to the tissue since
the éxygen tensions of the medium were less than those used by
Pearce and Connétt (1980), although the use of 95% air/5% (05 in
tissue incubation studies has precedence in the literature. The
inclusion of 5% (D) in the gas mixture was considered necessafy
based on the work of Bendall and Taylor (1970)-which suggested
that this molecule is necessary for the operation of thé malic
enzyme (see Review of Literature). Thesevobservations underscore
the need to allow sufficient timé for a steady-state metabolic
condition to be achieved in incubation studies of this type.

It is however, a presumption that the tissue in these
incubations was hypoxic. Metabolizing tissue will make use of "~

the preferred fuel source which in the case of rested muscle is



glycogen. Thus in the supercompensé%@ﬁ muscle tissue rapid
depletion might be- expected. High glycogen levels have been
recognized for some time to stimulate glycogenolysis. The
mechanism of this action is through an activation of glycogen
phosphory lase {(Maddaiah and Madsen, 1966) and a inhibition of
glycogen synthetage (Hultman, 1971; Danforth, 1965b).

Trained exhausted soleus and gastrocnemius tiésue
demonstrated a significant repletion rate of muscle glycogen

during the one hour in vitro incubation. The mean  increases in

1

glycogen were 0.184 mg'gram - wet weight of soleus and 0.206 mg-"

gram—l

wet weight of gastrocnemius tissue. In a similar study
McLane and Holloszy (1979) demonstrated a rate of glycogen

1 1

accumulation of 0.043 mg*gram ~‘*hour - in soleus muscle and

0.205 rnc:‘;‘gram"l'hour‘l in gastrocnemius muscle of rat hindlimbs
perfused 12 mM lactate. The finding of a net rate of glycogen
synthesis in .soleus which is 4 times greater than that shown by

McLane and Holloszy (1979) may be explained on the basis of the

low initial glycogen levels in the present study (ie. 0.108 mg-

1

gram — compared to 0.421 mg‘gram_l) which in turn activate

glycogen synthetase (Conlee et al., 1978f Bergstrom et al.,
1971; Danforth, 1965a). s

~The rate of glycogén synthesis from lactate in the
gastrocnemius muscle of the éresent study is nearly identical to
the value reported by HcLaqe and Holloszy;11979) perhaps
indicating a méximum rateméfvlactate to,glycogen conve;sion in
the range of 0.200 mg‘gfam-i wetrﬁeight;hour'l. These values are
generally less than those reported for glycogen repletion in

carbohydrate fed animals. The reported rates, corrected for



diurnal éariation, are 0.5 mg*gram~1-hour~1 in white m. vastué
lateralis and 1.4 mg'gfamf}'hour_l in m. soleus (Poland et al.,
1980; Terjung et al., 1974). | '

In vitro incubation of ekhausted fasted muscle tissue
caused no net change in glycogen éontent'from pre incubation
values in the soleus muscle. When compared with the results of
trained or sedentary control animals it may be implied that
glycogen synthesis is keeping pace‘with, or has made up for the
glycogen degfadétion that may have occured earlier'in the
’incubation. The metabolic features which are unigque to this type
of glycogen aepleted muscle tissue remains unclear, however

there appears to be a trend towards lower glycogen degradation

and/or increased synthetic rates.

4.7 METABOLISM OF 14C LACTATE ]
In order to desribe and’quantify the fate of lactate in
skeletal muscle the appearance of radiolabelled carbons derived
from uniformly labelled 14¢ jactate were determined in carbon
dioxide and glycogen of incubated muscle tissue. Exhaustive
exercise had a highly significant’ effect on iﬁcreasing the
incorpbratiog of the radiolabelled tracer into glycogen. When
the specific activity of the tracer was corrected for dilution
Dy the endogenous muscle lactate pool and for dilution by
actate in the incubation mediﬁm, a Sliéhtly different profile
éme:ged. The most obvious feature is that lactate conversion to
glycogen in gastrocnemius muscle was approximately 100% greater
than soleus muscle. The rate of soleus muscle lactate
Slycogenesis was two f0l1d greater than previcusly reported

b



values (McLean and Hollbszy, 1979), whereas the valﬁe for
gastrocnemius was very similaF. The most striking4féature of - the
soleus profile was observed in tissue saypled f rom exhausted .
animals. The rate of lactate glycogenesis in thig'gfoup was hot
statistically differen£ from gastrocn?mius and the rate of
lactate conversion to giycogen was much higher than any
previoﬁsly reported. lgnglxg studies by Brooks and Gaesser
(1980) confirmed these findings in continuous and intermittentl
exercise étimulatingAglycogen synthesis in skeletal muscle. The
Qbservétion of rapid glycogen synthesis in incubated soleus
muscle was especially interesting based on the activity of the
glycoéen;é enzymes that bypéss the pyruvate kinase and

phosphof ructokinase reactions.

The.major metabolicAEate of lactate in both control soleus
and gastrocnemius muscle in the present study, was oxidation to
carbon dioxide. This finding confounds. those of Meyerhof (1920),
Bendall and Taylor (1970) and Hermansenrand Vaage‘(l979, 1977)
which indicated that approximately 25% of the lactate
me tabolized by skeletal muscle is oxidized to carbon dioxide,
the rest being converted to glycogen. The present .results
indicated that oxidation accounted for between 46 and 86% of the
total lactate metabolized. In all gfoups the greatest fractional
oxldation occurred in soleus muscle, thch is concomitant with
the SO motor unit profile-of this mugclé.‘Exhaustive exercise
greatly increased the total metabolism of radiolabelled lactate
in soleus muscle and reduced the fraction of total lactate which

is oxidized in both muscles. Concurrently, the fraction of the

total lactate converted to glycogen was increased. Unpublished
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data by Brooks (cited by Brooks and Gaesser, 1980) describe a,
E:
decrease in the recovery of lactate derived carbons as carbon

dioxide from 98% at rest to 60% during recovery froﬁ
intermitfent exercise. The present daté illﬁstrated a similar’
phenomena in that oxidation of lactate decreased from 86 to 52%
in soleus and frbm 76 to 46% in gastrocnemius muscles of A
exhausted (TE) animals. ' . | »

The data of Brooks and Gaesser (1980) suggest that only
7.9% of the total radiolabelled lactate is incorporated into
glycogen during one hour of reéov?ry from exhaustive
intermittent exefcise. After four hours 10.8% of the total is
incorporated into glycogen. The results from the present study
demonstrated that 48% and 53% of the total lactate metabolized
is incorporated into glycogen in soleus and gastrocnemius
muscles respectively within one hour post exercise. The

éalculations of Brooks and Gasser (1980) were based on the

following assumptions:

1. that muscle weight was 45% of the whole body mass in the rat,
2. that the quadriceps muscle was representative of this
fraction, ‘

3. that 40% of the total muscle mass was involved in the

exercise, /( : . :

The in vitro design of the present study avoided the necessity

F

)

for assumptions of this nature.

In an original re-investigation of the whole question of
whether skeletal muscle posesses the ability to convert lactate
to glycogen Béndall and Taylor (1970) showed that in excess of

80% of the lactate metabolized by incubated frog sartorius
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muscle is coﬁverted to glycogen, apparentlf vindicating
Méyerhof‘s driginal observations (1920, 1925). Support for this
theory has also been provided by McLane and Holloszy (1979) who
showed that 44% of the total lactate metaboiized by a perfused
rat hindlimb is incorporated into glygogen. In vivo support for
these findings in humans has been demonstrated by Hermansen and’
Vaage (1979, 1977), who calculated that following maximal
intermittent leg exercise, 75% of the lactate remoyed-iS‘
recovered as glycogen. Brooks and Gaesser (1980) criticised
these results suggesting that the use of venousuplethysmography
to measure blood flow and the absence of direc£ determinations (
l4c tracers) invalidate the conclusions.

The isolation of the radionuclide in glycogen extracted ]
from all experimental groups of both muscle types was surprising
in view of the significant glycogen depletion which was observed
in both control groups and the éteady state observed in the
tissue from fasted animals foilowing incubaﬁion in lactate. The
observation hasjbéen made that in the first 30 minutes. of
incubation glycogenolysis in skeletal muscle is pronounced and
rapid (Pearce and Connett, 1980). Thus, the incorporation of the
radionuclide in al. e exper mmental groups used in this study
may be indicative of a reéEEEEy of the tissue samples from the
érauma of dissection and a shift towards a glycogenic phase of
me tabolism. However, this study does not provide definitive
evidence for such an occurance.

The greatly increased incorporation of the radionuclide

into glycogen in the soleus and gastrocnemius of trained

exhausted muscle is evidence in support of glycogen depletion
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being a potent stimulator of glycogen synthesis. Hdwever, the -
specific activity of the recovered glycogen énd'ﬁhe caiculated
rates of lactate to glyéogen conversion aré not sufficient to
account for the magnitude of glycogen rebletion observed in
incubated muscle from exhausted énimais. This obsérvatiqn was
not unigque to th{s Etudy. McLane and Hélloszy (1I979) documehted'

an actual measured increase in muscle glycogeh of 2.4 umol - gram

“lenin™! in the soleus and 11.2 ,umol‘gram-l 1

*hour™" 1in the
plantaris muscles of rats during one hour perfusions with

lactate as the only substrate. However, when calculated from 14c

lactate incorporation they obtained values bf 0.87 and 5.8 umol-

gram_l'hour—l for soleus and plantaris muscle respectivley. The

authors noted the discrepancy but of fered no explanation. A

similar observation was made in a study using glycerol as the

sole substrate in a rat hindlimb prefusion (Terblanche et al.,

1981). These investigators measured a fate of glycogen synthesis

1 1

of 4.24 and 2.26 pmol‘gram— *hour™ - in plantaris and soleus

muscle respectively. On the basis of radiolabelled glycogen

synthesis, however, they could only account for 1.02 }mmol'gram'l

'hour"l of glycogen synthesis in plantaris muscle and 0.75 pmol*

1 1l in soleus. Although these authors claim that

gram ~*hour”
glycerol was not an important precursor for the observed

increase in muscle glycogen content they could not offer an

—

alternative. TN g

The studies by McLane and Holloszy (1979), by Terblanche
and co-workers (1981), and the present study highlight ap
interesting point. It is apparent that lactate, under certain

conditions, is an important glycogenic precursor in skeletal ..
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muscie. However,«this does not appéar, at least in in vitro
preéarations, to'accougf for the measurédkrates of glycogen
resynthesis. It thus remains to be determinedghhat additionai
glycogenlc precursors may be of importance inm this process.A »
Glycerol seems to have limited glycdgenic potentlal based on the
absence of activity of glycerol kinase in .skeletal muscle
(Newshoim and Taylor, 1969). Vaage, Newshélm} Grongerod and
Herméﬁsén/?ﬁnpubiished,-cited by Hermansen and Vaage, 1977)
measured thé increase of the glycolytic intermediates
giucoée—G—phosphate, malate and alpha‘glycerolphosphate
following inten;e exercise. Based on the decline in
concentration of these metabolites during the recovery period,
they calculated that approximately 3 mmol glucosyl U'kgm_l wet
weight couiéfbe-abcoUnted'for if these intermediates were
synthesized tq%glycogen. This value is approximately 30% of the
actual measurea glycogen rgsynthesis in their experi@egps.
During prolonéed exercise substrate ﬁobilization aag\
hormonal changes are in many ways analogous to the situation
that occurs during étarvation (LemonianduNagle, 1981). buring
prolonged exercise protein may contribute significantly to the
body's tot;T.ﬁgtabolic requifement (Refsum and Stromme, 1974)
particularly in muscle with low glycogen conteﬁt (Lemon and
Mullen, 1980). These observations suggest a relationship beﬁweenv
carbohydrate supply and proﬁein degredation. The ability of
skeletal muscle to oxidize protein, pagticulariy the?branched
chain amoin racids (BCAA) 1s welllrecbgnized (Buse et _l;, 1975;

Dohm et al ?, 1976) . It is expected that during.Sxercise the

uptake of BCAA to skeletal muscle would be decreased because of
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decreasing insulin (and possibly testosterone). Howévgr, an
exercise induced increase in growth hormone release could
promote amino acid uptake into muscle (Hartley et al., 1972a).

In addition, increasing glucagon, cafécholamine4and cortisol
levels would enhance prétein degredation ({Lemon and Nagle,

1981). It is hypothesized that carbon skeletens from this
readily available pool of BCAA may serve as direct intramuscular
percursors of glycogen. Further Qork is needed to quantify‘the .
relative importance ofuothef endogenous substratesgto skeletal
muscle glycogenesis.

Calculations of glycogen ‘synthesis from radiolapel%ed .
‘lactate assume a éonstant specific actiVity of the tracer.
Previously held views that lactate is freely diffuéable are not
suﬁported by the current values of Km and Vmax for lactate
movement across muscle membranes (Karlssqn et gl.,'l972;

Mainwood and Worsley-Brown, 1575); Hultman anafco—workers
suggested;a saturation state may exist in the mechanisms
responsible for lactate uptake(into skeletal muscle (Jorfeldt,
-1970). Thus it may take considerable time for equilibration of
the rédionuclide with tissue metabolite pools.  The present
findings confirmed the observation by Connett (1979) that net
‘glycogen content does not reflect labelled lactate incorporation -
in these types ofbincubation studies of short duration. These
findings are in,agreement-with!thé observationsiof Hermansen and
Vaage. (1979, 1977) that the majority of the glycogen repletion
foilowing‘gxercise arises from endégenéus intramuscular

precursors. However, if in vitro preparations are provided an

initial incubation period gér equilibration with intracellular
o
o
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pools (one hour) incorporathn of the labeled cafbons is linear
for up to 6 hours (Connett, 1979). -Thus,rthe appearance of

radlolabelled carbons derived from: lactate in the present study
reflects the rate of .conversion of laqtate to glycogen but not

the absolute magnltudg. A ’1 .
The major assumption made in this study 1is that there are

only two metabolic fates of :lactate in skeletal muscle; !

oxidation to carbon dioxide andVConversioﬁ to glycoged. Other
. 1y

me tabolic fates, such as transamination of pyruvate to alanine

(Mole et als, 1973), would reduce the magnitudes of the

fractional incorporations reported in this study. However, this

appears to be quantitativly non significant and in similar

studies, immeasurable (McLane and Holloszy, 1979). Pyrd&ate is
also released from skeletal muscle, and as noted by McLane ‘and
Holloszy (1579) can account for up to 20%lof the tétal lactate

metabolized by perfused rat hindlimb.

4.8 GLYCOGENIC ENZYME ACTIVITIES v )

The thermodynamic barriers that block the direct conversion
of lactate to glybogen provide not only an energetic but also a
conceptual blockade to the possibility of intramuscular,
glyéogenesis. The current evidence of glycogen s&nthesis frém
lactate-derived carbons therefore implies the existence of
several unique enzyme systems. The question is: "by what pathway
is the flux of lactate carbons to glycogen ocquring‘ (Krebs and
woodford, 1965; Bendall and Taylor, 1970).

Because of the absence in akﬁlefal muscle of the

mitochondrial protein pyruvate carboxylase (Crabtree et al.,
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7

- l9§2; Krebs and Woodfrord, 1965), Bendall andrTaylor (1970) .

' hyp9£heeized the formation of an extramitochondrial intermediate
catalysed by the malic enz yme (malete dehydrogenase,_NADP+
-decarboxylating). Thus ‘glycogenesis is perceived to occur via a
‘pathway independent of mitochondrial dicarboxylic acid pools.

- The present findings confirm several reports of- 51gn1f1cant
act1v1ty levels of the malic enzyme in ma&mallan skeletal muscle
(McLean and Holloszy, 1979; Opie and Newsholm, 1967). The
present valuee fbr eoleus muscle are wit?in one activity unit of
the values reported by McLean and Holloszy. Due to the 4°c
cooler temperature of the assay used in the preeent study. the
enzyme aetivities hight be expected to be higher than values
reported by‘McLean and Holleszy. The malic enzyme activity.level
in the gastrocnemius muscle comﬁares favorably with the data of
McLean aﬁ&;Holloszy (1979) for FG and FOG (piantaris) muscle but
is aproximately 50% be low the values reported for FOG (deep
medial gastrocnemlus); Slnge gastrocnemlus lacks homogenicity of
~fibre populations, sampling 51te may be expected to play a
sigﬁificant role in determining measured activity levels. McLean
and Hélloszy sampled from deep poftions of the medial
gastrocnemius where a predominance of FOG moter units are found,
whereas the preseﬁt study used e cross section:through the same

area where a substantial inclusion of FG motor units would

contribute to the sample.: ( :

In both hepatic and skeletal muscle glycogenesis ——

phospho{enol )pyruvate carboiykinase catalyses the
- phosphorylation of cytosolic oxaloacetate to

phosphoenolpyruvate.'The activities of this enzyme, similar’ to
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those seen in liver .afd kidney have been demonstrated in a

variety of skeletal muscle, including soleus, gastrocnemius and

Y

diaphragm (Mclane and Holldszy, 1979; Opie and Newsholm, 1967;

Krebs and Woodford, 19657, The phosphod{enol )pyruvate

carboxykinase gctivity observed in the soleus muscle was
considerably higher than values reported by McLean and Holloszy.
PEP carboxykinase activity in gastrocnemiué'muscle is gbout 300% -~
" higher in both experimental groups. Training had thereffect of

potentiating the activity of this enzyme. _-

Further along ®he. glycogenic éath;;y is the cytosolic
enzyméhfructosé—i,Slaiphgéphatase; catalYé?hg the ™
dephosphorylation of;fructose—l,G—diphosphate. This enzyme too,
 has been demonstrated in the skeletal muscle of humerous
mémmalian species ‘(McLean and Holloszy, 1979; Opie and Newsholm,

1967; Krebs and Woodford, 1965). Gastrocnemius;\fj

fructose-1,6-diphosphatase activity did not chan%e with training

and values lie within those given Sk‘MCLean and Holloszy.lThér
results for soleus muscle are interesting_ im- view of théffact
that McLean and Holleezy could not demonstrate activity of
fructdggll,6—diphosphata;; in this muscle. Hintz et al. ¢1980),
hpwevet, have demonstrated thé‘activity of this enzyme in soleus -
muscle of the xat:. Under the aS§§§ Condi£ions used‘by this group
the reported valueé are lower than the ptéibﬁt E&ndings and are |

probably much lower thanghhe actual fructoée-l,6-diphosphatase

L 4

~which was measurﬁd at 20°C instead of body teﬁperature.

The iﬁteﬂse~exerc1se~trainIng‘prcgrammé‘ﬁ§éﬁ in this study
had surprisingly little effect on the activity levels of the |

enzymes assayed. The increase in oxidative and, to some degree,

,/"

~..
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glycolytic potential -of vérious muscle fibres following
d%fferent training-regimens .has been well documented.
Presumably, the increased demand on the energy transduction
SYEEEFS of muscle during exercise is the stimulus. It was
hypothesized in this study that one minute worg/rest intervals
‘at the intensity used during training would place considerable
load on the systems' responsible for lactate removal. In terms of
the enzymes considered this was not a valid assumption. One
possibility is that the training’programme‘iéduced considerable

aerobic adaptation, and that high muscle lactates were not

encountered once’ the animals had adapted to the running regimen

{Essen, 1978). A'potential shortcoming of this study may be that

‘\)by week eight of the training programme the animals could

maintain the required power output fof ten bouts. The effects on
thg¥giycogenic enzyme activities may have been enhanced by
continuing the progressive overload nature of the training,
rather than having a four week maintainance period during which
work output was not increased.

These enzymatic studies further emphasize the uniqueness of
exhausted, glycogen depleted muscle. In spite of a fairly
consistent giycdgenic enzyme profile across sedentary and
trained groups, soleus muscle from trained exhausted animals
replete glycogen and incorporate radiolabelled carbons from
lactate at rates far exceeding all other treatment conditions.

&
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V. SUMMARY -

- -

" This thesis was prompted by a report by Hermansen and Vaage

“in 1977 whiqﬁ described what appeared to be a direct )
intramuscul;r’conversion of lactate to glycogen in thevvaStus
muscles of subjects recovering from maximal exhaustive work.
This observation has considerable theoretical appeal .to those
interested in the field of exercise science in light of the
mimerous publicétions criticising such a Qrocess on the basis of
the thermodynamié nature of the reacti?hs involved. However, a
review of the literature of the past cehtury revealéd thét there
is considerable a priori evidence for glycogenesis from lactate
in the skeletal muscle of mammals.

It was hypothesized that if such a process was occurring in
skeletal muscle, conditions éuch as high intensity exercise,
which place a metabolic load on the biochemical pathways of
lactate metabolism, should affect the glycogenic potentiai of

this metabolite. Male Wistar rats were trained to run 10 repeat

one minute work/rest intervals on a motor driven treadmill at 1

©

m sec” 1 up an 8% incline. Following 12 weeks of training thé
animals were assigned to one>of three treatment groubs; a
trained control group {(TC), a trained group that performed an
acgte interval run to exhaustion (TE), and a trained group that
performed a similar exercise test but were subseduently placed
on a 12 houfrfast (TFJ). These three groups Qére paired with an
age matched sedentarf control groué (sC). -
Twelve Weeks of t}aining resultéd in what is a well
documenteélinqrease in thé—storage of glycogen ;6 both soleus
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and gastrocnemius muscles. The acute exercise test re;eéled that
‘thé training progr amme had been quite successful in that the
animals were'ablérto maintain the required poweerutput ftor a
mean of 29 work bauts. This observation was also supported by
the fact that muscle lactate did"ﬁot increasevgs a result of the
exhaustive run. The run to exhaustion produced a highly

" significant glycogen depletion in both muscles. When the run was
superceded by a 12 hour fast, considekgble glycogen resynthesis
occured. This was a ;ﬁexpected result since thé purpose of this_.
procedure was to obtain glycogeh depleted muscle in a

me tabolically rested state,

Tissue élices of the soleus and gastrocnemius muscles from
animals in each group were incubated in an oxygenateé, buffered
Ringers solution contaiﬁing 8 mM lflaCtate and 1 pCi of '
‘uniformiy labelled i4C-g-:lactate. Following one -hour of .
inéubation; miscle glycogen syntheﬁis andvcarbon dioxide’
bro@uction Wwere determined in terms of both specific éctivity of
the radiolabel and the amount of lactéte involvedvin éach
process. It was obServed that during the incubation muscle:
glycogen content inkall groups except TE, decreased rather
substantially in both soleus and gasﬁrocnemius muscles. In the
acutely exﬂausted animals, rapid and pronounced muscle glycogen
resynthesis occured in both muscles. |

When the beta emmision from the extracted muscle glycogen
was quantified, the tracer carbons were found to be incorporated
in all treatment groups and in both muscles. Gastrocnemius
muscle appeared to be guantitativly more active in this process.

Howevér, in the glycogen extracted from the acutely exhausted
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animals the incorporation of the radiolabel was markedly ~
increased. When the specific activity of the radiolabel was
expressed as a rate of lactate conversion to glycogen it became
obvieous that the gagtrocnemius m&scle had a much greater
potential to pérform this function. Acute exhaustive exercise
accelerated lactate conversion to glycogen in the soleus muscle
such that the rate was not significantly different from
gastrocqemius muscle. This enhancement of lactate to glycogen-
conversion following4exhaustive eXxercise was not observed in the
gastrocnemius muscle.

The rate of tracer oxidation to carbon dioxide was
_sigﬁificantly greater in the soleus muscle, aﬁd 12 weeks of
interval training was observed to enhance this process. When the
rate of lactate oxidation was calculated from the specific
activity of the tracer, acute exhaus;ive exercise 1induced a
decrease in the rate of lactate oxidation in both muscles.

When the rates of lactate conversion to glycogen and
‘oxidation to carﬁon dioxide were expressed as percentages of the
total lactéte meﬁabblized, it was observed that there was a much
greater percentége of lactate converted to glycogen in the
gastrocnemius muscle of all treatment groups. In addition, acute
exhaustive*éxercise increased this fraction in both soleus
muscle and gastrocnemius muscle, with the most dramatic increase
being demonstrated in the soleus muscle. The percentage of the
total lactate oxidized was greater in the seleu; miscle of all
treatment groups except the acutely exhausted group. In this
group, the acute exhaustive run had the effect of reducing the

fraction of lactate oxidized in both the soleus and
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gastrocnemius muscles.

The incorporation of radiolabelled lactate carbons into
glycogen extracted from boph!soleus and gastrocnemius muscles
suggests the presence of an enzyme system in muscle, - generally
considered to be exclusive to the gluconeogenic tissues, the
liver and the kidney. The present study confirmed the existencéA
of phosphoenolpyruvate carboxykinase, |
fructose-l,6—diphosphatase; and the cytosolic malic enzyme in
both the soleus and gastrocnemiﬁs muscle of the rat, With the
exception of phospho(enol)pyruvate carboxykinase, the activities
of these enzymés did not incregse as a result of the training
proq;amme._The activities of ihese enzymes, particularly.
thctose—l,6-diphosphatasé,'were generally lower in the soleus
muscle. This may be the basis for the greater rate of conversion
of lactate to glycogen observed in SC, Té, and TF groups but
does not explain the potentiation of this process in the soleus'

muscle of acutely exhaustaed animals.
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VI.

the

CONCLUSIONS

Within the limitations of lg'vfiro rodent experimentation
following conclusions were drawn from this study:

Twelve weeks of a progressive treadmi 1l running progr amme
increased the glycogen storage capacity of both soleus and
gastrocnemius muscle.

Runhing repeat one minute work/rest intervals at 1 m*sec” !
up an 8§‘grade will result in significant glycogen depletion
in both soleus and gastrocnemius muscles, with little
increase in tissue lactate.

Fasting an exhausted, glycogen depléted rat for 12 hours
will not maintain the glycogen depleted state as significant

muscle glycogen will be resynthesised.

when lactate is the only substrate available to incubated

" soleus and gastrocnemius muscle tissue lactate carbons will

pe incorporated into the glycogen stores, althaugh

jastrocnemius muscle tisgge has a much greater capacity for

_this process. . ) ' ' )

Glycogen resynthesis from lactate in soleus and

gastrocnemius muScles is dramatically enhanced by acute

-exhaustive exercise performed immediately prior to

incubation of muscle tissue.
The conversion of lactate to glycogen during one hour
incubation accounted for endy 40% of the actual measured

glyecogen content of soleus and gastrocnemius miscle sampled

from exhausted animals., . : : : (ﬁ

3

The’major fate of the lactate metaboLiseabs incubated

/
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soleus and gastrocnemius muscle is oxidation to carbon
dioxide, Typically, soleus muscle will oxidize 87% and
gastrocnemius 67% of the total me tabolised lactate.

8. TFollowing acute exhaustive exercise the rate of lactate

oxidation decreased from 87 to 50% in Soleus muscle and from

67% to 47% in ga'strocnemius muscle.

9. Acute exhaustive exercise shifts the fraction of lactate

converted to glycogen from 13% to 48% in soleus and from 23%

. to 53% in gastrocnemius muscle.

10. Soleﬁs and gastrocnemius miscles of the rat contain
measurable gquantities of the glycogenic enzymes
fructose-1,6-diphosphatase, phosphoenolpyruvate
carboxykinase, and the 'malié,?nzyme".

li. The activify levels of PEP carboxykinase and

fructose-1,6~-diphosphatase were significantly higher in

gastrocnemius muscle when compared to soleus muscle. It was

suggested that this may account for the greater capacity of
this type of tissue to convert lactate’to glycogen.

12, Twelve weeks of interval training had no effect on
increasing the activity levels of the glycogenic enzymes
except for PEP carboxykinase activity in gastrocnemius
muscle, ’

It waiﬂggnclgded from the present study that lactate can
serve agﬂ;n important. precursor of glyﬁogen in rat skeletal
muscle. Although it éppears that this process is guantitatively

more important in the gastrocnemius muscle, acute exhaustive

exercise and/or the accompanying glycogen depletion

substantially increases the rate and extent of this process both
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in the gastrocnemius and soleus muscle. The evolutiénary

advantage of being able rapidly to reconvert the end-product of

high intensity work tovglycogen directly within the muscle, may
be a strategy for enhancing an animal's abilty to survive

repeated "fight or flight" situations.
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APPENDIX 1. Buffered Incubation Medium

-

1.6 mM MgCl,

126 mM NaCl -

5 mM KC1 . | s
3 mM CaCl,

16 mM NaHQO4

0.667 mM- NayHPOy4

0.172 mM NaH,POy,

. addition of 8 mM Na* l-lactate
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APPENDIX 2. Glycogen Assay o .

REAG ENTS

1.

2. 95% ethanol

3. 5% phenol ' o

4. Standard glycogen'solutfen 25 mg glybogen powder is
dissolved in distilled water to lOO\ml, and lower standards P
arenmdetw'dlhﬁ;on. : , 3 i L S ‘zw/fy%

PROCEDURE | A

1. Muscle samples of 35-50 mg are trimmed of éonnecthe tissue,
wéigﬁed and frozen in‘isopentane cooled in‘liqu;d nitrogen.
Muscles are stored frozen at -60°C. |

2.‘ 0.5 ﬂd?cﬁ KOH/ﬁaZSO4 is‘added to the Sample making éure the
tissue is immersed. |
ﬁoﬁl 20-30 minutes until the solution i§4hompgenous. -

4. Remove from boiling bath, cool briefly (5 m55.5 in icé.

5. Add 0.7 ml of 95% ethanol to precipitate glycogen.

6. JPut samples on ice for 20-30 mlnutes.

7. Centrifuge at 2000.g for 10 mifutes.

8. Carefully aspirate and retain thersupernatant leaving ¢
precipitated glycogen in the bottdmrof the tube. (The
ethanol-KOH Eupernatant is rétained for lgctatevanélysis).

9. Wash the glycogen pellet with cold 66% ethanol and
centrifuge at ZOOO.Q for 10 minutes. » ’

10. Repeat procedure 8 three times, fétaihing all superhatants "
for lactate determinationf 7 _ ‘

i1, Dissoive the glycogen pellet in , 3.0 ml distilled water..

30% Potassium hydroxide solutioh (KOH), saturated with

sodium sulfate (Nazso4).

EY -
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“12.’Use,1.0 ml of this glycogen-water solution for the assay by’

pipétting it intoba cleqn,tegt tube in duplicate. ‘At this

point pipette 1.0 ml of eéch;of the'pr;pared standards into

clean test tub;s in dupllcate. |

13. Add 1.0 ml of 5% ph\enol | u |

14, Add 5.0 ml of 95-98% sulphurlc ac1d rapldly 50 1t does not
touch the sides of the test, tube.

15. Allow to stand for 10 minutes, shake‘and place in 25—30°C:&

water bath for 20 minutes. “ , o

I8
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REAGENTS

;
§
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APPENDIX 3. Lactate Assay

1. 50 mM 2-amino-2-me thyl propanol buffef,«pﬂ 9.9

2. 1.5 mM NaD" -~ | | -

3. 50 mM glutamate - )

4. .iodiug/ml (20 u/ml) lactate déhydrogenase {(beef heart) »

5. 100 ug/ml (8.u/ml) glutamic-pyruvic transaminase (bié heart)‘

PROCEDURE A

1. KOH-ethanol supernatants are aspirated and retained
following glycogen‘precipitation with ethanol, neutralized
witﬁ HCLO4 and decanted from the KCLO4 precip{tate.'

2. -Prepare a solution of 50 mM 2-amino-2-methyl propanol buffer

-\ containing 50 mM glutamate (pH 9.9).

3. Pipette 2.8 ml of above solution into reaction cuvette.

4. Dissblve 0.06 g NADT in 1 ml distilled water. Pipette a 50
pl aliquot of thig solution into the reaction cuvette.

5. Add 24 unité ofmlaqtate dehydrogenase in 50 ul to the
cuve tte.

6. Add 24 units of glutamate-pyruvic transaminase in 506 pl to
the:cuvettg.

7. Mix c@ntenté of the reaction cuvette thoroug;ly.

8. Pipette 50 ul of neutralized KOH-ethanol supernatant into
thg reaction cuvette. At the same timeapipette 50 ul ofl
prepared lactate standard into cuvettes at least in
.dup;icgme‘ {

9. Allow‘reactiqn to occur for 10-12 minutes.

10. Read at 340 nm.

COMMENTS
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Because the enzymes are. somewhat unstable at this alkaline
pH, neither enzyme should be added to the reagemfm tharr -
30 mlnutes before star;tlng the reaction. | v ) . \
All glassware used for reagents and analysi;s should be
repeatedly rinsed. It is recommended th'at gloves be worn

during the RINSING PROCESS.
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XH////APPﬁﬁDIX 4. Fructose-l,6-Diphosphatase Assay -
Determined on the supernatan#vf§action of 5% (w/v)muscle
homagenate centrifuged at 4°C for 10 minutes at 2000.g.

REAGENTS - . -

A. Homogenizing Medium, pH 7.0 at 4°C

1. 50 mM.- tris—-HCL buffer

2, 154 mM KCL

3. 10 mM mercaptoethanol

4. 1 mM EDTA

B. Assay Medium, pH 7.5 at 25°cC

l. 50 mM tris-HCI1’

2. 20 mM mercaptoethanol

3. 6 mM Mg'SO4V

4. 1 mM‘EDTA (neutralized)

5. 0.2 mM NADP o

6. 0.1 mM Ffuctose—l,ﬁ—diphosphéte

" PROCEDURE

to 2 ml of assay medium add:

1. 4 png glucosé-6-phosphaté dehydrogenase

2. 4 png phosphodlucose isomerase/2 ml assay medium

3. 0.05 ml of tissue preparation
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APPENDIX 5. Phosphoenolpyruvate Carbo%ykinase{Assgy

Determined on the supernatant fraction of 5% (w/vol) muscle

homogenate prepared in distilled water, and centrifuged at 4

OC for 10 minutes at 2000.g. .

-

REAGEN’i"S

Assay Medium, pH 7.5 at 259¢
1. 66 mM tris-HCl

2. 1.1 mM Mnc12'

3. 1.1 mM phosphoenolpyruvate (tricyclohexylammonium salt)
4. 17 mM NaH(3 (freshly gassed with 5% CO, in 0j) |
5. 0.16 mM NADH) f
6. 1.54 mM IDP

7. 0.01 ml malate dehydrogenase
PROCEDURE |

l; Add 50 ﬁl of crude extract to 3 ml of assay ﬁedium.

2. Follow the.rate of oxidation of,NAsz at 340 nm.

3. 'Run a control cuvette omitting NaHOO3 to compensate for the

nonspecific oxidation of NADH,.

o
4
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APPENDIX 6. Malic Ehzyme__Assay
Determined on the supernatant fraction of a 10% (w/v) muscle
homogenate centgif;ged at 4°C for 10 min at 2000.g. .
REAGENTS o .
A. Homogenizing'Mediuh, pH,%:4.
1. 175 mM KCL |
2. 10 mM glutathidné
3. 2 mM EDTA .
‘B. Assay Medium, pH 7.7 at 26°C |
1. 54 mM.trieﬁhanolaminé buffer{containing:
2. 0.5 M l-malate | ‘
3. 3.4 'rnM:bflgClz
4, 0.218 M NADP
5. 0.1 ml qf en%yhe , ‘ — , p
PROCEDURE ' 7 |
1. The reaction is followed by measuring the increase in
absorption at 340me;< =
2. The reactants are added to the cell while it is in poéition

'

in the holaer. After the addition of all’the,reacﬁants'
except enzyme ? min. is allowedbfér temperatufe
equilibration: |

3. The enzyme is added to start the réactiqn and all contents
are stirred Vvigorously for 10-15 Ssec.

4. The firstrreaaing is faken 30 sec. after addition of enzyme

and every 30 sec. for 4 min., or every ‘15 sec. for 2 min.
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APPENDIX 7. REVIEW OF LITERATURE
The metabolic significance of the«thfpe carbon moleculer
l-lactate, has been the object of cqpsiéerable sciéntific
invéstigation since its first’repofted diScove}y in'the muscle
tissue of fatigued game (cited from Hermansen and Vaage, 1979).

¥

Since then phy51ologlsts and. b1 chemlsts alike have devoted much
5;
time to the study of thlS me tabo ite. The lactate molecule

maintains an intimate assoc1atlon w1th'processes fundemental \to
the performance of normal work tasks a%g those tasks reserved}
for elite athletic peEfprmancag. <

Lactate production isﬁa strategy adopted by a cell

maintain a mileau intern conducive-to drive the energy producing
breakdown‘of glycogen. The'productibn of lactate’iq not,
howevér, without compromise. Lactate itself is coﬁstantly touted
1 as an important factor in the geﬁesis of fatigue and thus "a
l{;itef of .one's ability to perform muscular work. This review
attempts. to relate the relevant infopmation regarding the
pfqductian of’lactatef its relation to glycogen metabolism, and
its role in fatigue.‘The mechanism of lactate acid removal, as
it relates to glycogen‘metabolism, is also considered.

-

LACTATE PRODUCTION ACCUMULATION AND RELEASE

In the glycolytlc cascade, regulation of glycoly51s\by\§DP
provides an automatic adjustment of carbohydrate me tabolism
supp'ly ing high energy phosphate for metabolic procasses, such as
muscle qontraétion. However, an accumulation of ADP cannot

accelerate glycolysis to the rate required to match energy

consumption in high intensity exercise unless the NADH be ing
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produced is somehow ref—oxidized‘.ylf the cytoplasmic NAD/NADH
ratio is low, the rate of glycolysis is slowed. This imp lies
that work can only proceed at a reduced rate or must cease

altoge ther.
" In resting states and in low intensity/long duration
exercise,'reducing eguivalents in the form of NADH are used as
substrate -for iqtermitochondrial oxidati;e phosphory lation.
Since NADH cannot difguse across the mitochondrial membrane a
number of hydrggen ion shuttle mechanisms have been postulated
(Harper g&,gi.;'l976); When faced with an excessive metabolic
load as iﬁposeﬁ by ﬂigh intensity egercise,'the shuttling of
reducing équivalents'into the mitochondria may become
compromised.‘fhis situation would lead to an unfavorable redox

state of the mhséle'cytosol'and lower glybolytic.activity

(Edington et al., 1971; Wendt.and Chapman, 1976; Wenger and

"Reed, 1976). In actual fact the thosolic NAD/NADH ratio is

observed to iﬁcreasé 14 fold (Edington, 1971). The consequence
of maintaininghthis ratio is the fomaﬁion of lactate frém
pyruvate. Thuslﬁhe.maintain;née of a more oxidized cytoplasm
during periods éf excéssive eﬁ?;gy demaﬁds infers the fofmation

of lactate. Figure 12‘diagram§ the formation of lactate through

~the close coupling of two pyridfne nucleotide linked reactions

each catalysed by specific dehydrogenases.
During intense exercise of near Qozmax, the FG motor unit -
pool is substantiaily recruited (Edgérion et al., 1973; Gollnick

et al., 1973a., 1973c.; Eeéchiand Karisson, 1977) resulting in

an increased production of lactate (Bergstrom et al., 1971;

~Saltin et al., 1971). This increésed production is credited to
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FIGURE 12. THE FORMATION OF LACTATE
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the presence andahidger activity of the M isozyme of lactate
dehydrogenase (LDH) (Tesch et al., 1978) and to the increased
activity of thé enzyme itself (Tesch and Karlsson, IQ??).iLDHi
exists as five isozymes which can be detected and separated by
gel electrophoresis. Although all LDH isozymes catalyze the same
reaction, théy differ in their dependence on sﬁbStrate,
pargicularly pyruvate. The H+(isozyme of LDH, which predominates:
in slow twitch oxidative fibres (SO) and to a certain extent in
the oxidative fibre properties of fast twitcﬂ | )
oxXidative/glycolytic fibges (FOG), is inhibited by r%latively
low concentrations of pyruvate. The M isozyme, found in fast
twitéh glycolytic fibres and to ’a certain extent in FOG fibres,
maintains its activity at high concentrations of pyruvaﬁeA
i(Close, 1972)..0n the basis of these differences it has been’
suggested that the H form of LDH is inhibited when pyruvate
levels rise during periods of rapidwglfcolysis, thus favoring
the removal of pyruvate via other me tabolic pathways.‘These.
pathways include’the oxidative utilizétinn of pyruvate in the
mitochondria (Krebs Cycle), the conversion of pyruvate and CO,
to malate via the malic enzyme (EC 1.1.1.40) and the
transamipation to alanine via glutamate—pyruvate,transam?nase
(Mole® et al., 1973). In FT fibres in which rapid release of
energy may be needed, the predominant M-isozyme will maintain
catalytic efficiency even ét high pyruvate concentrations, thus
allowing glycolysis to proceed at a rapid rate, férming lactate
as an end product. ‘

Tesch (1980) demonstrated that following short term cycling

exercise, individual variation in lactate concentration
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_correlated positively with the percentage of FT fibres in the
muscle. These data confirmed earlier findings that muscie ﬁotor‘
unit distribution will in part determine the metabolic quaiity
df the muscle in terms of its potential for lactate formation
(Karlsson et al., 1974; Sjodin, 1976). However, recruitment of
muscle fibres, as determined via glycogen depletion studies,
does not accufately reflect the actual lactate concentration.
Teséh et al., (1978) demonstrated a differential accumulation of .
lédtate in FT fibres during the first 30 seconds of exercise
with this differential disappearing after one minute of work.
This effect has been explained in the past on therbasis of
preferential recruitment of FT motor units early in rapid"
dynamic contractiéns (Burke and Edgerton, 1975), however, it is
more likely due to a lower rate of lactate eflux from’FT fibres
due to poorer capillarization (Andersen, 1975). Using separated
fibre fragments from selecﬁed motor unit pools, Tesch (1980)

confirmed earlier findings that there is higher lactate

production in FT motor units as compared to SO motor units, with

peak values reaching 53 mmoles'kgm"l

wet weight. Howé;%r, when
maximal work (isokinetic knee extensions) was performed for
durations exceeding 25 seconds the lactaté accumu lation,
expressed as a FT/ST ratio, decreased fr 1.4 to 1. This
suggests that a lactate 'flow' is occuring fromuFT to ST fibres

as described by Essen et _l.‘(1975), mediated by membrane bound
;o .

M- LDH (Sjggan,jﬂ976). This may explain, in part, the lactate

content in ST fibres.

Since lactate is an organic acid, its intramuscular

accumulation leads. to a drop in pH. During dynamic exercise to
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exhaustion the pH of m. qguadriceps femoris of man has been shown
to drop from a mean of 7.08 to 6.60 (Sahlin et al., 1976).
Hermanssen and Osnes (1972) showed blood pHs folldwing
supramaximal continuous and supramaximél intermittent exercise
of 7.42 and 6.8, which correspond to a consistantly lower
intramuscular pH of 6.41 formaximal intermittent.exércise. These

results are consistant with those of Sahlin et al., (1975,
1976) .

The concentration of lactate in the blood has classically
been used to provide a description of the me tabolic state,of the
muscle. Hogeve;{ present evidence demoﬁstratés clearly that this
is inadequate and that the concentration of lactate in the blood
simply indicates that the production or cellulaf release of
lactate exceeds the rate of removal,_as a dynamic balance exists

between the two. Tesch (1980) in a study ofmaximal one legged
cycling, showed that after 50maximal contractions muscle lactate
exceeded blood lactate eight fold. Furthermore, the highesﬁ
‘blood lactate was demonstrated in subjects with the lowest
muscle lactate and vice versa. A negative relationship was
demonstrated between blood lactate concentration and fatigue,
with high blood laétates in subjects resistant to fatigue and-
iow values in subjects more fatiguable.

After cessation of exercise peak blood lactate values may
not become evident for up to 10 minutes (Bonen ahd Belcastgo,

1877). The marked difference between skeletal muscle and blood

lactate concentratiops observed during heavy exercise

demonstrates a concentration gradient from muscle to blood

(Tesch, 1980; Sahlin, 1976; Karlsson, 1971a; Karlsson et al.,

——
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1968). This gradient suggests thét the translocation of lactate
across the muscle meﬁb:§ne is hindered and implies that lactate
transport may be via a éarrier.mecﬁaniém; rather than by simple
diffusion (sahlin, 1976; Hirche et al., 1970). Karlsson et al.

(1972) examined the lactate release process from contracting
éanine m. gracilis and arrived at Km/and Vmax values for lactate
release similar to the values obtained in the two previous
studies. In all of these investigations a well defined levelling
of f in lactate release was observed at higher tissue lactate
concentrations indicating that the translocation mechanism was
saturated (Mainwo;d and Worsley-Brown; 1975). In accordance with
animal experiments Jorfeldt et al. (1978) showed a levelli;g of t
of lactate release from m. vastus lateralis with increased

lactate concentrations that could not be explained by inadequate

leg blood flow. The maximal release rate of tissue lactate

appears to be of the order of 4-5 mmoles‘kgm'l'rnin—l

. These
observations are supported by Jorfeldt's earlier observaﬁions of
a nonlinear relationship between lactate uptake and arterial.
lactate inflow. This suggested that a'saturation“state'may also *
exist in the mechanisms responsible fof lactate uptake into
exercising muscles (Jorfeldt, 1970). |

- Sahlin (1976) suggested that the lactate tranglocation
mechanism may be a pH influenced system. In accordance with this
suggestion Hirche et gi; (1975) found the lactate pérmeation
rate in isolated canine m. gracilis to be increased by NaH(O3
induced metabolic alkalosis (pH 7.5) in combination with low H+,

activity. The opposite results occurred with HCl induced

me tabolic acidosis (pH 7.0). Thus by lowering pH, muscle lactate

i 9 2
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permeability is decreased indicating a change in membrane

ties. . 4
properties -

LACTATE, pH and FATIGUE

In the performance of physical work it is imperative that Y{/
the processes generating ATP keep pace with those degrading it,
else the intensity of work must décrease or céase'altogether.
The transient st;te df'fatigue has a a complex etiology. With
ﬁhevédvancement of accurate tecﬁniquesvof muscle lactate
determination, significant inverse correlations have been shown
to exist between muscle tension and lactate during fatigue
(r=-0.99) and during recovery'(r=-0.92) (Fitts, 1976). Lactic
acid is a relatively strong proton donor (pk=3.6) and thus
exists intercellularly in the anionic form. The concept that
lactic acid and its associated pH affects results in muscle
fatigue has considerable theoretical appeal, since evidence
exists for several mechanisms thatrwould interfere with.
contractile function.

Muscle contraction is initiated by a release of calcium
ions from sites on the terminal cisternae of the sarcoplasmic

reticulum, coupled to the passage of local current flow through

‘the area. Calcium in turn allows the formation of cross bridges

and the release of produéts,gf ATP ﬁydrolysis. The maximum
ATPase activity of actomyosin isrdecreased by 25% Qheh pH
decreases from 7.0 to 6.5 (Portzehl et al., 1969) which is also
reflected.by an increase in the required amount of Ca't for

obtainirignaximum activation. . Fuchs et al. (1970) demonstrated

that a lowering of pH decreases the affinity of troponin for
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“calcium and destabilizes the Ca++/troponin complex. In additon.

to the direct affect of H' on the rate of ATP hydrolysis, these

authors suggested a competitive interaction of H+,for calcium

binding sites on froponin. Recent evidence by Fuchs (1979) and

by Stull and Buss (1978) demonstrated that in the presence.of

magnesium in a calcium buffered medium, H+'displacement of ca*tt-

from binding sites was not a likely fatigue mechanism. However,
support for sueh a mechanism-is provided‘by the -data of

Robertson et al. (1978} showihg that pd had no effect on ca*?
binding to Ca++/Mg++ binding sites- on troponin; however ca*t

binding to ca't?t

specific sitesuon troponin was pH dependept over
a range from 7.5 to 6.0. Kentish and Nay ler (1978) showed that a
drop in pH from 7.2 to 6.4 produced an increase in Cca'*
réquirements for half activation.of five fold in cardiac and
four fold_iﬁ skeletal mu;%le. In addition, the affinity of the
sarcopIQERGc reticalum for ca*?t dependé specifically on pH.
Nakamuru and Schwartz (1972)Vdemonstrated that a drop in pH to

6.5 led to increased proteinfbinding of calcium to SR.

Pannier et al. (1970) have hypothesized that the

excitability of skeletal muscle is pH dependent. Brooks and
Hutter (1963) found a decrease in C1~ conductance with a

decrease in pH causihg, higher threshold potential, slower

~action potential propogation ahd slower rise and fall of the

action potential. Wenger and Reid (1976) suggested that a—
decrease in pH may result in a hyperpolarized state of the
membrane by affecting the permeability_éf Na+ and K*. The
physiological significance of these results ?emains obscure but’

it is apparent that the interaction between hydrogen ions and
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" sarcolemmal functioniare intricate and numerous. -

4

The possible affects of pH on energirtransdugtlon,ln th;\

mitochondria has also been_lnvestlgated. Mltchelson and H1rd

. 4 : - o W%

(1973) showed that oxidative phosphorylation was qulte r\K\
' > & o - ' :') .- '-" -
uhaffected by extramitochondrial pH in the range of ¢€.5 to 7.0, p

whereas severe inhibition»was obtained‘at pH 6.0. Sengen\(l975), ’
. Y . . _
using l lactate in the concentratlon range seen after intense .

exerc1se, was(}ple to partlally uncouple ox1dat1ve
o

phosphorylati' presumably due to the ly51ng affects of lactic

s

ac1d\on the cristae of the mltochondrlal membrane. Hydrogen ion

is also thought to be 1nt1mately related to calc1um uptake by

the mltochonsfla (Mitchell and Moyle, 1967 Chance, 1965) \ngh \;
1
intramitochondrial calclzz concentratrpn is belleved by several

investigators to be an THportant fatigue factor (Bonner et l

1976; Tate et al., 1979; Tate et al., 1980), since hjigh" \

intermitochondrial calcium is shown to uncouple oxidative

phosphorylatlon (Wrongmann et al.,rl973)'and decrease isocitrate\>\\;
_ N

dehydrogenase activity (Zammltt and Newsholm, 1976). None of
/

these studies are conclu51ve in their findings bgt allude to
further possible roles of lactate in the fatigue process.
Increased hydrogen’ion concentration may also exert an
effect'at the neuromuscular junction. Bergmans et al. (1976)
postulated that repetitive stimilation of an alpha motor neuron
progreesively decreases the number. ofvacetglcholine guanta

released per impulse (del Castillo and Katz, 1954). ~Landau and

Nachshen (1975) suggest that protonatlon of a 51te on the

— -

presynaptlc membrane reduces acetylchollne release and blocks

calcium flux into the nerve terminal during the action
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potenkial.

—

Increased intramuscular lactate concentration may also

affect muscular performance via destruction or inhibition of
k. s w

“acid labile cell components, pqrticularl§ the enzymes of énergy

transduétion. It has been shown that phosphofructokinase (PFK),
the‘fate’liﬁ%fing enzyme of glycolysis, is inhibited in vitro at
low pH (Ui, ?966; Karlsson et al., 1974; Gesser, 1976). At the
ATP concentratioh typically séen in resting muscle (7 mM), PFK
is éﬁgpstuéompletely inactive at pH 6.4 which is close to the
measured muscle pH after exhaustive exercise (Sahlin, 1978). PFK
inhibition would result in the accumu lation of glycolytic
intermediates, including glucose-6-phosphate whi ch ;s known to.
inhibit hexokinase . and phosphory lase 3; resulting ih‘further
decreases in glycolytic rate (Fitts and Holloszy, 13976 ; Wenger
and Reid, 1976). Danforth (1365b), ?howéd that the conversion of
phosphorylase.g to a during stimulation of muscle is inhibited
-at tow pH, possibly by inhibition of phosphorylase b kinase and
ade>ny‘l cyclase (Mawatar i et al., 1974; Sahlin, 1978). The
slowing of glycolytic rate may be partially offset by the low pH
{(range 6;1 bo 6.5) affect of stimulating AMP deaminase with the
reshltina ammoniad serving to buffer hydrogen (Mutch and
Banister, 1982). But by the same mechanism, AMP levels are
lowered and glycolysis is slowed. The increased lactate/pyruvate
ratios observed following exhaustive exercise will mean pﬁi

. g -
dependence occurs in all reactions involving NADH/NAD couples.

-

béﬁﬁitionally,‘it is believed that the activities of the various

Ysozymes of creatine kinase are influenced by pH (Karlsson et

#

"al., 1975;‘Sahlin et al., 1975; Sahlin, 1978). The effects of



lactic acid ‘and the associated pH changes on muscle contractile

activity are summarised in Figure 13.

Py

GLYCOGEN DEPLETION AND MOTOR UNIT RECRUITMENT

Determination of the degree of glycogen depletion is ‘an

established histochemical means of evaluating,whether a certain

‘type of motor unit has been metabolically active during

exercise. Glycogen content Hetermined by the histochemical

i

periodic acid Schiff (PAS) stain is a non-quantative measure
with amaximum sensitivity of 80-100 mmoles glucose &nits'kgm_l.
Although several authors have pointed out the limitations of
this method (Burke and Edgerton, 1975; Eésen, 1978}, glycogen
depletion over a period of timevmust indicate that the depieted
fibres have contibuted to the total tension outpﬁﬁ and can thus‘
be taken to reflect motor unit recruitmeﬁt. _

Early exercise studies demonstrated an almost linear

depletion of muscle glycogen with time in both continuous and

intermittent exercise (Hermansen et al., 1967). Together with

—

myosin ATPase stains, PAS stain has proved to be a valuable tool
in identifying not oﬁly the degrée of glycogen depletion but
also the class of motor unit recruited during exercise of
different intensity and duration. Control of motor units appears
to be based on the differences in motor unit size and,
accordingly, activation threshold (Henneman, 1977). Fibres with
high oxidative capacity (SO) comprise motor units with low
activation thresholds and conversely fibfes withrﬁighﬁélypélytic
activity make up motor units with high activation thresholds.

.

Studies of differential glycogen depletion rates support, to
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some deggree, this concept gf recruitment based on the size
principle.

The phenomenqn,of preferéntial depletion of glycogen fme
muscie fibre types related to exergise protocol has been
thoroughly investigated. On the bésis of PAQTStaining; glycogen
depletion studies in human ékeletal muscle haye revgaled a
patﬁern related to duration, intensity, maximal tension, and
speed of contraction. Baldwin (1973) démonstrated that when
exercise is of an intensity that can be maintained for two hours
or longer, SO and FOG fibres are depléfed of glycogen with |
little’or no involvement of FG’fib;es; As'exhaustion approaches,
FG motor units are recruited to a greatér extent as shown;by
decreased glycog%n levels. This additional recruitment of FG

fibres near exhaustion wés not demonstrated by Costill et al.
(1973) in a field study of long distance runners. This )

- inconsistency may be explained by the fact that as subjécts
became exhauéted,‘they walkgd‘difficult sections and hills s
(Reardon, 1975$..Biopsies of m. vastusﬂlateralis after
submaximal bicycle exercise revealed glycogen Bépletion

.occurring in SO fibré; prior to FG (Gollnick et al., 1972;
Edgerton et al., 1975). ‘

Motof units, investigated during varying intensities of

- exercise, with worklgads ranging frqm 30-150% ﬁozmax (Gollnick,
1973c), revealed a different glycogen depletion pattern. PAS

staining demonstféted a dramatic decrease'in total muscle

glycogen with incréasing workload, 80 fibres being the first

depleted at submaximal workloads with a progressive depletion of

high glycolytic FG fibres as work time increased. Further

£
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pronounced depletion 6f both fast twitch'fibre~types occurred at
work loads close to or above Vozméx'(ﬁndersen and Sjogaard, 1976;
Gollnick, 1974, 1973c.). Piehl (1974af reported that a
preferential depletion of¥G fibres Was not evident ﬁnless a
work load greaterbthan 90% of VO max was demanded. »

Studies of isometric work (Exnér,-1973 a,b; Gollnick, 1974)
suggeét a similar pattern of differential glycogen dépletion,
Biopsies taken foilo&ing repeated 40 second isometric
contractions célling for less than 20% ofmaximum volunta;y'
contraction (MVC) reveal a selective loss of glycogen in SO
fibres withriittle or no involvement of FG fibre types. At |
work loads greater than 20% MVC only FG fibres were depleted.‘
Gollnick- (1974) concluded that selective glycogen depleﬁion was
indicative of a differential recruitmént'of muscle fibreé.during
isometrié exercise of varying intensity and that the maximal
tension that tge musgﬁe ﬁeeded to develop was an important_
factor influencing the activation Qf different fibre types
(Essen, 1978). ‘

" In sﬁudies using bicycle ergometey (Gollﬁick, 1973c.)
pedalling raﬁe (30-150 rev‘min-l) did not influence glycogen
depletion and was independent of the time/intensity factqr.
Howéver, in isokinetic exercise (Cybex ii, Lenox Hill)
contraction velocity was found to influence muscle fibre
recruitment pattern, suggesting a greater involvemént of FG
fibres at faster velocities (Lesmes et al., 1976).

Inferences to the precise pattern of motor unit recruitment

are limited when based only ohrglycogen depletion data. The

pattern of depletion in differeht muscle fibre types dependé;not
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only on the usage of partié@laf_motor units but also on the
possible utilizationbof,othér energy sources in addition to

glycégen. Where investigatiénsfﬁave used supramaximal.-work rates

* -

of short duration, it isijuétifi@ble to assume that glycogen is
the ma jqr substrate utiliéedlsy thé muscle fibfe types; However,
it is not justified to infe;;thaﬁ these FG motor units are
recruited contrary to tHe éiié principle, that is, preferential
to low threshold SO units. Glycogen is probably less precise an
index of fibre recruitment after extended periods of submaximal
work. With prolonged work, free fatty acids and glucose are
taken up by active muscles and the liver can provide significant
amounts of glucose during exercise (Baldwin et al., 1973). These
fuel sources are all used at.different rates depending on the
wéik intensity, the ddration of the exercise, and their
availability (Essen, 1978). It is important, therefore, that

care be exercised when intrepreting studies of muscle fibre

usage based upon glycogen depletion patterns. -

REGULATION OF MUSCLE GLYCOGEN METABOLISM

Regulation of glycogen me tabolism in skeletal muscle is an
ihterplay between humoral aAd enzymétic controls. In aﬁimals
. there afe two reactions of majof.importance in regulating
glycogen me tabolism. On the synthetic side is the glycogen
synthe tase (E.C. 2.4.1.11) reéaction and on the glycogenolytic
side is the phosphorylase (E.C. 2.4.1.1) reaction. Bgth of tHéSe
enzymes have extensive alloéteric properties, suggesting that -
their activities can be readily controlled through me tabolic

interaction. .
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The rate of glycogen synthesis, as well as the rate of
glycogenolysis, is regulated in response to muscle confraction.
Under resting conditions the concentration ofxgyo important
modulators, AMP and Pj, are sufficiently high that if these were )
the only operative factors, phosphorylase b would be active and
glycogenolysisAwould occur even in the absence of contraction.
This is not the case however, because of the opposing actions of
ATP and glucose—G—phosphate'which counteract the effect bf these
activators. At onset of muscle contraction the balance between
these various activators is shifted and phosphorylase b becomes
active. | |

When glycoaen concentration is reduced by muscular
contraction, it's resynthesis is favored by activation of the
synthetase; It has been confirmed in rodents (Danforth, 1965a;
Conlee et al., 1978) and in man (Bergstrom et al., 1972) that
when glycogen level is low, there is a good inverse correlation
be tween percentage glycogen synthetase in the I form and
glycogen concentration. The mechanism of this action appears to
be that glycogen binds glycogen synéhetase and protects it
against the actMon of the phosphatase which is also bound to
glycogen; when glycogen 'concentration decreases, both enzymes
are released, enabling glycogen phosphatase to catalyse the
conversion of synthetase D to the I form (Villar-Palasi, 1969).
When glycogen.concentrations have been restored, synthesis of
the polymer is slowed due to £he inhibition of synthetase
phosphatase. The regulation of glgcggen levels by glycogen per .
se may involve aﬁ effect on glycogenolysis as well as on

glycogenesis. Glycogen is a strong activator of phosphorylase b
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kinase (Delénge et al., 1968) so that high levels of glyc9gen
would favor phosphorylase a formation and‘glycogenplysis. :

The reactions rggulating glycogeﬁolysis are modulated by
several important hormoﬁes, particularly epinepherine, insulin
and'the glucocorticoids. The causal effect of epinephrine on
glycolysis was established by Cori and Cori (1928). The
activation was demonstratéd to be a cascade reaction involving
the phosphorylatiop of phosphorylase b kinase and subsequently a
cyclié AMP dependent prétein kinase which catalyses the
reaction. Epinepherine stimulated glycogenolysis is further
‘enhanged by a decreased rate of glycogen synthesisjthrough the
-conversion of glycogen synthetase i fo D which is ¢ata1ysed by
the same cyclic AMP;hependent prote in kinase. ‘

It has long been recognized that insulin has a specific
action in facilitating glycogen apart from its effect on
promoting giucose uptake by muscle. Villér—Palasi and asséciates
(1971) demonstrated that insulin activates glycogep synthesis by
promoting the formation of syntheéis I via a decrease in the
activity of the kinase (Shen et al., 1970). How this is actually
accomplished is not well understood. |

Administration of adrenal corticol hormones to
adrenalectomised or normal animals causes an incréase in the
level of stored muscle glycogen. This is most likely an effect
which is secohdary to the hyperglycemia,resulting from the

gulconeogenic action of glucocorticoids on the liver (Schaeffer

t al., 1969).

0]
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LACTATE REMOVAL AND INTRAMUSCULAR GLYCOGENESIS

A primary controversy exists over the removal of»lactate
between those who believe that its maibr fate during recerry is
‘reconversion to glycogen and ﬁhose who believe this metabolite
1s virtually 100% ox1dlzed Secon?ly, it is regularly debated as
fto whether it is the liver or skeletal muscle that is
responsible for these processes. The metabolism of an organism
or muscle tissue after exercise is characterized by a prolonged
elevation in oxygen consumption. The classic "excess post
exercise oxygen consumption" theory (EPOC} suggésts that the
primary fate of 80% of the lactate removed during recovery from
high intensity exercise is conversion to glycogen with oxidation
of the rémaining 20% providing the energy_fbr glycogenesis: In
opposition to ﬁhis theory is the interpretation that girtually
all the lactate\produced in high intensity exercise is oxidized
to carbon dioxide and water. The EPOC theory is describ%b as
"inadequate" and "simplistic" since only<9—25%‘of metabofized
lactate can be éccounted for by glycogenesis or gluconéogeﬁésié
(Brooks andbGaesser, 1980).

The ma jor crificisms of the lacfic acid theory of oxygen
debt comes from Brooks and co-workers (1980), Depocas et al.

1 (1969) aﬂd Searl and Cavalieri (1972). Brooks et al. (1973)
using 14C labelled lactate infusedtunto exhausted and pair
fasted controls, showed no glycogeh_synthesis from lactate
during the post exercise periéd of elevated oxygen comsumption
held by the EPOC theorists to represent repayment of,the oxygen

debt. On the contrary, they found 84% of the label appearing as

carbon dioxide after two hours recovery. More recently Brooks
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and Gaesser (1980)V§bserveg;in radiochromatograms, that
following p9§h continuauszand intermittent exercise, glycogen
synthesis'a{a not ébinéide with lactate removal or with the
phaseipf BQYgen consumption considered to represént EPOC.

Tbe importance of lactate as a source of oxidizable carbon
is furﬁher enhanced by exercise performed below some céitical
level of oxygen uptake during recovery from maximél exercise.

Hubbard (1974) showed that 35-68% of administered lactate is

recovered as carbon dioxide within 30 minutes when exercise at

62-75% éf-ﬁozmax is performed. Essen et al. (1973) and Hermansen

and Stensvold (1972) have demonstrated that uptake of lactate by
skeletal muscle can occur even at workloads demanding 80j§O% of-
&%zﬁax. The strategy of active recovery by athletes to enhance
lactate removal has been further demonstrated by Bonen and
Balcastro (1977). There is thus ample evidence to support the
hypothesis that lactate removal is primarily accomplished by
oxidation and that skeletal muscle has the mass ‘and metabolic
profile compatible with being a major contributor to;thié>
process.

The site or:sités for the metabolic removal of lactate
following maximal exercise, be it oxidative or glycogenic, is a
matter of somé contention. The importéggg’of.the liver in the
elimination of lactate has been investigated in the work of
Rowell et al. (1966) and Davis et al. (1970) which demonstrated
that 50% of the total lactate formed during high intensity
rexercise is removed byithe liver. In contrastiBTOOks ;E _l.

(1973) and Miniare and Forichon (1973) have suggested a minimal

hepatic role accounting £ or approximately of 9-25% of the

@
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lactate removed. Hermansen et al. (1973) récalcuiéted the data
of Rowell and co-workers and showed that the liver was able to
remo ve only about 0.1-0.2 grams of lactate per minute. Preyious
work by Hermansen and Stensvold' (1973) disclosed that |
aproximately 1.3 graﬁs,of lactate per minute were removed during
resting recovery from maximal intermittent exercise and up €0‘24
grams of lactate per minute if light exercise was performed.
This suggested that 25 times more lactate was removed during
recovefy from exercise than can be accounted for by the liver.
Therefore, . the. importance of the liver in the elimination of
lactate following exercise may be less than previously thought.

In addition to the liver, skeletal muscle (Jorfeldt, 1970)
and other organé includiné heart and kidney are able to take up
and remove lactate (Knuttgen, 1971L. Heart .and k idney, however,
contribute to Pnly abaut 10% of the gemoval (Carlsten et al.,
1961; Krebs, 1965). Since skeletal muscle represents the largest
tissue mass of the body, constituting 40-50% of tRe-body weight
of man (Andérs et al., 1956) and having the appropriate

me tabolic profile it would be a likely candidate for the site of

lactate removal.

There is;compelling evidence to suggest that EPOC is a w
valid theory. The original proposai that lactate is removed by
skeletal muscle via a conversion to glycogen came from the work
of Meyerhof (1520). It was observed that isolated frog sartorius
musclewwas able to remove lactic acid férmed during fatigue when
muscle was allowed to recover in oxygen, but only 20-25% of the

removed lactate could be accounted for by -oxidation to CO3  and

water. Meyerhof, Lohman, -and Meier (1925) redonfirmed Meyerhof's
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original hypothesis by reporting significant gainsAin the
glycogen contént of skeletal muscle of frog hindlimbs perfused
with 0;12% lactate. Hill (19 25) examined.the fate of lactate in
terms of its heat of combustion. The only possible coﬁelusion
was that forbevery five nbles‘of lactate removed in the recovery
process only One was oxidized, again accrediﬁing oxidative
removal to 20% of the total lactate e tabolized. In a comparison
of the rate of glycogen synthesis in intact and eviscerated
.animals Eggleton,and Evans (1930) demonstrated a gain in muscle
glycogen of eviZZerated animals suggesting direct intramuscular
convefsion of lactic acid.

Meyerhof (1925) showed that if isolated skelefal muscle was
allowed to recover in oxygen, glycogen was synthsized'at the'
same time as lactate disappeared with 20% oxidized, and the
other 80% converted to glycogen. Eggleton and Evans (1930) were
able to confirm these findings whereas Sacks and Sacks (}935)
could not demonstrate glycogen synthesis from laetate following
contractile activity in mamﬁalian muscle. In the 1960's
radioactive tracer studies performed by Bar and Blancher (1965)

and Gaurly and Suh (1969) showed that the labelled carbon atom

of 1-14¢ lectate was incorporated into glycogen in both isolated
rat diaphragm and isolated sartorius muscle. )

Many textbooks of biochemistry suggest that lactate must
first escape from the muscle into the general circulation where
it is carried to the liver and converted to glucose which is
again released to the circulation and ultimately teken up andr

stored as glycogen by skeletal muscle. This idea of a certiﬁlete\’/.‘g\2

cycle of the glucose molecule within the body comes from the
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work of Himwich et al. (1930) and Cori and Cori (1929)rin,whicht
decerebrate dogs were used to compare the concentretions of
lactate and glucose in arterial blood with that of the venous
blood dreining various organs. It was concluded that the main
source of the lactate is skeletal muscle with the liver being
the organ chiefly eoncerned with its éemo§al. Since all.organs,
except liver, remove glucose from the blood, a complete
carbohydrate cycle between iiver and muscle is envisioned.

With the availability of improved biochemical techniqyesi,
Bendail and Taylor (1970), attempted to repeat Meyerhof's

\ ‘ ~—

original experiments. The evidence strongly supported Meyerhof's
or&ginal hypothesis that; of the total lactate di sappearing from
frog skeletel muscle -during aerobic recovery, only one sixth can
be accounted for by oxidation, the rest appears in the form of
intramuscular glycogen. Hermansen and Vaage (1977) investigated
intramuseular élycogenesis in humans recovering frommaximal
intermittent leg exercise. These investiga tors measured‘mﬁscle
glycogen end lactate changes and a-v lactate, glucose and
alanine changes in human subjects during the first 30 minutes of
recovery. Tpe findings supported Meyerhof 's original postulate
in that only 10% of the lactate recovered could be accounted for
by an efflux from legimuscles into the circulation. Of the
remaining 90% of the lactate me tabolized within the muscle
tissue less than 25% appeared to be oxidized to carbon dioxide
and water; The remaining 75% had to be metabolized via another
route, of which conversion to glycogen seemed the most likely.
Brooks and Gaessef (1980) have eritieised these results

e

suggesting that the use. of venous ple thysmogr aphy to- sure
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blood flow and the absence of direct'tracqr determinations
invalidate the conclusions.. : |

In a recent investigation of muscle gi;iogenesisMcLane and
Holloszy (1979) perfused isolated rat hindlimbs with 12 mM
lactate and‘3.3'pci'mmole_l of u-14c 1 ate. They observed a
rapid increase in glycogen in fast—¥witch red and fast-twitch

white types of ﬁusclé with‘up to 44% of the infused lactate

appearing as giycogen. Brooks and Gaesser (1980) conceeded that

(3

a significant incofgoration of 14c lactate into skeletal;nuscle
glycogen was observed in rats recovering from continuocus or
intermittent exercise. The time course of this incorporation
suggested direct lactate to‘glycogen conversion within the
muscle. The data‘of Connett (i979) showed in isolated frog
sartorius muscle that incorporation of'laﬁeled lactate into

glycogen was five orders of magnitude greater than into carbon

dioxide. .~

™

ENZYMES OF GLYCOGENESIS

w

Many studies criticize Meyerhof's original hypothesis based
solely on the unfavorable energetics of reverse glycolysis
(Krebs, 1965; Krebs and Woodford, 1965). The overall process
- under staﬁdard conditions for the reduction of lactate to one
1

mole of glucose has a delta Goof +48,QOO cal*mole” Therefore,

ih order for this reaction to occur it must be driven by a
greater energy input. The probleﬁ: as several authors have
asserted (Krebs and Woodford, 1965; Bendall and Taylor, 1970),

is the pathway by which the flow of lactate carbons to glycogen

is occurs.
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It is accepted that glycogenesis involves some reactions of
glycolysis iﬁ reverse and some additional reactions which
overcome free energy barriers preventing direct reversal of
glycolysis. The two thermodynamic barriers which exist for the
direct conversion of lactate to gleogen are between pyruvate
aﬁd phosphoenolpyruvate, and between fructose-1,6-diphosphate
and fructose-6-phosphate. These thermodynamic barriers are
effectively sidéstepped by reactions involving the cytosolic
enzymes fructose-1,6—diphosphatase and phosphof{enocl jpyruvate
carboxykinase. Both of these enzymes have;been demonstrated to
possess a range of activities 1in 'a variety of skeletal muscle
such as soleus, gastrocnemius, and diaphragm, from such species
as man, dog, cat, rabbit,and rat (Krebs and Woodford, 1965: Opie
and Nerhol;, 1967: McLane and Holloszy, 1979), However, the
third key:enzyme, the mitthondrial protein pyruvate
- carboxylase, as i; exists in the glycogenic tissues, liver and
7}idney, has not Been demonstrated in skeletal muséle (Bucher et
-al., 1965; Krebs and Woodford, 1965; Crabtree et al., 1972; Opie
and Newsholm, 1967; Keech and Utter, 1963). As is pointed out by
major critics. of muscle glycogenesisr(Krebs and Wpodford, 1965),
a pathwa%‘involving the Krebs cycle as seen in liver and kidney
cannot operate in muscle (Fig. 14). Supportive evidence is
provided by the observation that in both isolated muscle and
whole animals, there is no randomization of the label from 2-14cC
pyruvate whicnh wauld occur in.a pathway interacting with
mitochondrial dicarboxylic acid pébls (Krebs and Wwoodford, 1965)
as in liver and kidney (see Connett, 1979). This hypothesis is

supported in the data of Connett (1979) which showed in isolated
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FIGURE 14. THE PATHWAY OF LIVER GLYCOGENESIS
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frog sartorius that the incorporation rate of l4c from 1-14c

acetate into glycogen is more than‘ﬁwo orders of magnitude les;
than the incorporation from u-14c lactate, while the l4_'C02
nroduction rates were identical.‘The cqnclusion is that there isl
ver& little flux frem;Krebs cycle intermediates to glycogen in
muscle, and lactate incorporation must proceed viara pathway
independent from the Krebs cycle.

To aecoupt for these data Bendall and Taylor (1970),
suggested the formatien of an extramitochondrial intermediate
using the "malic enzyme" (l1-malate dehydrogenase
decarboxylating, NaDPt). This pathway would not require a large
increase in pyruvate concentration and a decrease in '
phosphoenolpyruvate to functien. This is consistant with the
observations of Connett (1979) that the pyruvate kinase reaction
is far from equilibrium,and that there was no fall in
phosphoenolpyruvate and rise in pyruvate in response to elevated
lactate levels that stimulate glycogen‘synthesis. Therefore, the
activation of glycogenesisret a point beyond pyruvate kinase
which would result in reversal’ef flow through this enzyme seems
unlikely. However, McLane and Helloszy (1979) calculated thet
pyruvate kinase }eversal could yield approximately 46 pmol of

1 of mixed muscle*hour~! at 37°cC.

phosphoenolpyruvate®gram’
A pathway operating through the malic enzyme would
demonstrate some of the features of liver glycogenesis such as .
inhibiﬁion of PEP carboxykinase by 3—mercaptopicolinate (Ferre,
et al., 1977: Kostos, et al., 1975). Connett (1979) makes an

interesting suggestion based on the fact that reversal of the

malic enzyme requires NADPH+HY. The production of cytosolic NADH
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will occur via lactate dehydfogenase which in turn should;yegulg
in increased NADPH via transhydrogenase reactions. Thus’the.
strong stimulétion of malic enzyme and'glycogenesis byfelevatéd
lactate concentrations may be‘due to this metébblite‘a§ a source
of reducing eqﬁivalenté.’ T

The malic enzyme was demdnstrated by Opie and Néwsholm
(1967) in skeletal muscle of rabbiﬁsk_frogs, piggons and hens
and its kinetiq features further characterized by Frenkelr(1972)
in bovine cardiac muscle. The kinetic charabterisiics of this
E enzyme'and the'sensitiyity of the'paﬁhway to bicarbonate
'(Bendall and Taylor, 1970) and to tﬁzhphospho(enol)pyruvate
carboxykinase inhibitor 3-mercaptopicolinate (Connett, 1979)dare
consistant with a an extramitochondrial such &s thé one in .
Figure 15, If the malicrenzyme operates, the overall reaction
from lactate to glycogen as shown in Figuré 15 can be formulated

as follows:

2lactate+5ATP+(g lucose)+H20 =———> 5ADP+5P+3H"+(g lucose)

ZXGO=—5;4 kcal x mole-1 of lactate

Thus, 2.5 mole of ATP is used/mole of lactate converted to -
glycogen and 17 mole is produced/mole oxidized: or for every
mole of lactate»disappearing (2.5/17) or .147 mole is oxidized

and 0.853 mole is converted to glycogen (Bendall and Tay lor,

1970) .
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" FIGURE 15. A PROPOSED PATHWAY OF LIVER GLYCOGENESIS
GLYCOGEN A'

FRUCTOSE 6-PHOSPHATE
PinA \ »
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It aﬁpears fhat the theoretiéégrérguments for skeletal
muscle glycogenesié have validity and tend to vindicate the
>obéervations of lactate convefsion tqygiycogen.'However, the
physiological impoftance of such é pathway for lactate |
vmetabolism'operating in musclé hag not been weli established. It
remainé‘to be seen if further researéh will absolutely cbnfirm
or refute the observations ofvﬁeyerhof’(l920), Hill (19 24),

" Bendall and Taylor (1970), Hermanssen and Vaage (1977), and
others who claim tﬂét in excess of 75% of the lactétevforhed

during high intensity exercise is converted to glycogen directly.

within skeletal muscle.
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