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xamine the specnfic interrelationship between muscle temper-:

T ';4§?i> ! A perfused rat hlndquarter system was developed to

o . a

A ature and oxygen uptake. Twenty-five male. Wistar rats were

oxygen uﬁtake under one of the following muscle temperature

s - 'conditions: 36 38 40 k2 or 440 . The data at 42 and 4#00

i uwere not acceptable because of marked tissue edema which led

'

| whieh resnited in a disruption in the normal resting state of

the musdleJ The results from the remaining three groups

Kn(36 38 and 40°¢) 1ndicated a Significant 1ncrease (P<¢01)

* in muscle oxygen uptake in response.to elevations in temper-

_ature. .In addition the curve that represented this increased

oxygen'consumption was quadratic. This information suggests

that at a critical temperature level some mechanism w1th1n
.Lrthe muscle cell triggers an 1ncreased rate of oxygen con-

'sumption. These data have 1mp11catlons toward future cal-

culatlons of post exercrse oxygen consumptlon. Since muscle

- -

‘temperature is elevated during recovery from exercise the

‘relative contrlbution of the resulting 1ncreased levels of

-

mitochondrial resplrffion to the total recovery oxygen uptake

must be con51dered. ‘ . . e

ediVided 1nto five equal groups. Each ‘group was examined for.

to 1ncreased;hem1corpus weight and frequently low PaO2 values



CHAPTER I

INTRODUCTION

L

At the onset of exercise the working musclelquickly
exhausts its available oxygen, ATP and CP stores and must
rely primarily on the glycolytlc production of ATP for

, muscle contraction. Before a steady level(of oxygen uptake
’ ie_achieved the muscle accumulates an energy deficit that
‘ﬁﬁggﬁhust be repaid after the exercise»is'terminated (5, 19, 20,
'29“~§ﬁ 35, 52).. Post exercise oxygen consumption does not
return 1mmed1ate1y to ;EStlng levels but remains elevated for
a period of tlme, dependlng on the 1nten51ty and duration of
the_exerCLSe (20, 29, 34, 35, 52). The rate of recovery
oxygen'uptake declines rapidly at first and then more slowly,
flnal;y approachlng restlng "levels. . |
- ThlS phenomenon was de31gnated as oxygen debt when
flrst identified (20) and was separated by early 1nvest1gators
1nto two dlstlnct ‘components. The initial rapid decline in
the rate of oxygen consumption was identified as the alactic
pertion and was attributed.to the feplenishment of imme-
diatel& available energy sources such as ATP, CP, oxygen
stores and dissolved.oxygeh in the blood plasma (19, 34).
The slow component of oxygen debt was identified as the
lactic portlon of the total debt and was associated w1th the

_conversion of blood and tissue lactate to glucose and glycogen

in the liver or terminal oxidation of lactic acid by the

-
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% liver, kldney,ior heart (19. -34). . - -
This 51mpllstlc ‘view ofmoxygen debt, has. recently
been challenged (8, 29, 35, 52). . Several investigators ™
(8,'29, 35, 45) have indicated ‘the failure of this simple
deflﬁitiqn to account for such factors as: 1) oxygen cest
of elevated ventilatioh and mxocardial‘contraction after
exereise;lz) oxygen required to supply>energy for tissue
repair. and to correct imbalances caused by metabolite turh-
over and electrolyte shifts; and 3) ;levated oxygen consump-
—tlon caused by increased core and muscle temperatures. In
view of these added dlmen31ons the term "oxygen ‘debt" is no

longer suff101ent to deflne the- perlod of 1ncreased 02 con-

sumptlon after exercise. Hereafter post-exercise O2 consump-~

tion” will be red to as recovery pxygen uptake.

Studies with man (3, 11, 48, 49) and animale-(9) have
demonstrated that du cle temperature increases rapidly during
exercise and‘remains eléwated in recovery. In addition, |
experiments with isolated Mat skeletal muscle mitochondria
have clearly shown that tempgratures above 40°C resulted in
ﬂincreased rates of oxygen conshyption. Collectivel§.~these
studies strongly euggest th evated internal muscle
‘ temperature may play a 51gn1f1cant role in recovery oxygen

uptake and should be considered as a contrf%utlng factor in

future studies of this phenomenon. However, the. specific
interrelationship between temperature and oxygen consumption

in mammalian skeletal muscle during and after exercise remaing.
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to be evaluated in intact muscle tissue. Until recently it.
was not p0531ble to 1nvest1gate the systematlc effect of
temperature on muscle resplratlon. Durlng exercise perform—
ance several 1nterven1ng factors glve rise to alteratlons 1n
whole body oxygen consumption and ATP productlon. These_
facto?s; as previously mept}oned.‘iﬁclude:~,l) tissueldamage
énd-rEpair; 2) elevated myocardial contractionz 3) increased
ventllatlon. 4) metaboli#e and electrol&te imbalances; |

5) lactlc acid production; and 6) replaplshment of ATP Cp
and pxygen stores. Thega‘"whole body " effects on post
exeréise oxygen consumption must be eliminated. To establish
a direct relgtionship between internal muscle temperature andﬁw
resﬁiration a system in which,teﬁperatupg and‘ihe rate of
oxygen sﬁpply can éasily be controlledfaﬁd measured, must be
used. Y ) )

Seyeral investigators have used a perfused rat

" hindquarter system.to study metabolic performance in skeletal

muscle tissue employing whole blood (32, 47) or washed red
blood cells (24) as oxygen transporters.’ In this study the
procédure and apﬁaratus,were simplified by eiiminating the
red blood cells and substituting a.standard, oxygenated
Krebs-Henseleit.bicarﬁgn;te buffer. This perfusion mediuﬁ
has beeﬁ successfully used in isolated perfused rat‘heart
studies .in this laboratory and. several others (39, 41), but‘l
the reliability of thé»cell—free Krebs-Henseleit buffer as

a perfusate in rat hindquarters ﬁas not béen tested.

—

The jntent of this study was to: 1) establish a

K v
.
-

i
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perfdﬁed aknﬂé;al muscle

venous P02. as well as muscle %meera%ure could- 31multaneously .
be meas red,\i\d 2) syetemat ca%}& investigate the effect of

internal| pusclle temperz€u¥e on tissue oxyfen consumption.

R Hypotheses
1) H:o The system for perfuslng—rat hindquarters
will not serve as a viable 1nstrument .for detecting
‘.ia

variations in oxygen consumption in rat skeletal muscle in

response to changes in }nternal muscle temperature{
L‘_‘w _ H:az The perfusion system ﬁill servelas a viable
instrument; '
2) Hio There w1ll be no increase in c%ll resplratlon

in rat skeletal muscle in response’ to 1ncrea51ng muscle

py

y} temperatures.

H:a, Theresﬁill_be a positive linear relation--
+ ship between oxygen .uptake and muscle temperature.
¢ Hia, Initially celluldr respiration will increase
in a linear fashion in :espense 4o elevations in muscle
temperature, but et some critical temperature the slope of

the Voz/%emperature curve will change.

- Befinition of Terms

Energy Deficit: The oxygen, ATP and CP stores used for

energy production after contractile act1v1ty in the muscle
beglns and before a steady level of oxygen uptake is reached.

Recovery Oxygen Uptake: 1) The total amount of oxygen used

to replete oxygen and energy stores and to reconvert or

2
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oxidize 1ectates produced duriné an exercise bout. .2) The - ' P

excess oxygen used as a result of.exercise causing a general

disturbance of the resting condition 6f the body, This e
_ 1ncludes oxygen used as a result of elevated 1evels of ' -
ventllatlon and myocardlal contractlon, electrolyte shlfts,"

v

tissue damage. ‘metabolite turnover and elevated core and

»

muscle temperature. - ' _ iy

I

ions The rate of mitochondrial Qkygen

consumption prqceeds at the maximum rate in the presence of

phosphate, ADP (phosphate acceptor) and substrate. This is

_referred to as “"active re giration” (30). .

5 lacking in the system (no

t rate. This is referred to as

?Zég -sfing state of respiration" (30). ' /7



CHAPTER II
’ METHODS
Care- and Preparation of Animglg

Twenty-five male Wistay rats obtained from Woodlyn

Farms in Guelph, Ontario and weighing approximately 220 gm

were used for the.study, The animals were housed in a o
temperature contrdlled room (25°C) and were provided with
‘water and Purine”Rat Chow, ad libitum. S

© The animals were aﬁesthetized with“aq intraperitoneal
injection of sodium pentéparbita} (25mg/100g) 30 minuteg after
being héparinized (1 unit/g) with sodium hepariﬂﬂgs prevent
.;plood clotting in the mus&lé'tissue during the surgical

x'procedures. ) ] "

. The Perfusion Apparatus

| The perfusion apparatus was a modification of that
described bthefferson (24)(Fig. 1). The system was housed
in a 36" x 30" £_24" wooden chamber with a sliding plexi-glass
door on one side. A variable‘speed peristaltic pump, pro-
truding from one end of the chaTber, drew the perfusate from
a 250 ﬁl glass reservoir through a coarse glass filter and
deliverez>it to a glass bubble trap located 60 cm above the
pump . e‘buﬁble trap was joined to a mercury manometer for
easy nonitoring of perfusion pressure and to an aortic cannula
(21 gauge hypodermic needle) located below the trap and attached

+

6
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to the animal-trayﬁ The sharp bevelled tip of the hypodermic

R &

needle was blunted to prevent puncturlng of the artery. All :

.connectlve tublnglrh the perfusion system was 3/8" oL d., ‘
1/4" i.d., Tygon. ' ) | )
’ A 10 ml graduated cylinder which recelved venous
outfiow from the hlndquarter,_was secured to a retort stand
outSLde the perfu31on chamber. During each experlment the »
venous cannula was conneeted to a rubber tube which delivered
venous outflow through an opening in the chamberAwall into "
the reservoir. Clamping the -tube and timing the drip rate
with a stop watchhbrovided an easy and accyrate method of
calculating the rate of flow of the perfusate through the
hindquarter. y )
Since‘the'buffer was not recircﬁiated an extra
supply in a 2000~mi\pyrex cohtainer was kept within the
chamber ta assure uniform buffer temperaturef When required,

perfusate from the 2000 ml reservoir was drawn)from outside

the chamber, through a length of Tygon tub ng ‘into a 50 cc’
/

plastlc syrlnge. This amount of buffer wag then transferred

s
thggugh a similar section of Tygon into
This progedure limited the number of ti he chamber had
to be*dgined ané.prevented heat loss., 'The:berfusate in both
sSthe 2000 ml and 250 ml containers was g;sseq with a_water-.
saturated mixture of 95% 0,5, 5% oy, hsing fine sandstone

filters. ‘ M

To heat the chamber uniformly, four 150 watt light’

bulbs were attached to the back and one end of the box with

50 ml container.



a small fen circulating the heated air. These bulbs were
connected to a micro-switch and ﬁafer-tﬂermﬁsfﬁtrwhiCh:_i
turned the lights on and off as they controlled tempérgtﬁre.
A mercufy thermometer suspended directly over the preparation

. . ! .
pfovided convenient observation of the temperature within

r

the chamber.

Limitations of Perfusion Chamber #fﬂh -
‘ Dufing‘tﬁé experiments problems in temperature qéntrol
-caused by thef design of tﬁe perfusion chamber became evident.
When the sliding plexi-glass door was opened to aliow for
lextraction‘ofrartefial and venous samples, heat escaped from
inside the chamﬁer and a siight~redugtion (0.5°C) in tissue

. temperature was noticed.  When the door was closed again the
muscke temperature'soon rose to the desired level and was
stable by the next sampling time. A smaller door* that gives
access 10 a sliding animal tray and, allows for easier'sampling
is heceééég; for convenience and to help maintain a stable
internal temperature. In-addition to this, better insuiation
of the ;hamber walls is required since it was necessary to

keep the environment within the box slightly higher (2-3°C)

thaﬁ the muscle %empérature to maintain the desired level.

Perfusion Medium
A gstandard Krebs-Henseleit bicarbonate buffer,
fresh%y prepared each day, was the basic perfusion medium.
It c@ntained the following salts in millimolar concentrations:

NaCl,118; KC1,4.7; CaCl,+2H,0,2.5; Mg SO, + 7H,0,1.2:

\ .
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KH Pou,l 23 NazEDTA 0. 5 . This mlxture was gassed for 15

minutes then NaHCO (to a flnal concentratlon ‘of 25mM) was ~

added. The NaCl, with 15mM glucose added, and NaHCOB.were

prepared daily while the other salts were obtalned from stock‘

~ solutions. N
s gical T

.-

The abdomen was opened by making a horlzontal mldllne

incision then two vertlcal 1n0151ons along elther 51de of the
abdomlnal cavity. The follow1ng vessels were llgated w1th
silk thread: coeliac artery; renal suprarenal. spermatlc
and 1%101umbar arterles and veins; and rectum. The, v1scera1

organs were removed and a loose llgature placed around the

1nfer10r vena cava Just above the right 11101umbar vein.,

After clamping the vena cava above. then below the ligature,

a 'small cut was made with SClssorS between the clamps and a
12 gauge dannula was 1nserted and tied in place. )

In the pre-heated perfusxon chamber the chest cavity
was dpened by making a vertical inc¢ision along the }eft side
of the anterior thorax. After placing a loose.}igature
argund the descending aorta, just above- the diaphragm, the
édrta was clamped with a small hemostat one inch proximal to
"the diaphragm. A small incision was then made between the
Iclamp and the-ligature, the aortic cannula was inserted and -
tied securely.

| After each perfusigp;yas'completed the animal was
transected just above the.position of the aortic.cannula and

the remainiﬁg viscera and all fat deposits were extracted.
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The tail and feet were removed, then the animal was SEIhned

A3

" and weighed;f~x . R ; ' ;lyf .. A : E"

The 25 anlmals were d1v1ded 1nto flve equal groups.
Each group was jested at one of the followmng muscle
teqpe;afhres. 6, 38, 40, uz, or 44°¢,
| After each animal was aresthetlzed, the procefures -

for evisceration and placement of the venqus cannula were

completed outside the perfusion chamber. The corpus was then

transferred to the animal tray inside the pre-heatéd chamber

_ for placement of the aortic cannula. Since the animal was ™

expoagd to anoxic conditions after the chest was opened and

 before perfusion was started with the oxygenated buffer, it.

was important that these final surgical proce&ures be done
quickly. ., As soon as the aartic cannula was secured, perfusion_
at a rate of 17-21 ml/min was started and continued for at
least. thirty minutes before samples were extracted for |,
analysis. .

Muscleltempérature was monitored constantly by a
YSIjOO}'lS gauge thermistor probe inserted to a depth of
1 cm in the vastus edialis muscle and connected %o0.a YSI
Model 36TU Tele-Th!Emometer. Since the teﬁperature of the
interior dropped ‘considerably each time the sliding plexi-
glass door was opened, it was necessary to keep the inside
temperature 2-3 °c higher than the pre -selected muscle and

buffer temperatures to maintain the requlred temperature

levels. If the desired muscle temperature was attained

V .



thirsy: minutes after ‘the beglnnlng of perfu31on. one arterlal

and ome venous sample were R?moved w1th 2ce glass syrlnges.

Y

were drawn 10 mlnutes later. JIf the necesséry muscle

'W1th1n 10 seconds of each other. . Other 1dentical samples

tempefature was not reached after 30 minutes an.additiona;

perfusion period of not more than.l5 minutes was allowed ¢

-+

before the first sample was taken. No samples were taken '

dfter 60 minutes of perfusion because of. possible deterior-

ation of the preparation. The arterial samples (2 ml) were

4

drawn through gum rubber tubing positioned in the arteriab

line of the system, just before entry into the anlmal and

venous samples (2 ml) were taken through a hypoder

ic needle

inserted 3 cm into the outflow tube. All samplesf{were

immediately capped and later analyzed for PO,

at the Grace Hospital Chemistry laboratory using a

» and pH

openhagen

model A-1 Acid-Base Analyzer.

Oxygen- consumption was ‘expressed in micromoles of

L

0 /hln/ioo gm of hindquarter, wet weight, and was calculated

according to the follow1ng equation:

umoles 02 consumed/hin/lOOg hemicorpus =

(uloz/hl.artefial - ul/ml venous) x flow{ml/min)x100

22.4(ul0,/umole) . hemicorpus weight
ulo,/ml = ' 24.P
2 N
Where: 24k = solubility of 0, in buffer (ul/ml medium)
) 760 = mmHg(h '
v P = 0, tehsion in medium (mmHg)

*

s
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Tegt for Stabili ebs-H 21t ‘B

[Since there is no ev1denee documentlng the stablllty
of the PO, in a Krebs-Henselelt buffer when exposed to hlgh
' temperatures. some,prellmlnary experlments were undertaken to
1nvest1gate changes in the P02uof this buffer when heated
.between .36 and &ho In three experlments, dev1atlons in
Pozﬁﬂere measurod as the buffer c1rcu1at d thro gh the
perfuaaon system. Two ml samples were extracted by syrlnge
when a stable buffer temperature was reaehed and were

‘ VN . i3 <o
analyzed for PO, with an IL Model 113 pH/blood gas analyzer.
. - : . *

Tests for Stability of Hindquarter Preparation

Some addltlonal preliminary 1nvest1gatlons were
conducted to examine lactlc acid productlon and stablllty of
O2 consumptlon at 36 C over a 75 minute perfhsunn perlod.
Since .either washed red blood cells (32, h?) or whole blood .
(24).were used as oxygen carriers in all the literature
.examined it was necessary to carry out these experlments to
Jlnvestlgate the stablllty of the hindquarter preparatlon
uSLng the Krebs-Henseleit buffer as a perfu31on.med1um.

" Lactic acid production was measured in six animals welghing-
between 550-650 gﬁ. Two ml samples were extraeted from the
venous eutflow at four 15 minute intervals after a 15 minute
bre-wash. " The samples were stored frozén and"later analyzed
'colorlmbtrlcally for lactic acid concentratlon accordlng to
the method of Pryce (44). Oxygen consumptlon was examined
Cin these same animals at three 30 minute 1ntervals. In all

cases separate two ml arterial and venous samples were\
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..‘-‘ . ~_' . | - - } | l# | B : - o R X | ] _-”‘-; z :
analyzed for PO, with the f;‘pH/bioo& gas analyzer. - ' .
" In addition, another parameter was lnvestlgated to 7

secure further 1dence_supportlng the v1ab111ty of this.
“technique of rat hindquarter.perfusion. §amples,of tissue . 2
were quickly excisedQ:n‘_ry' the vastus medi-a.lié and the bellir - -
;gggphe gaatrocnemlus uscles in three separate groups of |

animals.. The third group consisted dff:nlmals used in
eiperiﬁents at 36°C (1), 38°C (3), and 40° (4). The muscle
samples #%re frozen 1mmed1ately in llquld nltrogen and laterj
analyzed for-glycogen content accordlng to the method of Lo,
Russel and Taylor (31} ' The three groups were tested

according to the follow1ng_protocol:

- ' : ¥
GROUP * CONDITION N
1 - Normal Resting 5
2 0 Min. Perfusion 5 X

{after anoxia)

3 40 Min. Perfusion 8




" CHAPTER III

RESULTS

S ili K bs-Hén it B

Slnce an adequate oxygen delivery system is crltlcal
to malntaln metabolic homeostaSLS in the muscle tissue it was
necessary to conduct a preliminary investigation that would
demonstrate the Krebs-Heﬁseleit buffer_PO2 responses to

2
values in the buffer decreased when temperature was elevated

ftemperature; These results are given in Figure 2. PO

but still remained high (greater than 600 thg) even .at 44°C.
\bn the basis of these results it was decided that the

" oxygenated Krebs-Henseleit buffer was a sufficient perfuéion
medium to examine oxygen uptake responses to elevations in

muscle temperature.

Oxygen Consumption Lactate Productidn and Glycogen Qgpletioh
The results of experiments indicating lactic acid
production and tissue oxygen uptake in the larger animals are

given in Figure 3 (Raw Data available in Appendix A) and

Table 1 respectively. Lactic acid production decreased after

the initial anoxic period and remained at low levels through-
“out the total perfusion period. Oxygen uptéke did not vary
significantly during a sixty minute period after 15 minutes
of pre-wash. Thesé data indicate thé metabolic stability of
this hindquarter ﬁreparation at a normal resting muscle

temperature of 36°C.

15
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TABLE 1

CHANGES, IN VO, DURING PERFUSION- \
IN LARGE ANIMALS '
(umoles/min/100g) ...

. ANIMAL 15 Min. 45 Min, * 75 Min.
1. - .78 5.0 _ 4,16
2 a9 4.83 © . 4.83
3 | T h29 4.33 4,56
n \ "6.43 - 5,90 5.16

N ‘ 4.25 N 4,09 3.73
x - 4.85 4.85 4,49
s 0.74 067 ©0.50

SEM - 0.18 0.17 - 0.13

—

bl
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Pigure & representsbthe total glycogen depletion in

‘the vastus medialis and gastrocnemius muscles of three
i‘ .

.

separate groups of animals (Raw Data‘in‘Appendix B). There
was a 3.5% réduction in glycogen content from normal résting
yalues to the start of .perfusion {0 minutes) in the vastus
medialis. This depletion represents the amoﬁnt of.glycogen
useq/for energy production as a result of tissue exposure to
anoxic conditions, lasting‘l—l.s minutes, during fhévfinal
stages of the surgical procedﬁre. Aftef 40 minutes of ’
hindquarter perfusion a further 21% depletion of glycogen
stores was evident in this muscle. , There was quite a dgifferent
pattern of glycogen réduction in the gastrocnemius with a

- 25.5% depletion from rest to O minute and a subsequent 14%

drop from 0-40 minute of perfusion.

Oxveen Uptake in Response to Temperature Increases

The oxygen uptake values from the two groups tested
at 42 and 44°C are not included in the results because of a
-dis;uption of thé normal state of the muscle tissue (sample
available in Appendix C). Marked tissue edema at these
temperatures resu;ted in an increased hemicorpus wgight,
markedly lowering the oxygen uptake values. Extremely low
PaO2 in the perfusion medium led to disruptiéns in metabolic
‘performance of the tissue. These problems were characterized
in most ‘cases by one or more of the following conditions:

low pH in venous outfléw, low PvO, (1ess than 30 mmHg);
high PvCO02 .

Il

Changes in oxygen consumptlion in response to

[T ST DL SR LRt
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inéreases in muscle témpera'.ture in. the remaining three groups
. (36, 138, Lo°C) ‘are presented in Figure 5 (Raw Data in Appendix
C). A one-way ANOVA procedure indica.;:.ed a significant
difference (P ¢.01) and a subsequent trend analysis

¢

demonstrated that the "102/51:emperature curve is quadratic in

1

nature (P <.01).

ANOVA Table for Oxysen Uptake N
- ' ‘ DEGREES OF '
SOURCE SUM OF SQUARES FREEDOM VARIANCE
Between 25.39 . 2 12.70
Within ©15.08 12 1.26
Total 40 47 14 F=10.08
TREND ANALYSIS
Coefficients for Sums of Squares
Linear:, cl I -1 I 0 1
Quadratic: c2 1 -2 1 -
. 2 2 | 2
< ¢ c D = n)2ec /D
. \ .
Linear 2 15.76 \}(4 ‘ 8..28
Quadratic 6 L.ok 90 .18
Fiin = 6.57 (P<£.05)
Fon 1in = 13.55 (P < .01)

L
L e .
et e ———
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 CHAPTER IV o ‘

&/ ' DISCUSSION : '
. } . . \‘. \e ‘ ‘ ' ‘ \

Several iﬁrestigators have used a variety of isolated
perfused muscle systems to examine the metabollc performance
of muscle tissue (23, 32, 47). To answer the queEflon
proposed in this study it was necessary to develop a model
in which musele temperature and oxygen delivery to the muscle-
could easily be monitored and controlled.

The perfused rat hindquarter system descrlbed ﬁ}thln
thls text was adapted and de51gned spe01flcally to provide <::i~#
a 51mple and reliable technique for examining ﬁhe relation- \\\
ship between internal muscle temperature and oxygen consump-
tion. To demonstrate the ability of this technique ro main=-

‘ tain metabolic stability in the preparation, the Krebs-
Henseleit buffer was tested for fluctuations in PO, when
-eqused to high temperatures and the hindduarter was examined
for lactic acid production and' changes in cell respiration
during perfusion. In addition to this, glycogen depletion

in two representative muscle groups was tésted after exposure
to anoxia and after 40 minutes of perfusion.

The results of the preliminary tests on buffer PO2
deviations 1nd1cated initially that the Krebs-Henseleit
buffer was an adequate perfusion medium in terms of oxygen
carrying capacity within a temperature range of 36-44°C. The

information gained on experimenfs on ?02 fluctuations during

23 )



pre-
"

preparation. A éteady level of oxygen uptake was evident over

| R -
75 minutes of perfusionﬁ(large\aniﬁals) gave further evidence

that the Krebs-Henseleit buffer wa§ able to support a viable.
this perfusion period and in addition the-Rvoz values in all
five animals tested were greater than 100‘mmHg‘éfter 30
minutes of perfusion suggesting that the muscle tissue was in

.. -

a state of normoxia. Tﬂs\é-v difference in PO2 did not vary

appreciably-in samples taken at different times from any single

animal and it was .demonstrated here that a sufficiently high
Pad2 (greater'than 450 mmHg) proﬁiged adequate oiygen delivery
t6 the muscle tissué. o
Laétic acid production and oxygen consumption were
examined in preliﬁinary experiments usiﬁg'animals considerably
larger (550-650 g) tha; those used 1in the fiﬁgl experiments
(approkimately‘ZZO g). These larger animals were selected
for easy location, separation, ligation aﬂd cannulation of
blood vessels but smaller animals were used when the &oz of
the larger animals repeatedly fell within a“range much lower
than reported in similar,preparations in the literature
(15, 22, 42, 47, 51). T e information obtained from these
preliminary expériment on large£ animals was still
cénsidered valuable as tests for Viability since the data
on lactic acid prodﬁction and oxygen consumption demonstrated
a very stable preparation after 30 total minutes of perfusion.
Past investigators who used isolated perfused muscle

systems to examine the metabolic performance of skeletal

muscle tissue used either whole blood from the animal itself

J
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or washed red blood cells obtained from another mammallan
source (24, 32, 47) to ensure sufficiént oxygen carrying | )
capacity. The reliadbility of these two techniques is well.
documented (éb, 47).° In the present study the cell-freé;f
sténdard Krebs-Henseleit bicarbonate buffer was used based
on these preliminary experiments démonstrating'fluctuations '
in circulating_ggffer PO2 in response to changgs ih téﬁpﬁrature
between 36 and 44°C ang lactic acid production and ﬁoz
measurements during perfusion. Furthermore. a phosphate
buffer such as the Krebs—Henselelt was more convenient 51nce
it was easy to prepare and ellmlnated the complex apparti
needed for whole blood oxygenatlon.

It became evident, however, aé.the experiments
proceeded that the Krebs-Henselelt buffer was an 1nadequate
lperfu31on medlum for examlnlng V02 responses to hlgh '
temperatures. At 42 and 44°C the Pa0, was extremely low in
some cases and was reflected by one or more of tﬁe'following
conditions: 1) severely depresseq PvO2 or pH values; and
2) high PvCO,. In addition to this, the pH in"the effluent
frequently fell below 7.0 and in one case as low as 6.7 in
experiments performed at 36, 38 and 40°C. These findingé
illustrate the ineffectiveness of the buffering capacity
of the psrfﬁsate. -~

The initial resting levels of glycogen found in the
belly 6f the gastrocnemius muscle corresponded to values
found in the literature for male Wistar rats weighing between

-

200-300gm (2,12). Although no reports of glycogen levels in

- 0%
[]
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the vastus medlalis could be located it was assumed that the

inltlel resting vafues found in this study represented a

normal populatlon since the S.E.M. was. very small (.l?)

Depletion of glycogen ores in the vastus medlalis

durlng 4o mlnptes of perfu51on. and to a lesser .extent in the
‘gastrocnemius may have 1nd1cated 1nadequate perfu31on and
subsequent lack of oxygen irr some tissue areas. Since lactic

acid productlon and VO were found to be stable. however. thlS
“ small reductlon in glycogen ‘probably did wot contribute to any
‘*severe lnstablllty in the hindquarter. These divergent T

glycogen reduction patterns ‘in the two muscles in response to

anoxia eannot be explalned at this tlme.'

R Harken (19?6) has demonstrated the relationship

fbetween VO2 and pH in an isolated canine hindlimb. He fdund
a positive 11ne£r relationship between V02 and pH at pH j;iﬁasc_o
from 6.9 to 7.6,  His data are supported by severaltothef ' .
investigators who also observed a cellular depréssion of «
VOZ as H' ion concentration increased. If this is the case
in the ?resent experiments all the ¢02 values should be
slightly higher under normal pH conditions. There should be
little total effect’on the slope of the ?Oz/temperature curve,
however, since there was no definite trend in pH fluctuations
under the three temperature conditions. |

The depressed pH values found 1n these experiments

are much lower than can be expected irr a physlologlcal system

(21, 33, 46) but several investigators (10, 18, 26, 36), all

demonstrated viable muscle preparations between 6.9 and 7.6
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pH units. In the present'study. all pH'values except 1 were

within this raﬁge so it can be assumed that the only effect

of these low values would be a depre351on of VD at each
temperature. Under normal pH condltlons an elevated VO%
would be\expected} but the response.of YQZ to temperature
elevations would probably not change. In the type of
perfusion sygtem used in this study the buffering capacity of
bloed would be an advantage in controlling pH:
Several‘investigafbrs support the contention that
inereased core and mueele temperatures resulting from moderate
or severe exercise dccourit for a significant but unknown
fraction of post-exereise oxygen’ consumption (8, 29, 35, 52).
It can be assumed that the well known Q10 ef}ect centributes
somewhat to.the elevated levels of oxygen uptake, However,

Brooks et al (8) raised a question of respiratory inefficiency

in the muscle tissue based on their studies with isolated

muscle mitochondria. Their findings demonstrated a llnear

response of states 3 and 4 respiration to elevated temperature
between 25 and 37 °¢ but 1mplled greater respiration rate at
temperatures above 3?°C. They offered a theory that explained
this inefficient use of oxygen and atiributed it mainly to
nonconservative state 4 respiration which increased by 200%
between 37% and 45°C.whereas state 3 respiration ;ncreased by
only 60%. According to this hypothesis, the mitochondrial \

ATPase activity 'is stimulated as muscle temperature increases.
L.

The greatest increase in state 4 respiration was noticed

between 40-45°C which coincided with a linear decrease in

ADP:0 ratio.
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-+ An inerease of 22.4% in'total cellular respiration
between 36° and 40°C was noticed in the'present study.

\

Barclay et al (3) also demonstrated an increase ln muscle

oxygen uptake as a dlrect result of - 1nternally produced
temperature 1ncreases. They proposed that muscle temperature.
.could be used to estimate’ oxygen uptake of a given muscle
'gfoup. Their flndlngs demonstrated that muscle- temperature ]
'1ncreases. which were dlrectly related to stlmulatlon rate,
could account for a 23-40% 1ncrease in oxxgen uptake }n twitch &
,contractions and 51-63% increase in’tetanic contractions.(//:—ﬂh—
This evidence, coupled“with the findings of Brooks 51\;1
support the contention that muscle temperature is'a significant:
contributing factor to elevated levels of oxygen consumption
‘auring/and afterAan exercise bout. Aay futlre calculation of
arecoverﬁ oxygen uptake must inclyde an estimation of the
. contributing,effect of*muscle temperature. -

| The results from the present sttdy support the-find-
ings of Brooks et al (8) and.Barclay et al'(3), since there
was 5 significant increase in oxygen uptake in relatiop to ‘
elevations in muscle temperature. The sldbe'ef the ﬁoé}tem—
’ Perature curve increased and this suggests that some mechanism,
pegsibly that proposed by Brooks et al, triggers an increased -
rate of peilular respiration in response to an elevation in

tissue temﬁerature past some critical level. In these

experiments this critical level is between 38° ana 40°¢.
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SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

-~
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-Summary

e

f,,;f"”ﬂ‘ The perfused rat hindquarter system described Here

was designed specifically_to examine the relationship
between ﬁOz and muscle femperature. It was hypothesized that:
1) the perfusion technique would be reliable and the standard
" Krebs-Henseleit biqarbonaterbuffer would be an adequate per-
fusion medium for testing ﬁoz responses to temperature
elevations; and 2) the response of cellular respiretion
between 360 and, 4#00 would be llnear up to some temperature
level then increase at a greater rate. N
To test these hypotheses, oxygen consumption by_the
isoleted hindquarter was measured.after 30 and 40 minutes of
.‘perfusion in five groups of rats; each group being stedied
r'under one/of’%he follow1ng temperature condltlons. 36, 38,
4o, 42 or 44°C. The results from experiments at 42° and 44°C
were not acceptable because of a disruption in the norﬁal
metabolic state of the muscle and a marked tissue edema which

caused an increase in the final hemicorpus weight. However,

4

the ?02 data f;om the‘three'reﬁaining temperatures‘(jé; 38,
40°¢c) indiceted that cellular respiration increased signif-
icantly between 36° and 40°C and this increase was gquadratic

in nature. These results suggest that some mechanism, possibly

an increase in mitochondrial ATPase activity, as proposed by

a

29



Brooks et al (8), triggeredqan incréased response of oxygen

utilization in the cell, at some critical temperature level.

. Conclusidns
As hypothesized, there was a significant‘non—linear
résponse of ?02 to increases in muscle tempeerure. The
perfusion technique and the Krebs-Henseleit buffer were
limiting in these.expeyiments,-however,lsince the metabolic
performance of the muscle tissue was disrupted at 42° and

u4°c,

Recommendations for Further Study

Beqause of problems in the buffering éapacity and
oxygen soldbility of the Krebs-Henseleit buffer it is
suggesféd that washed red blood cells, from another mammalian
source, be used in coﬁbination_with the Krebs-Henseleit buffer.
In th%s case,’ to conserve the perfusate and to oxygenate the
erythrocytes, a recirculating buffer system and a rotating
flask for buffér oxygenation need to be incorporatgd into
the perfusion apparatus.

To avoid fluctuations in environmental temperature
within the‘perfusion chamber, a small sliding door that
provides easy access to the p;eparation'and better inéulation
along the inside of the chamber are necessary. ' : #

Once these modifications are complete an examination
of ?02 under a wider range of temperature conditions (34°-44°C),
than was possible here, would_provide a clearer description
of the response of cellular respiration to changes in muscle'

témperature.



To examine the quéstion 6f the felative contribution
of muscle "temperature to recovery oxygen uptake in future
studies, it Willkbe necessary to test the.muscle~performance
under conditions more closély approaching a real phjsiological
situatiOn. Measuring the ﬁoz response of a skeletal muscié
during and after several differeqt rates of contraction

would further delineate the relationship between recovery

oxXygen uptéke.and muscle temperature.
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APPENDIX A

LACTIC ACID PRODUCTION
IN LARGE ANIMALS
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‘TABLE 2

-

LACTIC ACID PRODUCTION IN LARGE ANIMALS
(mg#)

1 7.1 18.8 17.9 18.8 11.9
2 47.6 | i8.5.' . 11.5 10,9 6.5
3 16.8 B 7.0 7.6 9.9
. 23.0 S 12.5 - 12.5 9.6 10.5
5 16.1 19.0 _‘15.9 13.0 10.1
X 24,12 15,44 12.96 = 11.98 - 9.78
s 12.0 4.05 3.77 3.84. 1.78
SEM 3.0 1.0 'u9u .96 A5

-



APPENDIX B

CHANGES IN GLYCOGEN. CONCENTRATION
IN SMALL ANIMALS
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TABLE 3 o

“

CHANGES IN GLYCOGEN CONCENTRATION
IN GASTROCNEMfEl;MUSCLE (Mg/gm wet )"
_ |

i
. . N I
ANIMAL NORMAL REST AMXIC 40 MIN. PERFUSION
%0°C 38°C 36°¢C
1 6.21 3.71 5 5.7 5.33
SAMPLE 1
2 6.60 RUINED 4,57
3 6.25 3.78 b.1h
SAMPLE
4 RUINED 6.17 l
5 © 9.07 5077 |
X 6.53 ‘ L.86 3.40 4,81
s .35 _ 1.12 63 .68

" SEM a2z .37 21 b




B2

TABLE 4

CHANGES IN GLYCOGEN CONCENTRATION

| .IN‘VASTUJ?MEDIALIS MUSCLE (Mg/zm wet)

-

40 MIN. PERFUSION

ANIMAL  NORMAL REST  ANOXIC .
40°¢ 38°¢ 36°C
|; 5.71 _4.14 4.99 "5.24 4.;5
2 5.71 6.00 5.42 4.33
3 _'5.91 6.33 '5.15 4.50
L 6.83 5.92 4.34
5 7.13 7.81
X 6.26 6.04 5.02  4.69
s 67 1.24 .37 A1
SEM .17 .31 .09 .20

bt



©  APPENDIX C

OXYGEN UPTAKE IN SMALL ANIMALS AT 36, 38 and 40%c,
- INDIVIDUAL DATA
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