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A

When homeothermlc anlmals are placéd in a cold enV1ronment

they 1ncrease thelr heat production by shivering in order

to maintain their body temperature. After “having been. in the-
cold about 4 weeks they undergo a change that enables them

- to.maintain their body temperature w1thout shlver%ng Such

rats are said ,to be cold-acclimated and the ‘term nonsh1ver1ng

thermogene51s is used to describe the processes whereby

* they increase their heat productlon

- The metabolic processes involved 1n the increase 1n heat.

production due to shlverlng are the same as those 1nvolved in .

"the increase 1n heat production during exercgise. In contrast; .

‘the blochemlcal,nature and mechanism.o onshivering
thermogene51s are not understood.’ It

#

known that
nonshlverlng thermogene51s is .an enhanced calorlgenlc .
response to the noradrenallne secreted by the animal and |
that the major part of nonshlverlng thermogene51s occurs in
skeletal muscle. No b10chem1ca1 dlfferences between muscles
of cold-acclimated rats and muscles of warm-acclimated '
control rats have hltherto been found which mlght explalp

the nature of the adaptatlon which 1eads to the 1ncreased

'capacity for nonsh verihg‘therTogenesis.

Two recent findings in this laboratory'have'suggested a special

role for'mitochondrial-prbtein‘syﬁthesis in adaptation "
to ¢old.. Since muscle mitechendriei protein synthesis N
appears to be involved in the adaptatlon to cold it. seems
likely that this would be reflected in a change in the
morphology and / or properties of the - mltochondrla of the
skeletal mus¢le. The adaptation for nonShlverlng thermogenesis.

~may well be associated with structural changes 1n the muscle

m1tochondr1a ./ .
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" The principal purpose of the research descrlbed in thls
the51shms'to find elther biochemical or morphologxcal

. changes,or both, in skeletal muscie mltochondrla of cold—
accllmated rat$ and to correlate such changes w1th the J

- —
occurence of nonshlverlng thermogenes1s._- S -

A comparlson of both red and whlte muscles of cold -acclimated
rats w1th both red and whzte muscles of warm-acclimated
control rats has b#en made 1n the £b110w1ng ways:

-

a) Electron mlcroscopy of red and white muscles

- b) Fiber qharacterlstlcs and dlstrlbutlon in red and S o ~

white muscles.
' - i N \

c) Measurement of number, size and,various,enzyme

activities of mitochondria-isolated from muscie.

- These procedures were carrled out on rats that were ugder- ’

- going accllmatlon to cold, or undergolng deaccllmatlon

to cold. In add1t10n cond1t1ons were studied in whlch "
.the normal accllmatlon process was modified: by prevention

of the accllmatlon to cold with oxytetracycilne by.reversal
of the accllmatlon to cold with oxytetracycllne by -
acceleratlon of the deacclimation to cold by removal of the

1nterscapular browu adipose tissue.

- ! - ' ¢ ! ~
In these experlments a marked d1fference between mitochondria
of muscles of cold- accllmated rats and mltochondrla of muscles

of warm- ac:iifﬁted rats has been seeﬂ The pr1nc1pal ‘

d1fference ~Seen are: - R "
.,' l )
. s ..
::‘qAnfiﬁcrease in the number and a reduction in- the
\51ze of the mltochondrla in both red and white

muscle




. the means 1nd1cated suggestlng that the adaptive chariges

L]
[

2. An 1ncrease in the proport1on of red flbers and an
apparent transformatlon of whlte flbers into flbers

which appear frore like 1ntermed1ate flbers-

\
1 - . . : . -
.

All the changes described were prevented or reversed

when the adaptatlon to cold was prevented or reversed by

in the muscle mltochondrla of cold- accllmated rats are

assoc1ated wlth the development and malntenance of

: nonshlverlng thermogenes1s.

hY

1
- . < .
. . . "

This 1s the flrst biochemical dlfference bétween muscles

yof cold accllmated rats and muscles of ‘warm- accllmafed

, Tdts to be described. The way_in whlch the alteration in

light on the mechanlsm of nonshivering thermogenesis.
. - T - ‘

number and size of muscle. mitochondria is Telated to 'the

'altered function of - these mitochondria in nonshivering

thermpgene51s is not’ yet understood. However, these flndlngs

_1nd1cate that %grther study of mitochondria of skeletal

mUScle ‘of cold accllmated rats is likely to shed some
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CHAPTER I: ' PURPOSE OF THE RESEARCH

- The'principal.bufpose of the research des-
cribed in this thesis ;5 to find.either bio-
chemicai or morphoiogical‘chéngee;‘Jr both,. | ¢
in skeletal muscle miﬁeehondria‘of cold- -

acclimated rats and to correlate such changes
. with the oceurrence of nonshivering thermo-

genesis‘in these animals,

Nonsh1ver1ng thermogene51s is an increase’in metabolic
. - ) ¢ 1!..
.rate which occurs in response to exposure to cold and in the o

absence of shlverlng. Nonsh1ver1ng thermogenesis is known to reaﬂx

b

from an enhanced calorigenic response to the noradrenaline and -~
Iadrenaline secfepe& byqthe animal as a consequence 6flthe cold
:sfress. The importance of skeietal muscle in the pfoEess of .
.nonshiveringJthermogenesis has been well documented. It ie
~known that skeletal musclg is-the major site of heat production
dufing the development and maiﬁtenance of the cold-acclimatede

.state, )

Despite extensive investigatfen the biochemical nature of
nonshivering thermegenesis is unknown: ‘no changes in muscle‘s£EQC4_
ture or function have been found,ceerPt the chenge from shiv-
erlng thermogene51s to nonshlverlng thermogenes1s. However,‘it
can be 'ssumed that there must be a change in skeletal muscle
respons ble for the:development of the capacity for nonshlverlng

! . . N .
thermogenesis. The change is not detectable by measuring known

&=
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_hiochemicaI teactions;‘ Recent flndlngsﬁzn this 1aboratéry _

.have suggested qn altered m1tochondr1a1 proteln s;hthe51s in -
acc11ﬁ§£ien tg;told It seems likely’ that aitered m1tochondr1a1
protein synthe51s‘wou1dlbe reflected in a'change in the appear-Li
_ance of the muscle m1tochondr13.{ It is, obvious that nonshlv- \
“erlng thermogene51s occurs in the mltochondrla and it mlght':
;well be based on a change in the structure and functlon of

these organelles: : ' ' o s

A sub51d1ary gim of this research is to prov1de
further ev1dence for an, endocrlne function of
brown adlpose tlssue in the deveigpment and |
\ malntenance of the cold-acclimated state by stu- : :
- dylng the role of this tlssue in the malntenance \
of the change in skeletal muscle mitochondria

in the cold-acclimated animal 4 , o7

Brown adlpose tissue is knowd to have not. only a heat-
produc1ng functlon in the cold -acclimated anlmal but also a |
function in maintaining the adaptlve state respon51ble for the ) k
capacity of the animal to use nonshlverlng thermogene51s. It
has been postulated that brown adipose tissue secretes.a factor
that 1nf1uences the capac1ty of other tissues, partlcularly
skeletal muscle, to perform nonshlverlng thermogene51s, i, e.,
to.respond to noradrenallne with a large increase 1n metabollc
Tate, |

The review of the literature ‘presented ‘in Chapter II.pro-

vides a backgroufid for the seve&éi aspects of this Tesearch.

Ty
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Sectlons A-D descrlbe the mnature of cold~acc11mat10n and

.present the ev1dence for muscle as a maJor 51te of nonshlverlng
thermogene51s. Section.E considers the spec1a1 roles of brown
_ adlpose tissue in col\-accllmatlon and Sectlon F dlscusses

'turrent conoepts oﬂnthe nature of nonshlverlng thermogene51s.

Lk

As a background to the morphologlcal studles a brief rev1ew of

»the ultrastructure of skeletal muscle 1s presented in Section G.
) Other studles in which- attempts have been maﬁs to correlate

'changes 1n muscle mitochondria with changes in muscle function

-

'are rev1ewed in Section H.




* CHAPTER II: INTRODUCTION. :

N -

Mammals are homeotherms.- ThlS term 1mpl1es that the body

' temperature is kept within. certaln 11m1ts. Therefore ‘when

. a homeothermlc an1ma1 is placed in a ‘cold env1ronment 1t is

faced with the problem of a rapid 1oss of, heat and a ‘consequent
1ower1ng of body temperature Homeothermlc animals have deve-
loped several d1fferent mechanlsm to 1ncrease ‘their heat-pro—,.i
duction or to decrease their KHeat loss. |

The- regulatory mechanlsms by whlch the anlmal reduces heat

loss includes’ plloerectlon and per1phera1 vasoconstrlctlon

_.responses Whlch are both medlated by the actlvatlon of the Sym-
pathetic nervous system (SNS) produced by the exposure to cold.
”These mechanisms will be not reviewed here - S

The regulatory mechanisms by Which the an1ma1 1ncreases
heat productlon include the 1ncrease in metabollc rate produced
by shlverlng thermogenesis and the 1ncrease in metabolic rate
."produced by. means other than shivering, or other muscle movements, -
usually referred ta as nonshlverlng thermogene51s. These .
‘mechanlsms w111 be reviewed here in some deta11 with spec1a1
reference to nonshlverlng thermogene51s which is of greatest

1mportance during long periods of exposure to cold when the

animal can be considered to be cold- acc11mated

Definitions ’ : '

It is necessary at thlS p01nt to def1ne some of the terms

| used 1n this thesas'



- _”Deaccllmatlon" is thé slow reversal of the cold-acc11mated

-sﬁate, usually achleved by puttlng back to room temperature the

the species most exten51ve1y studled For these re
' g

‘spec1f1ca11y 1nd1cated

g

- "Gold-exposure"'means the reIatlvely br1ef (hours oT up

to 2 days) exposure of -an anlmal to a temperature lnnék than
that to whlch it has been accustomed

- "Cold accllmated" are those animals wh1ch have been kept

o

.at low temperature (4 C is commonly used) for long perlods of

- time, several weeks or months, These anlma&s adapt to 11v1ng

in the cold and ma1nta1n1ng a hlgh metabo}1c rate. - o o
>

- "Cold—accllmatlon" is the adaptatlon undergone by the’ cold-

acclimated animal, Varlous adaptlve adjustments occur durlng
the accllmatlon perlod in which shivering thermogene51s is

replaced by nonshlverlng thermogene51s..

cold-acclimated animal, |
- "Warm—achimated" are the control animals which have been ‘
kept at usual laboratory temperature (25 28° C) o

Among the several species’ used 1n studles of cold-acgllmatlon .f

the rat . adapts most read11y to thé cold also the rat,has,been. ’

the51s will consider only the rat unless another's ecies is

>

luntary contractlon of voluntar
response to cold and is u
system. I




6.
Shivering then ‘can be c1a551f1ed as an emergency mecha-

‘-nlsm for homeotherms, its role is the productlon of add1t10na1
metabollctheatu When 'the animal is transferred from a warm _T
confortahle_env1r0nment.to a col env1ronment its oxygen con- I

‘,sumption rate is increased As shown by - different authors, o

'th1s 1ncrease can be. up to a maximum value of 5 tlmes the basal
metabollc rate, dependlng on the spec1es and the experlmental

conditions (Hemlngway, 1963)

Slnce shlyerlnglszarhythmlc muscle contractlon the metabollc

effects of sh1ver1ng resemble those of llght exerc1se. Volun-.

' tary activity can 1ncrease the’ oxygen consumptlon rate in the h q!.l
same manner as shlverlng and careful attentlon must be pald to
experlmental detalls if separatlon of shivering from voluntary -~
motor act1V1ty is to be made. . |

- .Héroux, Hart and Depocas (1956) ‘studied the metabolism'

land muscle act1v1ty of anesthetlzed warm- and cold accllmated

rats on exposure to cold : The same group (Hart Héroux and

Depocas, L956) also conducted 51m11ar experlments in unanesthe-

!

tlzed rats., .In. both cases, with’ sllght differences, it wa$
found that the warm~acclim ted rat exposed to 6°C shows a 30-50%

1ncrease in oxygen consump ion; the electromyograms from leg’

e

and back muscles showed a marked and continuous rise in elec-
|

tr1ca1 output (Fig. 1) They also showed that the electr1ca1

act1v1ty of the muscle 1ncreased in the warm accllmated rats as

the.env1ronmenta1 temperature was lowered (Fig. 2) Howe er

hY

it was not d1rect1y proport1ona1 to the increase in metabollc

rate (Depoc 1956) . . :
7 o Ty
S ) . o . -/

J



a,

on—

Figure 1.

(From:

30°C

L lf 1L . 1 " ' ! : . " . 7
ELECTRICAL ACTIVITY ' . g ' 2

30°C LEG )
. “ )

(lf‘

ol

A00F

MICROVOLTS

S0 o-c BACK

g 6°C BACK : .
L G'C €G | .
o , ‘F‘iﬁ L 7 o 1

“or- COLONIC TEM PERATURE S )

35

o
.
'

. 30

25[~+---30°C-——» TO &% " ¥ 307c R
1 LT. i ] | MIN. _ C .
0 40 80 1200 160 200 :

L . . .
~ .
by

Mean oxygen consumptlon,muscle electrical. act1v1ty and

colonic temperature of .anaesthetized warm-acclzmated and | "
cold-acclimated rats,exposed to 6°C. Standard errors of

means (vertlcal.llnes) for the 6 rats are largest for

\__1
final values. - e T

Heroux et'al, 1956.)

“‘
|
]



‘szor ' . S

100 |-

1

80

{

GO

MICROVOLTS

zof- ’I“"“F"‘“

TEMPERATURE °C.
[ .
30 20 |o o, -0

Figure 2. Muscle electrlcal act1v1ty at varlous .temperatures 1n

" (From:

warm-acclxmated () and cold-acclimated (o) rats.
Vertzcal bars give range of variation,
%

Hart et al, 1956)

-



On the other hand, when shlverlng 15 prevented by tubo-
curarine the warm-accllmated rats fail. to maintain body tem-
perature in the cold and they present only a slight rise in
-'oxygen consumptlon. Carlson and his group (Cottle and Carlson,
1956 Hsieh, Carilson and Gray, 1957) studied thlS by using rats
curarlzed with tubocurarlne chlorlde and art1f1c1a11y ventilated.
As can be seen 1n Flgure 3, they found that the warm-accllmated
rats in this condltlon become hypothermlc and present only a.
small" 1ncrease in metabollc response to cold.

The mechanlsm of the shlverlng thermogene51s locallzed in
skeletal muscle is relatlvely well understood. The metabolic

processes 1nvolved in the increase in heat productlon due

to shivering aré the same as those 1nvolved in_ the 1ncrease in

bl “

heat productlon during exercise., *

The rate of oxygen and substrate ut111zat10n by muscle mito-~
chondrla is normally controll d by the supply of ADP rather .
‘than Pi. Then the 1ncreased utlllzatlon of ATP for the muscle
, contractlon of shlveflng results in an increased availability
of ADP which causes accelerated ox1dat1ve phosphorylation and
electron transport .1ncreased oxygen consumptlon increased

utilization of substrates, and increased liberation of heat.

\

- Glucose and- free fatty acids are the substrates used by

‘the muscle to support the increase in metabollc rate durlng
exposure to cold (for rev1ews see Himms- Hagen 1972 a and.
1972 b) The 1ncreased supply of substrates 1s under the con-

trol of the sympathetlc hervous system (SNS) which, through

the known metabollc actions of the catecholam1nes, activates
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Figure 3. Increase capacity for nonshivering thermogenesis in cold-
acclimated rats. Metabolic response of curarized warm-
-acclimated and cold-acclimated rafs to lowered ambient
temperature- is shown. Mean oxygen éonsumption and rectal_‘ -
temperature of each group along with ‘ambient temperature
~is plotted on ordinate; minutes before and after cooling
on abscissa.'Staﬁddrd deviations are indicated by vertical
. . f1ides. The effect of adrenal demedullation on nonshivering
" thermogenesis in warm-acclimated and of cold-acclimated

rats is shown. -

(From: Cottle and Carlson,1956.)



- see the increase in metabollc rate due to catecholamlnes*(non-

& ,

glrcogenolysis and gluconeogernesis in liver and lipolysis in
~white adipose tissue. | |

| The SNS is activated in warm-acclimated rats expoeed to
cold, as indicated by an inbrease in.the urinary excretion of &
adrenaline and noradrenaiine tLeduc,’lQﬁl) and their metabo}
lites (for reyiew:see Himms-~Hagen, 1973),:and the liberated
catecholamines would be expected to exert a calorigenic effect.
In warm~acclimated rats the increase in metabolic rate produced

by the secretion of noradrenaline and adrenaline is overshadowed

by the much greater increase due to shivering In order to

shlverlng thermogene51s, see below) it is necessary to suppress

shivering with curare-like drugs. Byt, as was seen in the

.studies reported by Carlson's'groﬁp (Fig. 3), the increase in
metabolic rate due to nonshlverlng thermogene51s after
shlverlng has been prevented by tubocurarlne is 1nsuff1c1ent
 to maintain body temperature Himms-Hagen (1967) suggested
that the small increase in these cases'is due te the use of
olderlrate. However as will be seen, it can- be expected that
the contrlbutron of nonshivering thermogene51s to the heat pro-
duction is very small in warm-acclimated rats.

Inactivation of the sympathetic nervous system in some way
Whas been used by several workers in order to study the increase

metabolic rate p0551b1y1attr1butable to catecholamines

durgng exposure to cold. However, this approach creates two new

|
i

problems. 1) The SNS- is essential for the moblllzatlon of subs-

trates durlng cold~exposure; thus the inactivation of the SNS
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K

can impair the ‘maintenance of the-high metabolic rate.l Z)JWheu

the SNS'is inactivated “the mechanlsms that ‘reduce heat loss
may be ‘impaired (plloerectlon, per1pheral vasocontriction);”
" this would aggravate the hypothermla and compllcate the 1nter-
pretation of results

The methods for the 1nact1vat10n of the SNS will be dis~

cussed later, uhen the dlrect involvement of the SNS in cold-

v'accllmatlon is rev1ewed

~ . o
Section_B: COLD-ACCLIMATION AND NONSHIVERING THERMOGENESIS

It has been long'known that eold-acclimated rats do not
shiver when expose& to cold, as qan'be seen injFigure 1 tHéroux
et al, 1§56).~'They_sﬁirer only if.the temperature at which they
are exposed'rs-;ower than the'acclamatien temperature;ﬁsee»

Fig. 2). In fact 'during acclihation to cold the extent of
shlverlng gradually decreases over a perlod of about 3 weeks,
. and the contrlbutlon of the nonshlverlng process gradually in-
creases. Two types of evidence support this. One comes from
'experiments-in which shivering has been measured directly B§
recordlng the electrical act1v1ty of the muscles. Hart et al
(1956) showed that after 21 days of contlnuous cold-exposure
,shivering, as measured.by electromyograms, progressively dis-
appears without any major change in the elevated metabollc rate
(see Fig. 4)
The other type of evidence comes from experiments in which

 shivering has been prevented by tubocurarine. The metabolic

response of curarized cold-acclimated rats to 1owered ambient

oW

l;\.A .
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Figure 4. Decrease in shivering (as measured by muscle-électrical
activity) during acclimation to cold. Muscle electrical
actiﬁity.and heart rate as related to time of exposure

to 6°C and -6°C are shown. The solid line in the left-':
hand part of the diagram showé‘muscle electrical activity
(lbwpr tracing):and heart rate (upper tracing) in rats
living at GOC. The broken lines show the range of
variation. The-crOSSAhatched vertical bars at O and at
29 days show the muscle electrical activity (lower} and .
heart rate (upper) in warm-acclimated rats living at 30°C.
At 30 days colq-acclimated rats were moved to -6°C

(right-hand part of diagram).

_ g
From: Hart et al, 1956).
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‘temperature is not 1mpa1red ‘and they can malntaln thelr body

temﬁ/tature (Cottle and Carlson, 1956 see F1g 3). 7
Nonshlverlng thermogene51s (NST) has been deflned as "a

heat productlon mechanism 11berat1ng chemlcal energy due to

.processes, which do not 1nvolve muscular contractiodas"

(Jansky, 1973).

because

it in¢ludes the heat productlon of ' ansky
(1973) divided nonshlverlng‘thermoggf' is into: igatory
o}ihAEal NST which serves to maintain th® ic e gy demands
of the homeothermic organism at the temperature of the thermo-
neutral zone. b) Regulatory NST is the additional heat produc-

tion which occurs at ambient temperature below the thermoneutral

zone. ) -

As these deflnltlons 1mply that the heat production durihg
the basal metabollsm and the ‘heat productlon durlng the rapld
metabolism in the cold have the same mechanism, 1t ‘has been
decided in this the51s to define nonshlverlng thermogenesis as
the process by which a cold-acclimated animal increases its heat
production above the basal metabollc rate by means other than
shlverlng or other muscle movements in the cold

0bv1ously, this is also not a precise definition ‘but reflects
in great dégree‘theptoblem‘to be;faced:in this study, which
is that the mechanism of nonshivering'thermogehesis is not
understood. Also thls definition does not specify the 51te or
sites where this process occurs and therefore it does not cla-
rify if the mechanlsm 15 d1fferent in the dlfferent sites or if

it is a common mechanlsm for all the 51tes.



15,

Nonshlverlng thermogene51s has two 1mportant characteristics:

1. It is an ADAPTIVE process which occurs only rn.certaln
newborn species (rabblt -guinea plg, raf human), in hiberna-
ting mammals (bat hamster; ground squirrel), and in certain
spec1es that have accllmated to .cold. It does not occur in
these same species.when' they are adult or not hibernating or
'_not accllmated to cold (see review by Hlmms Hagen 1970).

2. It is also a FACULTATIVE process which does not occur con-~
tlnuously but can be turned on and off in accordance ‘with the
requlrements of the anlmal (Depocas, 1960) .

The rat and many other spe01es are able to use shlverlng
and‘nonshlverlng thermogenssls 1n_response to a cold stress in .
order to increase their heat production, but the extent to which
they will use only one of them or ccrtain proportions of both
mechanism will depend on'different factors. |

a) The time of cold-exposure: As was seen above, when a

warm-acclimated rsn is exposed to a cold environment it is '_

) defiEﬁIiTt0wasses§_§§§mggntribggignﬁof,nonshijering,thermOge-
nesis to the increase-in heat production. - It is overshadowed‘
by the large increase due‘to shiveringnthermogenesis. As .
snivéring thermoéenesis decreases slowly with the time of expo-

sure to cold nonshivering thermogenesis increases slowly.

b) The degree of cold-expo'sure': . This is also import
in detérmining-the différent proportion of shivering and non- .
shivering thermogenesis used by the animal under cold stress.
As seen in Figure 4 a cold-acclimated”rac uses entirely non-

ST - i .. . O
shivering thermogenesis at the temperature of acclimation (6-C)
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"~ but.a more‘severe'cold-exposure (-6°C)“provokes shiueringA The
proportlon of heat productlon due to sh1ver1ng rises as the

temperature is lowered.

¢) The age of the animal: . Newborn mammals resemble

coldeacclimatedirats‘in that thep can-exhibit nonshivering
thermogenesis. Exposure of a newborn mammal to a temperature
“lower than that to which it is accustomed leads to an increase
in oxygen uptake which is not accompanied'by'shivering. ‘In
fact'uany newborn mammals'are unable to shiver aud therefore
have no alternative mechanlsm to nonsh1ver1ng thermogene51s.

But during growth at room temperature a newborn animal progres-

"

51ve1y loses the capac1ty for nonshlverlng thermogene51s, so
that the adult responds to a cold stress by sh1ver1ng and not
by nonshlverlng thermogene51s. However, as has already been
seen,-lf a rat is malntalnedrln the-cold for a period of 4 weeks
sh1ver1ng thermogene51s progre551ve1y disappears and is’ replaced R ‘{
by nonshlverlng thermogenes1s Thus the adult‘rat is able to .

recall the capacity for making nonshivering thermogenesis that f.

it had just after birth by a~prolonged stay in a cold'environ-

;meﬁt. The acity for develop1ng nonsh1ver1ng thermogene51s

also is age-dependent older rats cannot become fully cold-

acclimated and therefore in the maintenance of the body tempen

ature on cold exposure they may use a greater proportlon of .

shivering thermogenesis than nonshlverrng thermogenesis.
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bSectlon Cs ROLE OF THE SYMPATHETIC NERVOUS SYSTEM ;N ACCLIMA-
TION TO, COLD AND IN NONSHIVERING THERMOGENESIS -

Nonsh1ver1ng thermogene51s in the cold- accllmated rat is
believed to be due to an actlon of noradrenallne liberated
from the nerves of the sympathetlc nervous system (SNS). The
three .principal lines of evidence fon thlS have been reviewed -
by Himms- Hagen (1967; 1973) .and w111 be summar1zed here; they‘
aret 1) the actlvatlon of the sympathetlc nervous systen, 2)
the mimicking effects of the catecholamines, and 3) the 1nh1-
bition of the activity of the sympathetlc nervous system. It
should be empha51zed that the SNS is not only 1nvolved in the

‘development: of nonshlverlng thermogene51s and in the mechanlsm

of sw1tch1ng on and off of heat product1on but is also the"

. maln regulator of the necessary substrate moblllzatlon w1thout

which no .high metabollc rate can be maintained.
h -

1. Activation of the sympathetic nérvous system ~ -

The syﬁpathetic nervous system is actiuated durlng cold-
exposure of warm-acclimated rats and cold accllmated rats as
1nd1cated by the large incréase in the excretion in the urine
of noradrenaline. Leduc (1961) has shown that the excretion
of noradrenallne is 1ncreased five t1mes in the first day of
Co0ld-exposure and 1s malntalned at thls levg}/for about 7 days.
Thereafter the excretion of noradrenallne decllnes but’ rema}ns
at elevated levels during several weeks (F1g. 5)}. The pattern‘
of adrenallne excretion is markedly dlfferent The adrenallne

-

output gradually ‘increases to armaximum in about one week 1n

_ ' w"_ g



CATECHOLAMINES IN URINE

Figure 5. Urinary excretion of adrenaline (e) and noradrenaline
- (o) in rats (170-180ig) at +3%C (f—i and - +22°C (~~=).

Each point represents the mean of six individual rats.

(From: Leduc, 1961).



the cold and éEcreases thereafter more rap1d1y than that of
noradrenallne (Fig. 5). When the“rat is’ cold—accl/mated the ‘
_exoretlon of adrena11neJls only sllghtly hlgher than’ that of h »
the control group of warm- acc11mated rats, Leduc (1961) also’
&showed that the excretlon of catecholamlnes is proportlonal

‘ to the temperature of exposure and is greater ln younger ani-
'lmals and that when rats are removed from the cold the catechol--
am;ne excretlon values:return.to_normal within one or two days .
at room temperature.

o In order to. determine if ‘the increase in ur1nary levels

of noradrenallne seen in the cold reflects an increase in secre~ T

.tlon~or a decrease in metabolic degradatlon Shum et al (1969)

studied the influence - of cold- exposure on the secretion and

.-metabollqadegradatlon of. adrenallne and noradrena11ne. They -
.-Showed that together with the increase’ in noradrenallne secret1on
fthere was. an 1ncrease also 1x ‘its maJor metabolltes, normetane-
'phrlne (NM) ahd 3-methoxy ~4-h droxyphenylglycol (MHPG), during s
cold- exposure and durlng cold acclimdtion. MHPG is the major
metabollte of noradrenallne in the rat and some authors have

proposed the use of JHPG excretlon as an index of noradrenallne
biagsynthesis (Iversen 1967). Therefore, changes 4in MHPG excre-

t10n can be 1nterpreted to reflect alterations in noradrenaline

'

synthe51s.' Thus, 1n\coldfexposure and”during cold-acclimation

_.
4
]

there is an increase in the synthésis of the catecholamines,

particularly of noradrenaline.



2. M1m1ck1ng effects of. the catecholamlnes

o

S A maJor line of ev1dence for the part1c1patlon of the .
i
catecholamlnes 1n nonshlverlng thermogene51s is the marked
'calorlgenlc action of thedk compounds, an . actlon whlch is

enhanced .in cold- accllmated rats just as is’ the”capaC1ty for

_'nonshlverlng thermogene51s.

that the calorlgenlc effect of noradrenallne w@s greatly enf
~ hanced in cold*acciimated rats. Figureho illustrates the

marked difference between the rd%ponse of a warme accllmated rat

u'_and arcold accllmated rat to the 1nfu51on of noradrenallne

(Hlmms Hagen, 1970)
~ Line tnduces Mimier
Intravenous infusion of ~ adrenaline induces a ‘similar’

-

'response (Flg 7). This result‘is in disagreement withfthe-

prev1ous report of H51eh and Carlson (1957) However,. this ”‘“T‘f/r?
, can ‘be explalned on the b351s of the. dlfferent route of admin-
1strat10n used in both cases 1ntramuscu1ar admlnlstratlon by
" Hsieh and Carlson (1957), intravenous infusion by . Hlmms—Hagen
-(1969): 'Thus it is now apparent that cold accllmated rats - v

acquire an enhanced calor1gen1c response “to adrenallne.as well
»

‘as'to noradrenaline. Therefore it cannot be excluded that
adrenallne secreted from the adrenal medulla ‘also contrlbutes

- to nonshlverlng thermogene51s.

.t

'As can. be ‘seen. in Flgures & and 7, the enhanced}calorigenic

resﬂonse of cdld accllmated rats to catecholamlnes 15 turned off

i

as soon as the 1nfu51on of the catecholamlne 1s.st0pped.
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Figure 6. . . | mlnutcs o | |
Enhancement of the calorigernic -Tresponse. to noradrenallne by cold- o
acclimation. Oxygen uptake of a warm- and a’ cold- accllmated rat durlng

infusion of noradrenaline is shown. Noradrenallne was 1nfused intra-'"

venously, 0.5 ug/100 cm2 m1nute from ¢ t0 30 minutes.The rats were

lightly anaesthetlzed with sodlum pentobarbital. The warm-acclimated rat
"weighed 478 g and the cold- acclimated rat welghed 373 g;they had lived at -

room temperature - (25 -28 C) and in the cold (4 C) respectively for 13 )
weeks.The values of 80.5 and 22.0 on the graph &re obtained from the area _
under the curve during the 30 minutes of infusion of noradrenaline and
- they represent the total increase in oxygen uptake in ml 02/100 cm2 in
30 minutes. The increases shown are typlcal of rats kept under these
conditions. | T T C e

(From: Himms-Hagen, 1970)
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Figure 7. Enhancement of the célérigenic re;ponsé-to‘adrenaline by
poid-acclimation. Oxygen uptake of a warm- and a‘cold-'

r-acclimated rat during infusion of adrenaline is shown.
Adrenaline was infused intravenously, 0.5 ugAloo cmz.
‘minute from.0 to 30 minutes. The rats were lightly
anaesthetized with sodium pentobarbital.The warm-
acclimated rat weighed 415 g, the cold-acclimated rat
weighed 331 g; they had lived.at room tempéfaturé

\ (25°-28°C) or at 4°C for 9 weeks.

-(From: Himms-Hagen, 1969).



Therefore the calorlgenlc actlon of catecholamines mlmlcks
relatlvely well one of the characterlstlcs of NST the facul~
tative nature of its occurrence, i.e., 1ts rapld sw1tch1ng//n

.and off.

’ The enhancement of the calorlgenlc response to noradrena- .
'.11ne develops slowly during the first 4 weeks of exposure to
cold (Depocas, 1960 Himms - ~Hagen, 1969; Bartunkova et al, 1971
see Fig. 8). Durlng thlS perlod the extent to Wthh the rats
;ehiver: while in the cold decreases slowly,-reachlng 4 minimum
‘dt about the same timeQas’er calorigenic response to the cate-
" cholamine reaches a maximum which parallels the development of
: nonshlverlng thermogenesis (see Fig. 4}.

‘The enhancement of the calorigenic response is not due to
an 1ncreased sensitivity to noradrenallne, but to an increase
1n the maximum attalnable response (Himms~ Hagen et al, 1972).
.The fact that there is not a shift of the dose response curve
| (see Fig. 18) permlts the conc1u51o; that the enhancement 1s_
.not due to an increase in sen51t1v1ty to noradrenallne

' The magnltude of the calorlgenlc action of noradrenaline
progressively dlsappeare durlng_cold—deacclimation (Bartunkova
et al, 1971; see Fig. 9). Also it is known that the magnitude.
of the calorigenic action of noradrenaiine is inversely propor-
tional to the acclimation temperature_(Jansky et al, 1967; see
Fig. 10). o ' )
Not only is the sympathecic nervous sfstem involved in

switching on\and off of nonshivering thermogenesis but the in-

creased secretion of noradrenaline also.plays a role in the

-

N



240
[+
. ano— .
o © - 2 4]
o e
o os0
e o
L2 120 '
-l
Q
@
2 80
w 0/
=
N e w .
405 L
Y My, *e
(o} 1 | I ! ! I 1
0 10. 20 30 40 50 60 70

DAYS

Development of the enhanced calorigenic rqsponée to
noradrenaline during acclimation to cold. Metabolic
response to intravenously infused L-noradrenaline
bitartrate at the level of 1 ug free base per minute
per rat in rats previously maintained at 30°%¢C (o)
and 6°C (o) is shown. The metabolic response is given
in square centim?teré and correspbnds to the area
under the curve of oxygen consumption vs.time during
noradrenaline infusiqn\(lOO minutes) minus the area
corresponding to the initial oxygen consumption’in
the same period of time. The average increase in
milliling; 02 consumed per minute for each rat,

duringfinfusion'of noradrenaline,can be obtained by

dividifig the metabolic response units by 20.

(From: Depocas,1960).
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Figure 9 A. Developmént of the enhanced calorigenic response to
' noradrenaline dﬁring acclimation to'cold.,Metabolic
response to intramuschlar injections of noradrenaline
.(0.4 mg/Kg) are expressed as percentage of the vélue-
obtained after 40 days of,ac;limation to different

temperatures.

-

Figure 9 B. Decrease of the calorigenic response to noradrengline
in cold-acclimated rats at S?C exposed to 25°¢.
-Metabolic'response to. intramuscular injectioné of
noradrenaline (0.2 mg/Kg) are expresSed as percentage -

of the_initial metabolic reséég;e of cold-acclimated
Tats.

(From: Bartunkova et al, 1971)
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_development of adaptatlon to cold Prolonged treatment of rats

~with noradrenallne produces an adaptlve state similar to that

‘of cold- accllmatlon in that the calorlgen;c response to nora-
drenaline is enhanced and the resistance to cold is 1ncreased
(LeBlanc and Poullot 1964)

| In summary, the sympathetlc nervous System not only operates
the sw1tch1ng on and off of nonshlverlng thermogenesis in the ‘
cold- accllmated rat but also participates in the development |
by the rat living in the cold of the capac1ty for nonshlverlng

Vthermogene51s. The measurement of the calorlgenlc action of

noradrenallne can be very useful for the measurement of nonshlv-

ering thermogene51s because it m1m1cks relatlvely well its two
fundamental characteristics: the facultative process of its
rapid_switéhiﬂg on and off, and the adaptlve process in .the in-

crease { T\ the capac1ty for making nonsh1ver1ng thermogene51s

durlng aciclimation to cold. : ‘ ‘ S

3. Inh1b1t10n of the activity of the symgathetlc nervous system
| It is p0551b1e to 1nh1b1t part of the function of the
sympathetlc nervous system (SNS) by surgical, immunological or
pharmacologlcal means. - In order to-see-the role of adrenallne
secreted by the adrenal medulla in cold —acclimation, rats can
be demedullated.by surgical removal of the adrenal medulla.
Young rats lackinghan adrenal medulla do not maintain their
body temperature'and do not aurvive very long when exposed to
cold (see Himms-Hagen, 1973). On the other hand adrenodemedul-~

lated adult rats are able to survive in the cold and their
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ability‘to\haintein bod& temperatofe in'the.cold ﬁi.houe‘aﬁpfe;
ciable shlver1ng 1nd1cates that they have become cold atcllmated
'(Schdnbaum et al, 1963). .However, if rats already cold-acclima-
ted are demedullated, and then reexposed fo cold, they show a
mucﬁ smaller lncreaSe'in metabolic rate and become eomewhat
hypoﬁhermic‘as'can be seen in Figure ‘3 (Cottle and Carlson; 1956i.
| 'A Thus the adrenal medulla, and consequently adrenaline,

seems to play an 1mportant role in the heat production in

young raes and in cold-acclimated rats; but in older rees,kthe

sympathetic nervous system apparently eompensates for the remo-

val -of the adrenal medulla by 1ncrea51ng the role of some of \

its other constltutlve parts 1n order to maintain survival of
" the older animals (see review by Hlmms—Hagen, 1973}).

In order to study an.ahimal possessing only the adrenal
medulla but lacking the rest of the SNS several techniques can - -
be used: surgical, immunologicalror,pharmecological. However.
at the moment these teeﬁniquee are not entirely satisfactory due
to the lack of completeoess or lack of specificity. It is often
necessary to use a combination of them in order to show the

‘involvement of the SNS in cold-acclimation. Lo

Immunosfﬁpathectomy. Thie teehnique tesults in the lack of
adfenergic nerve endings in sSme tissues as a consequence of
the repeated adm1n1strat10n to fetal and/or newborn animals of
antiserum to nerve growth factor (see Levi-Montalcini and Ange-
letti, 1966). Immunosympathectomy does not alter the ability

of rate’to survive in the cold (Befti et al, 1965) but if the
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u,adrenal medulla is also removed then the rats became hypo-¢
thermlc in the cold. Thus the adrenal medulla seems to have
the cdpacity to play a role in the calorlgenlc response to 7
cold. Schtnbaum et al (1966) have shown that 1mmunosympathec~
‘ tomlzed and. adrenodemedullated older rats can. become cold-
accllmated but this can be due. to the by ma;nlng’act1v1ty of
the SNS not affected by the treatment (Himms~ Hagen 1973) Oq
the other.haqd, 1mmunosympathectomy prevents the\calotlgenlc ‘
response te coldfexposure'in"newborn rats and cauees hypothermia
and death (Wekstein,ligei); these'rate cannot shiver and their
adrenal medulla-is still immature sp they have no alternptive

.calorigenic mechanism to the nonshivering thermogenesis mediated

- by the sympathetic nerve -endings.

Pharmacoldgical agents. Reserpine, adrenergic Elocking agents,

~gang1ioﬁie'blocking agents, beta-adrenergic blocking agents,
.and in?ibitors of the,eynthesis df.cateeholaﬁines have been
widelf'used (for review see Himms-Hagen, 1973) with variable
results. '

. Administratioﬁ of the ganglionic blocking agent hexa-
_methdﬁium has beenlone of the most successful. TIn fact, Hsieh
et al—(1957) found;that’curariged_coldeacclimatedrats exposed
to coldrand t?eate&_ﬁith-ﬁexamethoniﬁm cannot show the rise in
oxygen uptake induced by exposure . to cold (see Fig. 1I) and
that thlS drug can: reverse ‘the increase in oxygen uptake if the -
administration is made after the increase has already occurred
(see Fig.‘lz).. As can also be seen in Pigﬁre 12 norad{enaline'

- can reverse the inhibitery effect of hexamethonium whereas
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Figure 11. Oiygen consumption'and rectal temperature of cﬁrafized,

¢old-acclimated rats (o) and warm~acciimated rats (o) -
receiving hexamethonlum The Toom was cooled to 5 C at
*‘zero-tlme Hexamethonlum was injected 1ntravenously at

h

the p01nts 1ndlcated by the arrows.

(From: Hsieh et al, 1957). -
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Figure 12. Oxygen consumption and rectal temperature of ;ﬁraiized,
cold-acclimated rats receiving hexamethonium and adrenaline
or noraarenaline.-Thé Toom was.céoled to SOQ * 1°C.at ZeTo
time. Hexamethonium was injecféd intrdvenbusly af_the
points indicated by the long arrows. At the points
indicated by the shbrt arrows, adrenaline (0.2 mg/Kg) .was
injected.intfamuscularlf to the group represented by
solid dots and l-no;adrenaling in the‘saﬁg dése given to

the group‘reprééented by the'open 9irc1e5.

(From: Hsieh et al, 1957).
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‘adreneline is less'effective. However, the catecholamlnes
~were admlnlstrated by 1ntramuscu1ar 1n3ect10n and it ‘is not

p0551b1e to draw any def1n1t1ve conc1u51on regardlng the effi-

v ]

ciency of those hormones to reverse hexamethonlum effects.

.Hlmms -Hagen (1969) has shown that adrenaline and noradrenal1ne -

adm;nlstered by intravenous 1n3ect;on are equally efficient -

inSth/ﬁimicking‘of nonshivering thermogeeesis. : g 3;‘b —T\\~=-¢
: In summary the use of these methods 6r a comblnatlon of

some of them demonstrates that the sympathetic nervous system

is directly involved 1ﬁ.the swltchlng on and off and in the

development of'nonshivering thermogenesis. 'However, it is eery_

difficult to draw'morefbfecise conclﬁsions in view of the fact

that the extent to. whlch the two maJor d1v151ons of the sympa—

thetic nervous system (adrenal medulla and sympathetlc nerve

end1ngs) part1c1pate in the reactions 1nvolved in survival in
“the cold is still obscure. The eympathetxc nervous system is

a h1gh1y efficient emergency mechanism in that although the
-functlons of its parts are normally well 1ntegrated a small
part can nevertheless take over the funetion of the other parts

when necessary (H1mms-Hagen, 1973) -

A
I

-

Sectlon D:- MUSCLE AS A MAJOR SITE OP NONSHIVERING THERMOGENESIS

h.

There has.been a long controversy abeut the site of heat
production"during nonshiveriﬁg thermogeneeis. eOriginal;y, vis-
ceral ofgans:were eonéigered as the main source of heat under

. these eondifions; since it w&s_found by maﬁy authors that the
temperatufe of Fhe liver er other igyérnal organs-inereased_

1 K
. \



©  mated rats showed a large 1ncrease in oxygen uptake (which was

w R

after exposure 5?‘animels to cold. However,’temperatnre.changes

in‘the various organs do not give‘suitable informetion aBout
' thermogenesis: in those organs SInce they ‘are 1nf1uenced by
_the blood flow and do not give any 1nformat10n about the amount’
of heat produced undér’ these condltlons. ”1;
Therefore other exper1mental approaches have been used -
which will be presented in the following d15cuss1on of the “

relative participation of each 1nd1v1dua1 drgan in nonsh1vering

o
a

thermogenesis.

Skeletal Muscle . - e

.

Depocas C1958j was thezfirst who clarified the problem of
the major site of heat production in the cold-acclimated rat

with an experlment in-which cold exposed ev1scerated cold-accli-,

only sllghtly lower than that of the sham—operated cold- acc11mated

control group) as can be-seen in Flgure 13, As the v1scerat1on
technlque used prevented blood flow through the stoma h, 1ntesf
tines, spleen, pancreas and liver, Depocas thus proved hat

these viscera are not required fOr th sw1tch1ng on of nonshiv-

. Qe

ering thermogene51s and that the extr v1scera1 tissues are
quaqﬁltatlvely more 1mportant sites. fo nonshlverlng thermogene51s.
In order to estimate the effect of\ev1scerat10n on the

I

response of cold-acclimated rats t0'nora\rena11ne 1nfus1on

. . . - ! [ . '.:‘), .,
Deppcas (1960'&) performed a;similar expe} iment in which cold-
exposure was replaced by noradrenaline inf sion. As can be seen

in F1gure 14 ‘the eviscerated cold-accl;mat d rat during the

o] i
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Persistence of nonshivering thermogenesis in functionally,

eviscerated rats. Average 02 consumptlon and muscle

electrical activity of barbital- anaesthetlzed 30% and 6°

similarly acclimated réts'given for interval 0-35 mindtes),
at 30° ¢ after ev:.sceratlon (groups 1 and 4), aV\G C after: . -
gvisceration (groups '2 and ), ,and at 6 °C after sham- 5

operatlon {groups 3 and 6) are shown. Arrow indicates » : .
time of ev1scerat10n or transfer to 6°C or both Al )

groups con51sted of five animals except group 3 in whlch

thére were six. Evisceration consisted of tylng off the

reftal colon,coeliac and superior mesenteric arteries and

. h

(From: Depocas,’ 1958)

flow through intestine and liver. .’

the portal vein;this procedure effectively pfevents blood
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Figure 14. Persxstence of an. enhanced calorigenic response to
noradrenal1ne in functlonally eviscerated cold-acclimated

rats. Average oxygen consumption of barbital anaesthetized

-

cold-acélimated rats (three rats per group);functionally
evisceiéted and infused with 0.1% sodium bisuiphite‘in ‘
—— sallne (6 C, EV.),functionally eviscerated and infused
with noradrenaline (in 0.1% sodium blsulphlte in sallne)
at a dose of 1 pyg per minute (6 c, EV.+;NA) sham—operated
and infused with noradrenaline at the same dose level
(6 C, S.0.+ NAj. The average oxygen consumptlon of two
warm-acclimated rats,sham-operated and infused with
. noradrenaline, is also given. grroﬁ indicatés start of '

infusion wich lasted 100 minutes. Vertical bars indicate

. % total range of variation. N '
p . r * .

-
(From: Depocas,1960)



infusion of noradreueline has a similar detabolic-respouse to

- the cold-acclimated-sham-operated raff‘ These obeerfatione ]

elso provide;further evideuce~for the suggested role'of-upra-‘
drenaline es the‘mediator of uonshiveriné thermogeheeis because
1t can mimick very well the effect of cold in the cold -acclimated .
rat (compare Flg \14 with Fig. 13).

In view of this evidence Depocas (1960 a) suggested that
skeletal muscle should be considered as a possible site for
nonshdvering'thermogenesis i%’the coldeeccliudted rat.

-Iu order to obtain more direct evidence for the particfga—
tion of muscle'ih nbnshivering thermogenesis Jensky and Hart
(1963) elaborated a method which permltted the measurement "in
51tu" of oxygen consumpt1on of muscles of the hind leg of colde
accllmated rats. The.oxygen consumptlon was calculated from
arterio-venous dlfferences in blood oxygen content and from
blood flow rates after noradrenaline 1nfusron’or exposure to
cold. Figure 15 shows that the oxygen uptake.of leg muscle was
more than doubled during'infusion-of uoradrenaline,or_during
exposure to cold as_was also the total metabollsm of the rat.
It should be noted that the authors point out that the 1ncreased
oxygen uptake in leg muscles produced by noradrenaline or cold-
exposure was due entlrely to the increase in arterio-venous
oxygen dlfferences‘and-not to an increase in blood flow. This
suggests that muscle can increase its capacity for takiug up
oxygen out of the blood without an increase in oxygen supply.

.Although these data point to the significant. role of the skeletal

muscle in nonshivering thermogenesis, these observations do not
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Occurrence of nonshivering thermogenesis and of a
calorigenic response to noradrenaline in leg muscle of

cold-acclimated rats. Comparison of responses in the leg

" and in the whole rat before and during noradrenaline
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Vertical line at 45 minutes shows start of noradrenaline
or cold Uhtre ted controls (o) are also 1nd1cated
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(From: Jansky and Hafﬁ, 1963)
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allow an éstimation of the quantitative significance of the
metabolism of the whole muscle mass for nénshivering thermo-."
genesis; ._ -

In order\yo cope with this prﬁblem an indirect method was
developed’by Jansk¥y. It is based on the assumption that the
totél cytochrome oxidasé activity can be aﬁ‘inéicator of the
maximal metabolic capabilities of ihe whole animal. as well.as
of indiwvidual oTrgans (Jansky, 1961, 1963). This method, however,
'showedltha; the metabolic capacity of the muscleé is not suffi-
cient to cover the metabolic increase due to shivering and non-

'

shivering thermogenesis in cold-adapted rats. It was estimated

. . . *
that probably only 50-70% of nonshivering thermogenesis can

have- its origin in the muscles (Jansky, 1966).

In 1968 Jansky and Hart measured the cardiac output and’
- the organ blood flow in warm-acclimated and cold~acclimated rats
exposed to cold from which they were able to calgﬁ}ate the max-
imum oxygen consumption that would result if all the oxygen )
were removed frdm the blood passing through the organ. On the
basis of such caiculations it was estimated tﬁap the metabolic
contribution‘of skeletal muscle to nbnsﬂivering thermogené§i5
is of the order of {Eﬁ'Of the total. It is clear that this
method does not pfovide any info;mation about the real oXygen

consumption of an individual tissue or its participation in the

"total nonshivering thermogenesis, because each tissue consumes

* ' .

The indicated percentage corresponds to the definition of
nonshivering thermogenesis of “Fagsky (1973), which includes
the basal metabolic rate. = e
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an unknown proportion of the-oxygen.eupplied to it,. Hooerer,
'asli; will be seeo{'this method is veryloseful}to eliﬁinete

as important-sites of nonshirering thermogenesie certein tissues
which do not receive enough oxygen. F]:

. It should be noted that Janskfﬁ(lgﬁo) arrived ar e good
agreement between the indirect method of cytochrome oxidase
activity of dlfferent tissues and the method from blood flow
measurements (Jansky and Hart -1968). However, it is possible
to obtain valoes of cytochrome oxidase much higher (Himms~Hagen

et al, 1972) than those obtained by JansKy.

Therefore none of the methods used can give the real quan-

" - titative contribution of an orgqn tc the total nonshlverlng

" thermogenesis. To quote Jansky {(1971) "The best and ideal tech-
nique would be one‘based on organ blood flows and on'extrection
of oxygen from the blecod. However, this represents.e great obs-_
taole in small animals where cannulation of small vessels under
physiologioal conditions is practically impossible'.

As the dominant role of skeletal muscle and the minimal
participation of wisceral organs in nonshivering thermogenesis
has been already demonstrated by the evisceration experiment of
Depocas (1958) Jansky et al (1964) attempted to determioe the ’
exact significance of the liver in nonshivering thermogenesis.

As measurements of liver oxygen coneuﬁption of small.mammels
under in vivo conditions is technically iﬁpossibie owing to

the complioated vascularisation of this organ thef performed
experiments on isolated livers perfused with‘undilUted rat blood;

L . R .
- -
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before and after injection of a high concentration of noradre-

v

naline into the circulation. Unde; tﬁese_conditioﬁs, no
éhange in fiver metabolism after noradrenaline was obSérved.
Based on indirect methods such as cy;échrome oxidgse activity
and blood flow chgnges it has been estimated ﬁhﬁt live? metabolic o
contribution to nonshivering thermogenesis .could not-gxceed 25%
(Jansky, 1971,1973). B

Earlier observations of Kawahataﬁ;nd Carlson (1959) indi-
cated that liver contriﬁufion to nonshi?eriﬁg thermdgeneéis is
very low., THey showed thhf the blood flow t réugh the liver |
increases only 10% in curarized gbldfacclim' ed rats exposed q!..

to cold, and that there was no diffe;encé‘in.the oxygen tension.

between livers of warm-acclimated and cold-acclimated animals.

Kidneys

Jansk; and Hart (1963) also measured in.situ the arterio-
venous differences in blood-oxygen content and blood flow df
kidney of"curarized cold-acclimated rats exposed to coldlor in-
jected with noradreﬁalin;. Nb metabolic increase was observed.
under these conditions although it was found_thatlthe kidney'
blood flow increases during'cold-exﬁosure (Jansky and Hart, 1968).

As measured by the cytochrome oxidase technique (Jansky,
1966)'the kidney could account for only 5% 6f the tofél metabolic
response.’ Theréfore,-Janékf (1971,1973) concluded that the

kidneys do not participate in nonshivering thermogenesis.



Intestine i _ /

Intestine was also eliminated as an important site for
nonshivering thermbgenesis by'thé evisceration experiment
(Depocas, 1958).  However, from blood flow measurements‘(Janskf

and"Hart, 1968) thi

"organ appeared tq_be.a'potential heat
prodpter. ore, Janékf (1971) éafriéd out experiments

in which the partikiﬁation Qf intestine in nonéhiveringgtherﬁ;—.
genesis was ﬁeasured directly by blood flow measurements and
arterio-venous differences in oxygen teﬁsjon between the aorta
and the portal vein in cold—acciimated rats, before and after
exposure té Eold. No change was observed in’the.érterio-
-vgnous differences in oxygen content, but as the blood flow -
-increased by 55¢ it was calculated that the total oxygen uptake
in the intestine increése_by 64%, which reﬁreseht less than

10% of nonshivering thermogenesis.

Skin

Janskf and Hart (1963) showed that the éébarafion qf the
skin from qﬁe leg had no significént effect on leg oxygen con-
Sumption during noradrenaline infusion Fin situ": Moreover it
has.been shown fhat cold-exposur@-df cold—aéclimated rats does
not change the blood flow to tﬁe skin (ianékf and Hart, 1969).
By estimation of the metabolic capacify of the skin from total
'cytochrome oxidase'activi;y, Janskfr(1966) determined that skin
farticipation in nonshivering thermogenesis is not more than 6%.
Thus it is unlikely that the skin has a significant role inl

‘nonshivering thermogenesis.

—~ e,
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" Browh adipose tissue

.
Much attehtion‘haélalsd beeﬂ=defote& to.the.thefmdgenic‘
'significanCe.of browhladipose tissué;A The propertles dlstrl-
bution and heat productlon of this tissue have been rev1ewed '
by Smith and Horwitz (1969) and Himms-Hagen (1970), and will '
oniy'be summafized here in.order to ascertain how bfown édipose
tissue could contribute to nonshlverlng thermogene51s.

When warm- accllmated rats are exposed to cold, the brown

adipose tlssue hypertrophies, It 1skknown that the new cells’

are deriyed.from ehdothélial cells'(Cameron and'Smith, 1964j,

just as the normal brown "adipose t_:issu_é cells are during dif;- - ‘
ferentiation before birth (Barnard, 1969). -Thérefore.dufing
'adaptatlon to cold the heat produc1ng capac1ty of this tissue
can be assumed to Qpcomg greater both because 1t has more cells
and because the cells hidve more mitochondfia'which contain more
criéthe'and respirﬁtory enzymes (Skala et al, 1970j. More
‘récently, Lindgren and Barnard (1972) have,feported that aﬁ
nébsolute_increase occurs in the are; of inner membrane, whereas
the outer membqane‘of'the brown adipoée tissue mitochondria is
not'ﬁtructurally affected by cold-acclimation. -

The brown adipoée tissue, and _particularly the interscapuiar
_ brown adipose tlssue, is the warmest region of the body when |
nonshivering thermogen851s occurs and under those circumstances
the oxygen consumption ‘and the blood flow are 1ncreased (Himms -

Hagen, 1970). However in spite of the increase in the heat- -

producing capacity of the Efown adipose tissue during adaptation

A



43,

.to cold the enlarged tissue st111 represents only 1% of ‘the
.‘total body mass.- and this is in disfavour of an 1mportant con~
'trlbution of this tissue to nonshivering thermogene51s. In fact,
| 'several estimates of the contribution of brown adipose tissue 7

to total oxygen uptake 1n an adapted animal to cold during

1nfu51on of noradrenaline or durlng exposure to cold give values -
etween 6 and 12% of. the total oxygen uptake (Himms Hagen, 1972).
Hdwever other species such as the newborn rabbit have a much
larger amount of brown adipose tissue relative to their total
body mass (about 5% in the newborn rabbit) and this could contri-
bute to about 80% of the total heat production during cold—

exposure or during"infusion“of noradrenaline (Hull and'Segai, 1!..

1965). In fact, the surgical removal of the interscapular brown
adipose tissue (whichﬂrepresent about 30%hof the total brown
jadlpose tissue) in the newborn rabbit results in an immediate
.and 1mportant loss in the calorlgenic response to'coid-exposureb
‘and noradrenaline. But the same operation has no immediate .
effect on the cold acclimated rat, as measured by the calorigenic
Tesponse to adrenaline or to norad;;naline (Hlmms—Hagen 1969;
see Figs. 16 and 17). _
In summary, brown adipose tissue has'not‘a quantitative

‘importance'in its contribution to. the nonshivering-thermogenesis
in the cold-acclimated rat. In the next section will be dis-

cussed the qualitative importance of the metabolism of this

-

tissue in-nonshivering thermogenesis.
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Figure 16. :_'.- RO . e
' Delayed effect of removal of the interscapula;;ﬁrown adipose tissue on

the enhanced calorigenic rgsponsé to” adrenaline in cold-acclimated rats.

Each bar represents the mean of values from ten rats with the S.E.

indicated by the vertical line. The mean weight of the cold-acclimated
rats at the time they were removed from the cold was 265 g; they had

lived in the cold for only 1-2 weeks. The mean weights of the warm-
acclimated rats at this time was 309 g. Wa;m-écclimated rats are

indicated by W; cold-acélimaéed rats are indicated.by C. The.portion

of the bars for cold-acclimated raié that,ig‘coloured,blaék is the

difference in response between cold-accliméted rats and the corresponding -
warmkaﬁclimated rats and repreéents the enhancement of the calorigenic
response to adrenaline caused by acclimation to cold. Values obtained
immediately after the operation are shown on the left of the diagram

(day 0) ;those obtained 2-3 days later gxe‘shown on the right. Sham-

operated controls are.labelled Sham;rats with their'interscapulﬁr'

brown adipose tissue removed are labelled -IBAT.

{(From: Himms-Hagen, 1969)
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Figure 17. Delayed effect of removal of the interscapular brown | /
adipose tissue on the enhanced calorigenic response to /
noradrenaline in cold-a¢climated rats. Each bar
represents the mean of values from 51x rats with the F E.
indicated by the vertical line. The mean welght of the
cold-acclimated rats at the time they were removed from

" the cold. was 332 g: they had lived in the cold for/G 11
lweeks The mean weight of the warm-acclimited raté at
this time was 432 g. Other symbols are the same s in

Figure-'16. 7 » o -/

(From: Himms-Hagen, 1969) A | ‘ /



» In summary, there are several lines of evidence that ske- | .l

51tes.

Other tissUes

Jansky (1966} estlmatlng metabol1c capacity from total

L}

cytochrome ox1dase activity attributed to heart lung, braln, - :

.testes and spleen a very: low metabolic capac1ty The estlmatlom

based on blood flow and cardlac ‘output to various organs (Jansky
and Hart" 1968) showed that small tissues like heart diaphragm,
lung, spleen, thymus, pancreas, whlte‘fat, testes and adrenals
cannot be important sites of nonshivering thermogenesis..'No__

attempt has been made to evaluate d1rect1y thé role of small

_body organs. However, because of thelr small mass their

thermogenetic 1mportance is probably not,51gn1f1cant.

letal muscle is the major site of nonshivering thermogenesis.
Hom the reportsﬂp;ESented 1ts part1c1patlon can be evaluated
as 50~ 70% of the total. nonshlverlng thermogene51s, the rest

belng d15tr1buted between various tlssues in which ‘the liver,
the 1ntest1ne and brown adipose. t1ssue are the most 1mportant

Thus, as skeletal muscle is the maJor site of nonshlverlng

S

thermogene51s in the rat, this tissue has been selected for the

‘experimental work described in this thesis in Wthh the aim-is

to elucidate some of the biochemical mechanisms involved in

nonshivering thermogenesis. : | N



Section E: THE.SPECIAL ROLE OF BROWN ADIPOSE- TISS

brown ‘adipose tissue decreases with the age of the anima

.47- 

NONSHIVERING THERMOGENESIS

and hibernating animals,' It is known that the "amount of the

when the animal is not hiberna@ing or whenesit is not adapted

o

to cold.

Smlth and Horhltz (1969) presented a comprehensive

review of the dlstrlbutlon, structure and metabollsm of brown

adlpose tissue. . : \
. The dlstrlbutlon of the brown adipose tissue is dlffuse »

in the adult rat; the areas where brown adipose tissue generally

a)

-occurs are:

» - b .
“ : N

a pair of" brown fat pads located deep in the middorsal

superior cerv1ca1 region,

b)

the intefétapular region with extensions ventrolaterally

P

. whjeh engulf the vessels of the axillary region,

c)

d)

the thorax where this tissue overlays the aorta and

azygous vein as well as the-sympathetic chain,

extending along the aorta and Epreading out‘mediedorsally '

-at the level of the kidﬂeys'Where it often covers the

converging iliacs and the renal veins (Smith and Roberts,

1964).

‘Thus the brown adipose tissue ie‘strategically located

around major blood vessels and nerve tracts in the thoracic

and cervical regions. Itisalso close to the spinal cord all the

a -

5
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way down to "the kidneys.i The_hyperplasie bfithe brown adipoee,
tissue observed dur;né the procees of CQld-acclimatioq ie - ».
known to occur to all the areasldescribéd meith and Horwitz,
- 1969). - | | |

In’ splte of the fact. that the contrlbutlon of th15 tlssue
to total heat productlonlls relatively smalL this contribution
is, however, important because of the'distribution of the heat ‘
produced 'fn fact, Smith and Horw1tz (1969) have postulated
that brown adipose tlssue can act as’'a thermal blanket protectlng
the vital orghns against cooling due to the distribution of
the heat produced. | | | |

‘ ,," Moreover it has been suggested that .'the brown adipose | \

tissue, in particular the interscapular pad, is a thermoregula-

tory organ. This function results f}om its special vasculature

©

and'anatOmical location.. Smith and Roberﬁs (1964) have shown ‘

that Sulzer's veln prov1des a short, dlrect channel for the

btransfer.of heat from the venous dratnage of the interscapular.

'Therefore it has been -

|

: postulated}that this anatomical arrangement has an important

brown adipose tissue to the spinal cord.

physiological'role‘which-is the‘soppressi n of shiveriﬁ!‘-heat(;“;
leaving the interséapufaf brown adiboseAt'ssue and chanelled
through Sulzer's vein couid watm up certain spinal cord thermal
receptors whick in turn are respon51b1e: {ohy tﬁelcontrol of‘ |
shlverlng (Smlth and Horw1tz, 1969; Briick and® WUnnenberg, 1966 ;

Horwitz, 1972).

In additioh-to the heat-HFodUCing function of brown adipose

+ tissue Himms-Hagen (1969) proposed that-this tissue has another




function in the‘development and maintenance'of‘the adaptation
to cold.._The evidence for this function is that the surglcal
removal of the 1nterscapu1ar brown adlpose tissue from cold-
accllmated rats whlch subsequently Iive at’ TOoOm temperature
_causes a progressiVe and rapid 1oss of the enhanced capacitf of
the accllmated rat to respond ‘to noradrenallne and adrenallne
as ment1oned above there 1s no immediate loss of response (see

J‘- .
-3

Flgs 16,and 17).

A 51mllar reduction of 40% of the, response to noradrenaline
was observed by Leduc and Rivest (1969). 'Theserauthors also
found that there 1is ailoeS"of cold resistance of-theee_animals.
Thus the rats lose their adaptive state more ‘rapidly than the
‘normal rate of deacclimation to cold when interscapular brown
adipode tissue is removed (see Fig. 9)t .That this reduotion is
due not to a change in the sensitivity, but rather to a decrease
~in the.maximﬁm‘capacity'to respond to noradrenaline is shown in

Figure 18'}ﬁimms Hagen et al, 1972)

These experiments indicate that 1nterscapu1ar brown adlpose
}
tissue in some way influences the‘capac1ty of other .tissues to.

respond to catecholamines. It has therefore been postulated
that interscaﬁhlar brown adipose tissue secretes a factor which

F 4
acts upon these other tlssues.,

More direct ev1dence for this endocrine functlon of the
brown adipose tlssue was obtained when it was demonstrated by .
Himms-Hagen (1970) that the 1mp1antat10n of the 1nterscapu1ar

brown adlpose tissue in the per1tonea1 cav1ty cons1derably

L
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Figure 18. .Dose-re5ponse'curves,for the calorigenic effect of
| noradrenaline in rats from which the interscapular brown .
'adipose tissue was removed 4 days previously (-IBAT)
(solid black symbols) and in shameﬁperated rats (open
' symbols). Both ﬁarm-(squareé) and cold-acclimated (circles)
rats are shown. The cold-acclimated rats remained at room

temperature during the 4 days following the operation.

(From: Himms-Hagen et al, 19?2)

[
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*

raduces the 1oss of the adaptlve state 1nduced by removal of
intersCapular brown adipose tissue (see Fig. 19).

Removal of 1nterscapu1ar brown adipose tissue prlor to cold-
exposure of warm-accllmated rats has not prevented the accllma-
tion to cold. HoweVEr, although such rats eventually develop
a normal enhanced calorlgenlc response to:noradrenaline the
1n1t1a1 development is delayed about one week as can be seen
in Flgure‘ZO (Hlmms-Hagen et al, 1972)- This apparent lack of
effect can be explalned in terms of the remarkable adaptlve
ability of the rats to sw1tch a funct1on7from one site to another.
Himms—Hagen et al (1972) have shown clearly this point; during \
the weeks in the cold there is normally, in intact rats, a con~
51derab1e increase in the s1ze and proteln content of the brown
adlpose tlssue,*about a thlrd of this increase occurring in

,tne 1nterscapu1arlpadﬂ However, in rats lacking . the intersca-
pularrpad.the cold-induced increase in'protein found in other
brown‘adipose tissue deposits is ‘greater than in intact rats
and at least partially compensates for the missing interscapular
brown_adipose'tissue, aa.can be seen in Figure 21.

The endocrine role of brown adipose.tiSSue bas been ques-
tioned by Horwitz and Smith (1972) who measured the magnitude
of the thermogenic response in.cold-acclimated rats having had
Sulzer*s vein ligated and in cold acclimated rats having had
interscapular brown adipose tissue removed. The lack of differ-

ence in the calorigenic response to noradrenaline in both group

and the lack of necrosis in the intersoapular'pad of the ligated



Increase in O, uptake during noradrenaline intusion
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- Figure 19. '
Effect bf removal and replﬁcemeht of the interscapuldr brown adipose

tissue of warm-acclimated and cold-acclimated rats on the calorigenic

.Tesponse to noradrenaline. Values shown represent the total. increase

in oxygen uptake durlng a 30 min infusion of noradrenallne Each bar
is the mean of 4 experiments * standard error of the mean. Cold-
acclimated rats are represented by the bars with the black'upper
ﬁértions and warm-acclimated controls are represented by the open bar
- to the left. The blackened portion of the bar is the differeﬁce
between the response of the cold-acclimated rats and the response of
‘the corresponding conﬁrol warmfacclimated rats; it is a measure of
ﬁthe acclimation to cold. Cold-acclimated rats had liveq_in the cold
/¥for 10-13 weeks; warm-acclimated rats had lived at room temperature
-4 during this same period. Rats were removed from cold or warm rooms on
day 0, anaesthetized with ether and operated upon as follows: (i)
sham operated (ii) interscapular brown adipose tissue removéd
(111) 1nterscapu1ar brown adipose tlssue removed,cleaned and weighed,
cut into 4 or 5 portions and replaced in the peritoneal cavity; a -
similar laparotomy was performed also on:rats in groups (i} and (ii).

Rats remained at room temperature until the infusion of noradrenaline.

(From: Himms-Hagen, 1970)



Figure 20.

Increcse In O2 Uptake ml 02/ 100 cm?2. min

WEEKS ar 4-C

Effect of prior removal of'iﬁterscapular brown adipose
tissue on the development of the enhanced calorigenic
response to noradrenaline during aéclimation to cold.
One week before zero time (the day on which rats were
placed in the cold at 4°CJ rats either had their
inte?scapglar brown adipose tissue removed under ether
anaesthesia'(-IBAfi oTr were sham¥operéted (SHAM).-
Weights of all rats at this time were: sham,226.3 +20.7
g; -IBAT, 243.8 * 26.8 g. Rats remained at 4°C for up
to 8 weeks at which time they weighed:306.5 + 24.9 g:
-IBAT, 334.3 + 19.1 g. At 1,2,3,4,6,and 8 weeks some

. rats were removed from the. cold;after 24 hours at room

temperature they were lightly anaesthetized with sodium
pentobarbital and their oxygén consumption before and -
during infusion with noradrenaline was measured. After
the infusion Fats were killed and all their brown
adipose tissue removed, weighed,and protein content

measured (see Fig.21).

(From: Himms-Hagen et al} 1972)
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' Figure 21,
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Iﬁcreaé!lin protein content of brown adipose tissue
during acclimation to cold of sham-operated rats.and of

rats from which interscapular brown adipose tlssue was

removed prior to the acclimation period. The increase in -

prot31n content above that present at time zero is
plotted against the duration of cold-acclimation. Shown

for the sham-operated rats are the increases in

interscapﬁlar brown adipose tissue and in other deposits..

(OBAT), as well as the sum of these increéses which

represents the rise in the protein content of all the

. brown adipose tissue in the body (TBAT). Rats from

which the interscapular brown adipose tissue was removed
1 week before zero time (-IBAT) (see legend to Fig,ZO)
possessed oniy the OBAT. '

(From: Himms-Hagen et al, 1972)
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anlmals led these authors to-con51der 1ncons1stent the proposed
“endocrine functcon of the brown adipose tissue. That 1s,any
‘agent secreted by the brown adlpose t1ssue should still be
ava11ab1e to: the body via dralnage through the bllateral tho-
racodorsal vessels in the anlmals which Sulzer's vein ligated.
Therefore they repostulete that the brown adlpose tissue may
exert a regulatory influence on the response of the animal via
locai warming.of thérmotensitive'ereas in‘the spinai cord

(Smith and-Horwitz, 1969). However the experiment of Himms—Hegen
et al (1972) described in Figure 20, in which the'removal‘of

interscapular brown adipose tissue” prior to the cold-exposure 1‘..

does not. prevent the acclimation‘to cold shows also that the
special location of the interscapular pad is not essential for:
the acclimation to cold to occur. Moreover when the same ex-
periment was perforned in this laboratory (Himms-Hagen, unpu-
" blished reéults) the ligated interscapular brown adipose tissue
presented a very marked edema.. Obviously-blocking the principal
point of blood dralnlng from 1nterscapu1ar brown adipose tissue
could’provocate a blood stasis incide the organ so‘that the
eecretion of the factor could also be impaired.

Flattery and Sellers (1972) also found that the removal
of the 1nterscapu1ar brown adlpose tissue prior to cold exposure
does not impair the development of the cold-accllmatlon,.but
as thevaailed to see the compensatorf hyperplasia of the other
brown adipose tissue depos1ts, they suggest that brown adipose
tlssue does not secrete a factor. However they performed only

a visual test in order to check the hyperp1a51a in the remainder



‘.sé.
of the brown adipese tissue. They also removed the 1nterscapu1ar :
brown adipose tlssue from cold- accllmated rats and ‘replaced .
the anlmals in the cold after the operatlon (whereas Himms -
Hagen, 1969, placed similar treated rats at room temperature
in‘order to study»cqld—deaccllmatlon). They observed that
during the four next weeks there was no Significant change in I
urinary excretion ef the catecholamdnes or in_the‘caiorigenic
response to noradrenaline between the operated and non-operated
groups of rats. -However, eince their animals continued to live
in the cold, it is dcite likely that' the remaihing brewn adipose
tissue depoiits‘assumed the role of the interscapular brown
adipose tissue which had been removed.

The iqcreased rate of oxygeﬁ consuﬁption;by celd-acclimated,
adult mice after subcutaneous injection of noradrenaline has
been measured by Hayward and Davies (1972) for intact anlmals
and for those with their interscapular brown adipose tissue
llgated .An immediate reduction ef 40$-of the calorigeniC'res-?
ponse to noradrenaline was noted in the mice with their inter-

scapular pad ligated, Since this reduction cannot be ascribed

b

to the loss of aﬁ amount of brown adipose tissue constituting
less than 0.5% of the body weight, tﬁis result suppdrts;"re a
certain extent, the hypothesis that brown adlpose tissue can
influence the calorlgenlc response of other tissues. However,
it should be noted that there is one discrepancy between this
experiment and thelexperiment of ﬁimms-Hagen (1969); Hayward

and Davies (1972) observed an immediate reduction in the calo-

rigenic response to noradrenaline after removal of the inter-
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;SCapular,hxgﬂn,_ 1pose tlssue, thls dlscrepancy may be due

to th dlfferent spec1es used.

fAs a summary, Himms-Hagen (197?] presented a hypothesis
ofz‘he role of brown ad1pose tissue during acclimation to cold
'Her ideas are illustrated in Figure 22, which shows in d1a-“
gramn tic form the growth of brown adipose'tissue during adap-.
tation to cold and the progre551ve increase in “secretlon"

of heat (hav1ng as a consequence the progressive 1nh1b1t10n of
shlverlng, by means of the local warming of centres in the
_splnal cord) and in secretion of the- postulated factor (hav1ng
as a consequence a progressive increase, In the capaC1ty of

other tissue to respond to noradrenaline; i.e., the progressive

development of nonshivering thermogenesis): all these changes ' qi!..
are shown as occurrlng as a consequence of the excessive and

”prolonged st1mu1at10n of thls tlssue by noradrenallne.
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- Figure 22. D1agrammat1c representatlon of the proposed progresswe

increase in heat-producing and hormone—produc1ng

capacities .of the mte;gcapgla.r brown adipose tissue
(IBAT) of the rat during acclimation to cold. After 4
weeks in the cold shivering is completely suppressed
and the adaptation for nonshivering thermogenesis is

at its maximum. o '

(From: Hinms-Hagén , 1972) ‘ -
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 Section F: .NONSHIVERING THERMOGENESIS' Current concepts. and -

ratlonale for the experlmental approach described

in this the51s.

Nonshlverlng thermogEne51s is an exaggerated calorlgenlc

response to. noradrenallne whlch OCCUuTs pr1nc1pa11y in brown

adlpose tissqe/and skeletal muscle of cold-acclimated rats.

Desplte 1nten51ve 1nvest1gat10n the nature and mechanlsm of

nonshlverlng thermogene51s are st111 not known.

In order to d1scuss the different p0551b111t1es, it is
necessary at this point to discuss the factors which control

the operation of the mitochondrial respiratory chain in vivo.

This is because the main sige of oxidative metabolism.and of -

i
oxygen consumption is the mitochondrial respiratory chain. Of
: o _

the. energy contained in a biological substrate, part is stored

*in the form of ATP and thé rest is released as heat by com-

plete oxidation of the substrate to carbon dioxide and water.
Thus the oxygen consumption of a cell is a true reflection of

its heat-producing capacity. The availability of ADP in the: .

cell is the primary factor'influenéing the.rate of electron.

=4

transport, and therefore oxygen uptake. An increase in oxygen -

uptake could be explained in two basic ways: a) an increased

availability of ADP. ‘Sin;e ‘ADP- is derived from ATP an iacrease

'in the supply of ADP can occur only because of an increase

utilization of ATP, e.g., in reactions which fequire enefgy.-

This is the normal mode of respiratory control in coupled mito-

chondria; - b) an increased degree of dissociation of cellular

39.
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'resplratlon from oxldatlve phosphorylatlon. The resplratory
control ‘becomes 1ndependent of the concentratlon of ADP as in
the case of uncoupled or loosely coupled mltochondrla

v

Prusiner and Poe (1968) have proposed a blochemlcal clas-
sification of thermogenlc processes: ‘
a) Degradatlon of ATP. The resplratlou is controlled at v
the level of ATP degradatlon  Since ADP is derived from ATP
an increase .in the supply of ‘ADP can only occur 1f there is an
1ncreased utlllzatlon of ATP for energy- consum1ng reactlons.
The m1tochondr1a1.resplrat1on 1s'h1gh1y coupled to the phos-.

phorylation of ADP and is controlled by its. rate of regene-

ration. Shivering thermogenesis is a good example of this

type of thermogenic process. The rapid muscle contractions
utilize ATP and thUS prov1de ADP whlch permlts the acceleration
of m1tochondr1a1 resplratlon.

b) - rOligomyciujlgsensitive'respiration fbut sensitive to
uncouplepsj. Oligomycin inhibits coupled respiration by
blockingjoxidatiue phosphorylafion. The residuallrespiratiou
is called, oligomycin-insensitive and is mot under the control
of the ADP level An uncoupler like dinitrophenol can release

the ollgomfc¥/ effects on resp1rat1on but not on ATP synth851s: -
Thus, in coupled mitochondria there exist resplratory pathways
which are not coupled wlth phosphorylatlon of ADP. It has

been suggested these represent incpeased'utilization of high-
energy inﬁermediates of the electron transport sysfem for
energy-consuming reactions other than phosphoryletion, suoh as

ion translocation. Lehnlnger (1970} showed that the active
. . - _’,,x

:i‘.-"



trensgort‘of divaientfcitioﬁs;fke'calciﬁm is ‘insensitive

 to oligomycin but b}pcked by uneoﬁpling agents. |

<) Looee—coubiing._ Loosely‘coupled mitocﬁondfia have.norﬁal

P:0 ratios but ardecteased respifatory‘dontrol, CMoreover,
their'respiration is relatively unaffected by oligomycin or
dinitrophenol'which dec%ease their P:0 ratios. Their resbira—

tlon can be’ controlled by substrate supply. ' d

d) - Uncoupllng Uncoupled mltochondrla no longer haﬁe the
capac1ty for ox1dat1ve phosphorylatlon.' The resptfatlon of -
uncoupled mltochondrla is not affected ty ADP, oligomyciﬁ or
,dinitrqphenol. It seems to be mainly controlled by substrate !'.
supgly. ' "

-In their‘original paper, Prusiner and Poe (1§68)&p1ace in
the last category the ﬁechanism of nonshivering thermogenesis.f
This seems very unllkely because the tissues 1nvolved in- non-
shlverlng thermogene51s require t ormal supply of energy
in the form of ATP for their normal functions. In the brown _

dlpose tissue, moreover, the need for ATP is greater during
" the development to the accllmatlon to cold because the tissue
;ncreases its mass and protein content durlng ‘that per%Gd as.
was indicated above. - |

Because of the lack of shivering and because no other
* metabolic pathway which would’result in 1ncreased ut1112at1on
of ATP has been found in the adaptlve s tate’ of cold—acc11mat10n

the first mechanlsm can also be discarded as a mechanlsm involved

~in nonshivering thermogenesis-
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'='f Of the other forms, b) and c) probably represent two

._‘\
~

aspects of the same process, because anu;ncreased utlllzatlon
'.of sope “of the hlgh energy 1ntermed1ates for a purpose ‘other
'than phosphorylatlon of ADP would result in an apparent
- 1oosen1ng of coupllng. There is ev1dence for the exlstence

of this type of mechanlsm in brownladlpose tissue, ‘whlch has’
been exten51ve1y studied. “The ev;dence wh;ch supports thlS
-mechanlsm has been rev1ewed by H1mms Hagen (1970 and 1972)

and will only be " summarlzed ‘here. However, skeletal'muscle

tthe major 51te of nonshlverlng thermogene51s%'appears to have
been neglected %nd 11tt1e is known about the mechanlsm of ] :

N e

nonshivering thermogene51s in this tlssue.; R

The mechanism of loose coupllng - ..

-

Y]

i) Brown adipose-tissue’.

eyt

seems_to'be'responsible for™the nonshlverlng thermogenes1s

procesg +ih brdwn'adipose tissde, In fact, some work (Andersen

et al, 1970) 1nd1cates that the 1o senlng of- coupllng of brown
adlpose tlssue mltochondrla Wthh follows cold exposure of
guinea plgs is- a process that gradually develops durlng cold-+

accllmatlon and reverts slowly to normal when the animals are

returned to amb1ent temperature

‘Noradrenallne stlmulates the adenyl cyclase Wthh is pre-

1

sent‘ln the cell membrane (Mulrhead and Himms- Hagen 1971,

.

Skala et al, 1970 an@ 1972) ‘One of the early events associ ‘ted'

L

w1th thIs metabollc activation’ 15 a depolarlzatlon of the cell

- [

jmembrane. ThlS haﬁ been observed both in vive (Horw1tz et al,

- 1969) and in vit¥o (Glrardler et al, 1968) " The cyc:lu:-AMP

-’I-L

which is produced ae a result of the stlmulatlon of adenyl
) ) -4 %

|
-



cyclase aécelerateslllpolys1s, presumably by actlvatxng a tri-
[ ]

>

. glyceride lipase. ‘Brown adlpose tlssue stores a large amount

" of triglycerlde. Th 1ncreased supply of free fatty,ac1ds

provided.by the accelgrated lipolysis is not only used as =
‘fLel for the maintenanle of the-high metabolicrrate but also

_plays an 1mportant role n regulat1ng eat productlon by the

mltochondrla. The free fa ty acids appear to cause a controlled

" Joosening of ox1dat1ve phosphorylatlon resultrng in an increase
in the rate of resp1rat1on (Hittelman<et al 1969; Wllllamson,
1970' Llndberg et al, 1970' Pru51ner 1970)

! It is known that fred fatty acids can uncouple oxidative

: phosphorylatlon and 1nh1b1t resplratlon in- several tlssues,lln--
cluﬁbng brown adipose tlssue, brown ‘adipose tlssue is more sen- q....

‘ sitive’ than other tissues to low concentratlons of fatty ac1ds.

';f(Rafael et al, 1969) More . recently, Bulychev et al (1972)

'found that sucrose 1solated brown ad1pose tissue m1tochondrla

were uncoupled because they conta1ned a large amount of free

fatty acids .- When a minor. fraction of these fatty ac1ds was

i
removed the mltochondrla»were transformed to a coupled state.

This and other observatlons 1ed the authors to suggest that

“a very small and spec1f1c endogenous fatty: ach fraction is
i
involved 1n tﬁp regulatlon of -the ﬁougilng uncoupllng mechan1sm

of brown adlpose tlssue Apparently the mode of action of the'

1
3

fatty ac1ds 1nv01ves a conformatlonal change of mitochondrial

N

membrane proteins. . - 5 ' . "- S

It has also been suggested that changes 1n the relatlve

*concentratlons of adenine nucleotldes w1th1n the m1tochondr1a.

B . . . s N A q
o TR - . - . o .
3 . . - S fit o
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of brown adipoéé tissue may be part of a mechanism. rbgﬁlétiﬁg'
the coupllng of resplratlo;Hto phosphorylatlon (Pedersen and
Gf;; 1970 Skaane et al, 1972); it was suggested that the
nucleotides could act on the energy-conserving mgcﬁanism‘of

the mitochondria via soﬁe‘confdrmational change in fhé.mito-‘A
choﬁﬁfial membrane. More recently Chrlstlansen et al (1973)
have presented a hypothe51s in which these two views are com-
bined. These authors suggest ;hat\free fatty acids are not
rﬁnly responsiblé’for_the looseecouple& s£éte of‘thé mitochondria
Sht alﬁb, via the acyl CoA formed from them in the cytoplasm,
énhibit the adehiﬂé ﬂualeofide_traﬂsiocase'of the inner mito-
_chondrial membrane. ‘Ihe.consédueht’alterq;ion in the mitochon-
.driaI adenine nuc;gotide'concentration:élso'contributes to the
regulation of the;coupling of respifation to prsphprylation.

An additionél mechaniéﬁ for non;hivefiﬁgJthermbgenesis in‘
browﬁ adipose tissue has béen proposed by'Horwitz (1973), i
namely, an-écceleration of the Na+-K+VATPase qf_the.plasméfm
membrane. This suggestion is based upon the. finding of 60%
:1nh1b1t10n by ouabaln, an inhibitor of the Na -xt ATPase; of "the

noradrenallne -induced calorlgenlc response in isolated cells

(Horwitz, 1973) and of a dlrect stlmulatlon by noradrenallne_pf

64,

the Na -K ‘ATPase 1n the brown adlpose tlssue homogenates (Herd

:e; al, '1970). However, Fain et.al (1973) failed to find the
same éffect of ouabain. These«autho;s suggest that the well-
"~ known aﬁ;ilipolyfic-effect df,ouabain_céu}d also account for
;h§ inhibition of the calorigenic effect offnofadfenaline.f_

. -
 ma

i
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Thus .the exact role of an accelerated Na+—K+aAT?ase ib

7

nonshivering thermogenesis remains.in doubt while a definite
.role for free fatty acids as regulators of mitochondrial res-

piratory function appears to be well established.

ii{ Skeletab muscle. 'Skeletal_ﬂpscle hae'been not as ex-~
tensively studied as b:own adipose:tﬁesue, therefore notbing
can be eeid in biochemical-terme aboﬁt'the mechanism of non-
shivering thermogenesie in this,tissue. ‘Onlyhsome unspecific

" chariges have been noted during told-acclimation, in a variety

of tissues, including skeletal muscle. Klain‘ (‘1963) described \

increments’in cytochrome ¢ in heart and skeletal muscle biit .also
in liver, kidney,.iung‘and spleen in cbldéagclimated rats. Also
it ‘has been reported thét cold-acclimated rats"sheﬁ‘en increase
in the specific activities of gastrocpeﬁius and 1ive¥ cytoehrome
oxidases and succinic dehydrogenase, but muscle exbibits the
greater “increase (Hannon, 1960). |

Adenyl'cyclase in skeletal muscle has not'beeﬁ-charecterized
very well although it was shown to be-pfesent.in this tissue
some:years ago (Sutherland et al, 1962e SetaYdarian ahd Mommaerts,’
e [

'1965) More recently it has been reported by Sengrson et al

(1972) that adenyl cyclase ‘in skeletal muscle re51des in the

[

plasma membrane. N _ 3 o _
. Therefls no. dlfference in the amount or in the catecholamlne-
. sen51t1v1ty between the adenyl cyCIase of skeletal muscle of
yarm~acc}1pated ?ateqand that of cold-accllmateq rats.. However,A
during the first‘feesdays pf expoSure_te‘celd,there is a ﬁ?ZLs- ,
(o E e T | i

u
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ieni;ijrreasefin the specific activity of the noradrenaline-

stimi ated,-adrenaline—Stimulated and the quoride—stimulated

adenyl cyclase of skeletal muscle and an increased sen51t1v1ty

of adenyl cy;;;fe to stlmulatlon by adrenallne (Letarte-

Muirhead, 19 These tran51ent 1ncreases were suggested to

occur in aSSOC1at10n wlth shlverlng rather than with nonshlverlﬂj

thermogene51s
In contrast to brown adiﬁose tissue cells thesindividnaL
skeletal muscle cells appear | to lack dlrect adrenergic inner-

vation; however, the blood vessels of skeletal mascle contaln Q!!.

adrenerglc nerves (Fuxe and Sedwall 1965). | Noradrenallne

» 'i' )

released from these vasoconstrlctor nerve flbers may, by dlf-
' /

fusion, reach the skeletal muscle cells in concentratlons Wthh
at least locally may be hﬁgh Therefore adenyl cyclase of

skeletal muscle may well be activated by noradrenaline, but
_ _ ) .
as was shown above, the/enhanced capacity for a calorigenic res-

ponse to noradrenaline/and the increased capacity for non-

shivering thermogenesis, which'both occur in cold-acclimated

- . . ‘ ,‘ ) _ .
‘rats, are not associ7ked with any change in the amount, proper-
. - N :

ties or operation o?”theﬁadenyl cyclase system.

- *

- 111) Role of m1tochondr1a1 proteln synthe51s in nonshlverlng

thermogene51s! ~Since muscle appears to be a; maJor 51te of non-

shlverlng thermog nesis in the cold acclimated rat, 1t can be
assumed that'the e is an alteratlon in muscle which permits

the enhancement of the calorigenic response to noradrenallne

e

!

[ Thls alteration does not re51de in ‘the initial

by. this tlssue.

4
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stage of interactioﬂ of noradrenaline wfih thé'muscle; i.e.,.
in the adenyl cyglase’éystem.  Since the mitochondria are
‘using the oxygen, it.isﬁlogical to éssume‘that an altefation
" in ﬁitochondrial function'might pfévidé a basis f:r ﬁqn—'.
shivering thérmogeneéisi Two lines of evidence derived from
"\ wbrk‘inAthis laboratory suggest that altered éynthesis and
degradation of mifocﬁondrial proteins occurs in'a$SOCiation
 with cdla—aéclimation." The first line of,eVihence.is thgzinhi-“

bition of the development of the adaptation for nonshivering

thermogenesis during cold-acclimation by inhibition of mito-

chondrial preotein synthesis‘with‘OxytétraCycline (OTC) (Himms- s

Hagen, 1971). The second line of evidence is fhe'decreased

half-life of ce;tain mitochondrial proteins in tissues in which
"nonshivering thermogenesis.occu;s, namely, skeletal mﬁscle and

b;own adipose tissue (Bukowiecki and‘HimmsfHEgen, i97l; Bukgs.

wiecki, 1972). | )

Mitdchondrial protein synthesis is sensitive to inhibition

by certain antibiotics such as chlorambhenicol and oxytetracy-

cline, It isrwell known that-mitochondria_fesgmble bacteria in

the type of DNA, RNA and ribosomes they Cbnxain and in tﬁe res-

pansétd antisiotics that speéifically—inhibit 70-S ribosomal

protein synthesis, such as ;hloraﬁphenicolqﬁnd oxytefracycline

(for review, see Raéigowiti'and Swiff;'i970; Ashﬁell and Work,.
“1970). Although the mitochondrion cannot be considered affglly'

aupbnoﬁbpé drganelle, at least some of the mitochondrial pro- :

teins seem to be synthesized on the mitochondrial riboso;es,

] ~
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. . ‘ -
‘specificaltly those associated with insoluble fractions (Beattie,
1971). More recently it has been determlned that proteins syn-

“thesized by mrtochondrlal rlbosomes are 1ntegrated into spec1f1c

parts of the inner membrane (Werner and Neupert— 1972},

~

Selectlve 1nh1b1t10n by antlblotlcs of brown adlpose tlssue
mitochondrial protein synthe51s 1n Tats underg01ng cold- accllma-'
.t1on was thought to be possible because of studies showing
thatzchloramphb icQl, appears to affect principally rapidly
dividing tissue (Firkin and Linnané_ 1969; GonzalezACadaviddet
al, 197O)L Also several recent reports show that chloramphenlcol
can inhibit the’ synthesis -of, cytochrome oxidase and of the 1nner
mitochondrial membrane of regenerating rat liver without inhi-
'biting the regeneration of the liver cells (Firkin(and Linnane,
1969; Kroon and de Vries, 1970; De Vries, and Kroon, 1970;
Gonzalez-Cadavid et al, 1970). As the in vivo: studles of De
Vries and Kroon (1970) indicated that oxytetracycline also had
the Same spec1f1c 1nh1b1tory actlon as chloramphen1col but was
.metabollzed more slowly than chloramplienicol and produced its-
effects durlng a long perlod of time oxytetracycllne was chosen
in the studies carrled out by Hlmms -Hagen (1971).

When rats 11V1ng at 4°C were treated with oxytetracycllne
for 2 weeks, the normal increase in the specific activity of
the-cfﬁochrome oxidase of the brown adipose tissue was aboiished,
a§ rs shown in FigureeZS (Himms:Hagen, 1971). In thiscase.tﬁe
specific aotivity'of cytochrome oxidase was used as an index’
6f the amount of inner membrane present in;brown_adipose tissue

¥

mitochondria. Figure 23-alsq'shows that no effect of the anti-
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Figﬁrg 23. Effect of othgffﬁcycline on the'specific activity of

o cytochrome oxidase (used as an index of the amount of
_mitochondrial protein) in brown adipose tissue,liver,
and muscle of rats before (wgeﬁ'O) and -2 weeks after
(week 2) acclimation to cold. Oxytetiacyq}ine f\\\q
(Terramycin,Pfize;, ZSOth in 3. ml) was administered
im,twice daily,for z-wgeks; the total dose was 200 mg/

' kg per day (T). Control Tats received im injections
of saline (S). '

{From: Himms -Haéen_,' 1971}
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_b10t1c on liver'or skeletal muscle cytochrome oxldaee actlrlty

" was observed. In splte of the marked effect of oxytetracycllne
‘upon brown adipose tissue cytochrome oxidase, nelther the

growth of the rats nor of the brown adlpose tlssue (as 1nd1cated
by increase in wet welght and protein-content) was altered by
‘the antibiotic treatment (see Fig. 24)-_ In the same oxytetra-
cycllne treated rats, the development of the enhanced calorlw
genic response to noradrenallne was aiso_markedly 1nh1b1ted

as is shown in Figure 25. Thus, increased'synthesis‘of_a small

h fraction of brown adipose tissue.mitochondrial proteins appears

to b necessary for the development of accllmatlon to.cold. : \

The- se of an 1nh1brtor of m1tochondr1a1 proteln iynthe51s has
glven a new approach to the study of nonsh1ve¥:n§ thermogene51s.
A second and more direct approach to the study of the role |
of mitochondrial protein metabollsm in cold- accllmatlon has
been the measuremen{~qf proteln half-Iife -in mltédhondrla of
warm- accllmated and cold- accllmated rats’ (Bukow1eck1 and Himms-
Hagen, 1971) The experlment was performed by 1abe111ng mito-
chondr1a1 proteins, W1th 1euc1ne—14C and measuring the rate of
,dlsappearance of the label from the proteins. A 51gn1f1cant ﬁ
decrgase was found in the half-lives of some m1tochondr1a1 pro—-'

\
teins| from brown adlpose tissue and skeletal muscle of cold-

accllnated rats in comparlson w1tF warm- accllmated rats, as can

- v

be seen in Figure 26. The decrease’ in “the half-lives of mito-
chondrial proteins occurs’in_the relatifely insoluble “cdntrac-

'tiie" and "structural" proteins fractions (the names used for

the different mitochondrial fractions do not imply their function:

* i

1
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Figure 24. Effect of oxytefracycline on the bon{heights,wet weiéht

of total brown adipose tissue (Total/'BAT), and total
|

protein content of brown adipose tissue of rats during

_dcclimation té_épld,_ S

see legend to Fig.23.

(From: Himms-Hagen; 1971)

saline-treated rats ;

\

6ky£étracycline- treated rats. For other details
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Figure 25. Effect of oxytetracycline admiﬁistration during
acclimation to cold on the calorigenic response to
noradrenaline. S= saline-treated Tats,

.T= oxytetracyc11ne-treated rats (See legend to Fig 23).

_The black portion of the bars represents the enhance- ‘ i
ment of the calorigenic response to noradrepa11ne'due,

to the 2 weeks of cold-acclimation. . . .. .. . - o — -~ T o

‘(From:_Himms—Hagen, 1971)
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Half-1lives of-different,grouﬁs of mitochondrial proteins

of liver, kidne

rats. The half-life (in days) is given for total
mitochondrial prote%ns and for five different gr
mitochondrial proteins ip tissues of warm-acclimated

_ (open bé:sj and cold-acclimated (black bars) rats.

interscapular brown adipose tissue,and.

(From: Bpkowiecki and Himms-Hagen,f1971)

skeletal muscle of warﬁAacclimated;and cold-acglimated
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they come from)the techn1que used in thelr 15018t10n accordlng
to the1r solub111ty propertles, in agreement Wlth the protocol
| of fractlonatlon descrlbed by Beattle et al, 1966 1967ta and i_wq
| 1967 b). Figure 26.also shows that no change in the half— |
lives of the various kidney or liver proteln fract;ons occurs.

' Depocas (1966) had prev1ously shown. that cytochrome c from
ekeletal muscle does not turn over more. rapldly in cold-
accllmated rats. ThlS fractlon accounts for'only 5% of the
total proteln and is synthe51zed on the cytorlbosomes (Gonzalez-
Cadavid and Campbell 1967 Kadenbach, 1970). 'The lack of
effect of cold- accllmatlon\on’%he half- lives of mitochondrial

protelns 1n liver. is in agreement with the flndlngs of .Lusena

and Depocas (1966 and- 1967).

The spec1§ac decreasé in the half lives of certain m1to~'
e Qo
‘chondrlal proteins in tissues where nonshlverlng thermﬂgehe51s
is known to take place, such as skeletal muscle and brown \\ad1-
pose tissue, and lack of change in other tissues Wthh are not
1mportant sites of nonshlverlng thermoéene51s such as 11ver and\f\‘4'
lrkldney, suggest that the decrease mlght be associated w1th the
development of the increased capac1ty for nonsh1ver1ng thermo-
'gene51s and that mltochondrla of these tissues may . be different
in cold-accllmated rats compared to warm-accllmated rats. This:
decrease in the half lives of brown adlpose tlssue and skeletal
- muscle: mltochondrla is. associated malnly with the 1nsolub1e m1to-
chondrlal proteln fractions whlch, as was explalned before,-
are believed to be synthe51zed at 1east partlally by. the mito-" '

:chondr1a1 proteln system. The decrease may be due to a change

B a

‘ ! |
a . . Lo



- in. the rate of synthe51s and/or degradat1on of one or more

protelns in the group of protelns or to a change in. the’ amount
- Do

,qf one or~more protelns in the- group, oTr 1t may be assoc1ated
w1th both changes. | v _

. - \‘)
It should be p01nted out that thls observat1on of a

decreased half-life of certain m1tochondr1a1 proteins in ‘muscle
!

of cold- accllmated rats onﬁldes ‘the flTSt 1nd1catlon of a b1o- :

achemlcal dlfference between skeletal muscle of cold- accllmated

¢
rats .and skeletal muscle of ‘warm-acclimated rats. .. ¢

1v) Ratlonale for the exper1menta1 approach descrlbed in

-

thiis the51s. Thls the51s descrlbes a study of the changes in

N\

Cw

muscle mitochondria- ‘induced by accllmatlon ito cold and asso—
C1ated wlth nonshlverlng thermogene51s. This study is based~
on ‘the follow1ng con51derat10ns
1. Muscle is the_major_site of:nonehiveting thermo-
-genesis, = \ | |
> 2. The biochemical‘baeis of nonshivering thermo-
| -gene51s%1s unknown; no changes in muscle structure
or functlon have been,found except the change |

|
from shlverlng thermogene51s to nonshlverlng ther-

'mogene51s.

75,

%

\

3. It is assumed that there mustVbe a change in muscle

assoc1ated wlth the development of the capaclty

':‘ for nonsh1ver1ng thermogene51s. ThlS change is

\

;not detectable by measurlng known b1ochem1ca1 reac-

B t

TtlonS' in thlS the change resembles shlveflng

- wthegmogene51s, whlch also is not detectable by
Y. i . v
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- The ehanges tofbe sod@ht are-baseﬁ‘upoﬁ recent'
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measuring biochemical reactions.

N
flndlngs of’ certaln propertles of the adaptation f‘

~.
T ——

fB?“nonshlverlng thermogene51s e ) o ’

1nh1b1t10n of mltochondr1aI“prote1n_5ygthes1s

\w1th oxytetracycllne 1nh1b1ts the development o

"-.

of the'adaptatlon (Hlmms-Hagen, 1971) .' ;

there is a decrease 1n the half 11fe of some mito-

‘-.l_‘

chondr1a1 protelns of skeletal muscle and brown

adipose- tissue but not of 11ver and kldney (Buko-

w1eck1 and Hlmms Hagen 1972) - T Lf~a;

S - B T

T . . — -
brown adlpose tlssue has E\(Qi? in the maintenance ™ T

i

of the adaptatlon, presumably in skeletal muscle

(Himms-Hagen,‘1969). ‘ : \\“ '"‘_ -

\\\\

Slnce cold- accllmatlon 1nvolves the above ment1oned

changes in muscle m1tochondr1ai proteln synthesis -

- it seems 11ke1y that thls would be reflected. 4n a

.change in the appearance of the mltochondrla
Nonshivering thermogene51s,obv10usly occurs 1in
the mi;ocﬁondria‘aﬁd may well be based upon a
change in the structure and/or function of the.-

mitochondrion itself. S -

Therefore the aim of this research has been to find a

dlfference in the muscle mltochondrla of cold- accllmated rats

.and to correlate such a dlfference with the adaptatlog for

npnshlverlng thermOgene51s by studylng ‘it under condltlons where

the adaptation is:
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‘.g01ng deaccllmatlon ‘ta cold. In addltlon condltlons were T

‘e) known_to_occur | e
b) knowp to be- prevented from developlng'
c) known to be reversed after its development' ¢

4) known to be‘decaylng normally

e) known to be_decayihg_more rapidly than-ﬂormel_'cy[>

"‘““The—experlmental approach used in this research in order

— .
————

— -

e _

to perform the -above study involves: -~ e

» e

‘A comparison of both red;and white‘ﬁusclee of cold-
accllmated rats with both red and whlte muscle of warm-accll-
mated rats in the fOIIOW1ng-way; ‘ |

--Electron microscopy of red and white muscles

- Fiber gharacteristics.and dlstrlbutron in red and white‘.f
muscIes (assessed.by histological estimatdon.of stccinic

~.d€hydrogenase act1v1ty)

:mber, size -and varlous .enzyme act1v1t1es

of mit’oehondrié 1solate \from musc_le. o - \

- Measurement'o

These procedures were carrled out on’ rat§‘that were under-

g01ng acclimation to cold, fully acc11mated to cold or under-

~stud1ed in Wthh the normal accllmatlon process was modlfled

by prevedt?bn\gf\tie'acclimation to cold with oxytetracvcline,'

by reversal of thé-acclimation to cold wlth oxytetracycllne, by

acceleratlon of the deacclimation to cold by remOval of the

lnterscapular brown adlpose tissue. The last type of experlmentn

was hoped also to give some support to_the suggested endocrlne

N ro
role of the brown adlpose tissue during the development and

-~ I

maintenance of acclimation to cold. . T
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Because of the nature of. tH!Zexperlmental approach 15

is necessary at thlS polnt to rev1ew the normal characterlstlcs

and dlstxibutaon of. skelatal muscle flber types. Also w111

\ .

xbe summarized the normal ultrastructure of muscle w1th quc1al

-

reference to the mltochondrla._




Section G.
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It has long been known that the skeletai muscles of an :

Ty

1nd1v1dua1 mammal dlffer 1n color and that the f1bers of

‘whlch skeletal muscle is composed dlffer in the1r mlcroscoplc

ﬂ:”_appearance (for rev1ew see Gauth1er 1970 Close,’ 1970)

Hlstochemlcal procedures for 1ocallzlng enzymlc act1v1ty'
J,hare'confrrmed,these-early observat1ons and have extended

" them by revealing‘additionalodifferences'among_muscle fibers.

*Table I shows some of the enzynic;activities\used in the charac-
"terization‘of thelfiber types in mammalian'skeietai'muscle.

in addition, electron micrOSCOpic ultrastrucbural criteria

;are now avallable for the 1dent1f1cat10n of fiber types which ﬁ'!
'dcorrespond to those dlstlngulshed by enzyme hlstochemlstry |
ﬂ(Gauthler and- Padykula, 1966; Shaflq, Goryckl and Mllhorat,e
1969; Gauthler 1969 and 1970)

Even W1th1n a given muscle, the f1bers appear to dlffer
from one another in severai characterlstlcs This subJect has
been reviewed recently (Gauthier, 1970; Close, 1970). Here -
will be summarized.onlr some of the principal characteristics
of_mammhlian skeletal muscle, with special reference to the‘rat.

| As a‘result‘of morphological histochemical and electron,
"mlcroscoplcal observatlons three principal types of fiber that
dlffer in ultrastructure, in metabolic proflle and in other
\blochemlcal parameters, have been descrlbed for mammalian skeletal
.muscle. Spveral systems of nomenclature have been proposed
some of them are listed in Table I, together with the prlnc1pal

K

morphological and histochemical propertles. In splte of the
/ {



_largé number of claSSIfications proposed by several authors
there is general agreement that there are tnree ba51c morpho—'i
,loglcally phy51olog1ca11y and biochemicallv distlnct t)pes ¥
.of muscle fibers. 1n the skeletal muscfe of mammals. .

. In the dlscu551on that foilows,-and 1n the remainder of
this the51s the nomenclature proposed by Gauthier and Padykula
(1966) of fred”, "whlte” and 1ntermed1ate".musc1e fibers is -
hsed. o o G - : L

The hietochemicallproperties'listed in Table I indicate

that white fibers have high glycolytic, low oxidative and hiéh

myofibrillar ATPase activities, that the intermediate fibers ‘
. l

!

have low glyColytic intermediate oxidative, and iow myofibrillar
:_ ATPase act1v1t1es, and that the red fibers have 1ntermediate |
glycolytic high oxidatlve and high myofibrillar ATPase activities.
Mltochondrial content is a partlcularly su1tab1e cytolo—
glcal criterion for the identification of fiber types. When
procedures known to demonstrate mitochdndrial enzymes (mithhon—
drial.ATPase,'succinic”dehydrogenase) or the phospholipid.compo-
‘nents of mitochondria (with Sudan black)‘are used, a charac— \
_teristic cytologlcal pattern 1is observed which corresponds |
closely with the sites occupied by mitochondria in equivalent \
-sections exam1ned with ‘the electron microscope (Gauthier 1970) \
7 As can be seen in Table I, mitochondrial c§mtent-1s inver- \‘.
c'__7__5,.:t=3l)'f.relat.ed to the diameter of the fibers. Fib rs with a small °
diameter are rich in mitochondria, especially .alon the“periphery‘
of the fibers. These are the red fibers. On the'other Hand

the white fibers have the.largest diameter and have  the lowest
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mitochondrial-content' The 1ntermed1ate flbers,'as thelr name' A

1nd1cates, ‘have character1st1cs 1ntermed1ate in these. respects.
Desplte the known striking man1festat10ns of heterogenelty

'whe;ever;idlfferenees between fibers within a particular muscle

have not always been taken into consideration'inlstudiesﬂdf

altered muscle function. Normal-differences'between fiber types

- - v

heve indeed been incofrectly interprete& as an alteration in
muscle structure due to an experlmental procedure used
In’ studylng the adapt1ve changes that take place in skeletal
. muscle, especially in the mitochondria, dutlpg the development
and maintenance of cold-acclimation it is essential to avoid
_the‘pdssibility of misinterpretatioh meﬂtioned above. It is;
- therefore, necessarf to consider in detail the normel.dltra-
structural features of the different types of muscle fiber in \
lorder to.appreciate apy ehanges which may take place during
accllmatlon to- cold | | . |
Usually, 1f the proportlons of the red fibers predom1nates
the muscle is'called nred muscle" and so on. However, this
clessificetion intol"fed" and "white" muscle is arbitrary and
imprecise because it does. not.fetoghise the complex hetero;

vgene1ty of muscle flber d15tr1but1on and the vary1ng proportlons

of them in the total muscle. ﬁ Some’muscles have homogeneous dis-
trlbu\}b? of fibers but others do_not. A heterogeneous .distri- i
bution cepld produce a mistake in the classification or in-the’
interpretation of expetimentel data.' These ptbblems-céﬁ be

solved by working w1th muscles which are composed almost or L
c

Ventlrely-of only-one type of fiber. As an example, some £



'of muscle :can, be 1nd1cated whlch approxlmate this condltlon.
0f the skeletal muscles of the guinea, plg,'the fed vastus’has, _
f.78% of redtflbers, 18% of-wh1té\§1bers and 4%_df internediate;”
f1bers, its gross appearance is red (Peter et a1)_197?).-.The
whlte vastus has 29% of red flbers and 71% of white fibers)
its gross appearance is white. The .soleus has 100% of inter-
mediate fibers and its gress appearance is red,
In the-tat it is much:morendifficuit‘to find a muscle even
. with such homogeneity-(Ariano et al' 1973)' However, one muscle
of the rat is d1V1ded clearly into red and white g%rtlons o
ThlS muscle is the semltendlnosus. The normal fiber. ‘distribu- ‘
tion and ultrastructure of this muscle ‘has been exten51ve1y . \
: studled by Gauthler (1969 and 1970) U51ng'the hlstochemlcal-
demonstratlon of succinic dehydrogenase act1v1ty as a measure’
of m1tochondr1a1 content it can be demonstrated that the. red 3
.portlon ofjthe semitendinosus consists primarily‘of fibers'riggx5
in mitochondria (red and intermediate fibers) while. the white
portion consists almost ent1re1y of flbers'ﬁath a low mitochon-

drial content (white flbers) {Gauthier. /1969 see‘Table I1).

~Table II show thatlthe re ibers of the semitendinosus:
'are‘the smal and hé/;h;t;/iliers the largest. Red and in-
termedlat//ﬁlbers are numerous in the red band, and together
' C//etltute 92% of the populatlon.‘ In the whlte band how-
//’//e;;t/ there is a total of only 18% of these two types. Gauthler
(1969 and 1970) -also studied by electron mlcroscopy the ultra-

structural appearance of the three flbers. In the red flber,

large mitochondria with closely. packed cristae are abundant
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beneath the sartolemﬁa and in longitudinal interfibrillar roﬁs.
Additional.paired mitochondria are present at the I bands.

The 1ntermed1ate flber is 51m11ar except that subsarcolemmal

e
-

and 1nterf1brlllar mltochondrla tend to be smaller and fewer

1n‘number._ Z 1rnes‘are_c1early thinner in the_ln;ermedlate

‘than in the red fiber. _In‘the white fiBer,‘niteEhendria are
sparse; usually there are no snbsafcdlenmal aggregatiens or inter-
- fibrillar rows,'and'the paired mitochondrialat the I bands are

the predominant type. . Z lines are narrowest in the white fiber.

characteristics. and others are also listed in Table I.
he eemitendinosus muscle of the’rat is thus one of the
ecles féfy well characterized*for this species in the disbrif
butlon proportlons and wultrastructure of its three flber types.
By taklng advantage of the clear separatlon of this muscle 1nt0
‘red and whlte portlons it 1s p0551b1e to analyze separately

the ultrastructure of red aﬁ@bwhlte muscle fibers w1th1n a
51ngle muscle. ‘This makes the semltendlnosus a very useful

muécle‘with which to carry out studies during cold—accllmat;on.

ThlS muscle has, therefore, been used in all the histochemical

/
/

and ultrastructural studies descrlbed ;n this thesis. " -
. In summary, three distinct types of skeletal muscle fibers
'qan be identified consistentlj en theubasis‘of norphological,
-physiolegical and .biochemical parameters, . Therefore, rn order
to‘evaluate phySiolegicaI and ultrastructural studies it is
necessary to recognize "the heterogeneity of the muscle flbers
and to characterlze the muscle in the dlstr1but10n and- propor—

'tions of these three different types of fiber. This should: be

4



8.
kept in mlnd for the dlscussxon in the next sectlon of the )
adaptlve changes Wthh have been described as taklng place

1n muscle mltochondrla under different exper1menta1 condltlons.
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Section H, ADAPTIVE CHANGES IN MUSCLE MITOCHONDRIA IN RELATION
| 10 CHANGES IN MUSCLE 'FUNCTION

When a rat is placed in a cold environment a large 1ncrease
in heat productlon occurs and contributes to the ma1ntenance
of body temperature Dur1ng the 1n1t1a1 two to three. weeks 1 '
in' the cold the increase in metabollc ratg is largely due to
shivering in.the muscles. As the adaptétzon for ncnshivering
thermdgenesis appears, reaching a maximum- after about 4 weeks
ih the cold 50 shlverlng decreases dlsappearlng entlrel; ac’
this time, The metabollc rate of the muscles of the cold-
accllmated rat is as hlgh as that of the muscles of the non- . |
accl:r.mated rat but ‘the way in which the 1ncrease in metabcllc \
rate is produced is entirely different in these two states.
In the shlverrng muscles. the initial stlmulus comes from the
motor nerve to the ‘muscle and causes the muscle contractlon of
) shivering. -In the muscle of the cold- accllmated rat the 1ncrease
. in metabollc rate 1s nntlauﬁ.by noradrenallne that is, honi
shivering thermogene51§°15 an-enhanced calorigenic response to
noradrenaline. | ‘ | o~

A

e

Other stimuli whlch increase muscle act1v1ty, for example,

,electrlcal stimulation or per10d1c exerC1se (training) are |
known to cause structural and biochemical changes in the muscle,
;partlcularly in the muscle mltochondrla. It is loglcal there-

fore, to seek a change in muscle mltochondrla occurring as a

-consequence of cont1nua1 shivering. However, the elevated

metahelic rate of muscle in the cold-acclimated rat in the cold

dg,‘



90.
- couldfequaily welllbefassociated'with bioChemicel and'strnctural‘
changes-in ££e mitochondria;_ Other condltlons “known' to raise.
the metabollc rate of. muscle, such as- hyperthyroldlsm, are
'aSSOC1ated w1th blochemlcal and structural changes 1n°the muscle
m1tochondr1a. It\ls not. known whether the transient. perlod
of shlverlng at the start of’ accllmatlon to cold could: 1nf1uence
the mltochondrla of the muscle in some way that enables them
to be prepared-for the development of the nonshlyerlng thermo~
éenicﬂprocess: ‘

There follows a short rev1ew of all’ those condltlons known'

to produce adaptlve changes or alteratlons in muscle mltochon- : q..
dr1a. _Among them, can be C1ted: exercise, stress which producesv
0verloed, electrical stimnlntion, denervation;(cross-innervaf
tion) and aginge As many studies nave been performed with
heart rather than with skeletal muscle, this organ is also

included here. Also are included.the few studies carried out

. - . Lo
in skeletal muscle in cold-acclimated and cold-exposed mammals.

n

a) EXERCISE

3

: Ithis attempted here to evaluate the adeptive cnanges
_that occur 1n muscle m1tochondr1a as consequence of physical
act1v1ty.‘ However, there ‘is a great confu51on in the literature
regarding,the effects of exercise n;on muscle_m1tochondr1a. S
Some of the confusion results from incorrectly considering all ' _ -
forms of exercise as qnelitatively identics; stimuii to which
skeletzl muscie fibers adapt uniformly, It is necessary to

distinguish between:
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'1)'Short-fefm exerciee which caﬁ!ee'ligﬁt.or
rigoreus depenaing en theftype (swimming,
o :runn1ng), ‘time of duratlon of the stlmulus.
' (m1nutes or hours), and other characterlstles.
2) Long- term exerc1se df tralnlng whlch also can
hmjllght 'mild or. rlgorous dependlng on the i :
type (sw1mm1ng with or without overload, run-
ning, we?ghf lifting, etc}J; fimeﬂof duration
| of the stimﬁlus'fweeks er'honthe); frequene;ﬂw
(once, twice a day,~etc.)“and‘dther.character-

istics such as age, nutritional state, etg. -

Another cause of confusion derives from the fact that the

effect of some types of exercise has béen incorrectly evaluated

~in muscles which do not partidipate directiy in the activity

imposed by the exerciéem
Also, as was 1nd1cated 1n .the preceedlng sectiom, the

dlfferent cytolog1cal characterlstlcs of the muscle fibers

have not been-con51qered by some authors and normal differencés

between fed-and white-fibers have been erﬁoheopsly attributed
to adaptive changes N

' N
In view of thls confu51on 1n the literature only" those

‘ﬁtudles whlch clearly specify the type of"exercise durat1on,@

work 1nvolved name and type of muscle used have been selec- /“

ted. for dlscu551on in thls the51s. _ _ ' /

Short-term exercise . . . ' ' //

i

Light short-term exercise does not usually produce: any

change in'ﬂuscle mitochondria. In order to see some effect it
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is necessary to 1ncrease the 1nten51ty and duration of the
exerc1se,_usua11y to exhaustlon .f\g;
It has been shown -that .acute and exhaustive exercise
.such as su1mm1ng until exhaustion, provokes a marked 1ncrease
sin the mitochondrial mass of cardiac muscle of the dog (Laguens
et al, 1966) and also of the rat (Laguens and Gomez -Dumm, 1967)
'Swimmang also provoked marked changes in the fine structure
M: offthe'mitochondria of the heart muscle; after 96 and 120 min-
utes of exercise,‘the/mitochondrial mass of the cardiac cells
'increased.significantly . The results of Laguens and co- workers \
have been conflrmed by Pe1051 and Agliati (1968) and King and \
Gollnick (1970).._The 1ncrease in mitochondrial mass is- appa-
V;rently due to hypertrophy of theiindividual mitochondria rather

. . L ]
than to an increase.in the num -of the mitochondria.  Laguens

land co—worfers postulate that during the mitochondrial hyper- ' K
trophy there‘is‘an active replication of mitochondrial compo-

'nents. They also showed that under the stimulus of acute and - . 7
exhaustive exercise the mitochondria of the myocardiai:céiis
are able to synthesize DNA (Laguens 1968) Thereﬁore in. o er
to inhibit this first step of mltochondrial replication they
‘used acriflavin (Laguens et al, 1972} LIt was_ then shown that
there was no increase in the mitochondrial mass after acrl-

~ flavin treatment plus exerclse, suggesting that mltochondrial
DNA syntheSis is involved in the increase;of mitoehondrial.maSS.'

Thus short-term exercise produces adaptive changes in |

myocardlal mitochondria. . There is an active‘replicatlon of

some mitochondrial component§ perhaps necessary for the main-

tenance of the hlgh metabolic demand in this conditlon.,v



In skéletai'mhscle, in contrast to heart‘muscle no 51g-‘

: |
n1f1cant changes 1n.the number ‘and in - the size of mltochon-

. dria occur in gastrocnemlus muscle of rats which were sw1mm1ng
until exhaustlon (Gohlnlck and Klng, 1969 a and 1969 b). How-

ever by using a more strenuous exerc1se such as running it was”

possible to see a swelling of the mitochondria and some degree

of‘degenerétion”[Golinick and.King,‘1969 54 Gollnick et al,
1971) Thus skeletal muscle under the stress of short-term

exerc1se cannot develop adaptive. changes in the mltochondrla

b
[

Long-term exercise or training

I; has beenaknown for a long fime that a vigorous program,
of prolonged exercige, sﬁch aS'long‘distahce running or swim-
ming.induces_a g;oss hypertrophy’of muscle and/og an increase
:in the diametér of the muscle fibers together wiihran increase
in the capaéity of the énimal ts perform exercise (for review
see Gdrdon,‘1967). Actually the programs of training are.
desiénea in such a way that there is no gross hypertrophy, but
adaptive changes can'be qbserved in the muscle of the anlmals_
submitted to this program. | |

Table ITI summarizes'thé effects of long-term exercise
" upon _the muscle.fiber charaéteristics. ‘It can be seen that

exercise- maintained for a long time usually induces an increase

in the percentage of red‘fibersrand a corresponding decrease

in the proportion of white fibers. The. soleus muscle, an inter-

mediate type, apparently was not affected in any case, perhaps

: ’ - ] ) -
due .to the fact that is not involved in the physical activity.

93,



TABLE III.

- o4,

\ . ..p' {

30-60 min/day; 8 weeks
Lieberman et al. (1972) -

---------------------------

Guinea pig

Running -

30-60 min/day; 8 weeks
Maxwell et al. (1973)

-------

Soleus and
Psoas

Plantarls

Effects of long-terﬁ exercise
upon fiber characteristics.
Animal .« . o~
Type of traiping. : Mﬁscie Fiber size.and. 
Work and duration fiber proportions
Reference ' ’
Rat : "
Swimming (overload) + Soleus No changes
.30 min/day; 52 days Plantaris Increase in red: ;
: Edgerton et al. (1969) S : fibers O : -
Rat s
Running voluntarlly
5 hr/day; 6 ,weeks . ‘Increase in red
weight 1iftiRg Quadriceps “fibers
9.0x108 ergs/day; 6 weeks
Kowalski et al. (1969)
Guinea pig Increase in red
Running, different tlmes fibers
and speed; 18 weeks Gastrocnemius Decrease in white
Barnard et al. (1970) fibers
Guinea pig Increase in the number
Running Plant of total fibers, decrease
30-60 min/day; 8 weeks antaris in the diameter and more
Faulkner et al. (1971) TEd ‘fibers
Guinea pig No change in fiber -
Running Diaphragm size, increase in red ﬁ;

fibers.

----------------------

No change in fiber
distribution, increase
in the s1ze

- -

Increase in red fibers

.................................................................

Rat

Running .

2 hr/day; 12 weeks
Baldwin et al. (1972)

Soleus

Quadriceps
Gastrocnemius

-No change

Increase in. red fibers
{Decrease in white
fibers



Discrepancies are evident in the effect of exercige on the size

of the fiber; reductlon no change or an 1ncrease are reported'

in dlfferent cases dependlng on the type of exerc1se 1nten51ty
1mposed and muscle studled. ' ‘
In generalr there is®an increase in the proport1ons of

fibers having hlgh oxldatlve enzyme-act1v1t1es. .This appears

95.

to be one mechanlsm through whlch muscle can adapt to a chronic .

jrepet1t1¢e exerc1se.‘ The increase in red fibers 1nd1cates an

‘incresse in the number and/or the size of mitochondria.

That the adaptlve changes observed in muscle flbers are
reversible if the training is stopped " has been documented
by'Faulknef et al (1972) who showed that after several weeks
.of detraininé’tﬁe chaﬁges‘obSefved in the‘muscle-fibers regrese

toward control values.

Table IV shows the effects of training upon the ultrastruc-

“ , ) . .
ture of mitochondria and upon various biochemical parameters

of mitochondrial function -in skeletal_muscle.

Electron microscopic studies reveal that after a long period

of training the mitochondria from skeletal muscle have increased

.

in number and in size and have more densely packed cristae.
: o A ‘ J

Also several reports indicate "that this is accompanied. by an

increased oxidative capacity of the mitochondria, due to the

increased concentration of respiratory carriers and increased

levels of several enzymes of oxidative metabolism. The electron

microscopic observations are also supported by the fact that
there is an increase in the total protein content of the mito-

chondrial fraction.



- Table IV also shows that swimming is not by itself‘a'
-strenueus'enough exercise for the produCtion'gf the effects.
As w111 be seen, only cardlac m1tochondr1a, in certain condi-
tlons, respond to th1s mlld tra1n1ng.

_ Exerc1se to the p01nt of exhaustlon has been reported to’
result in damage to skeletal musclg mitochondria of untralned
anlmals (G611nick.and King, 1969 §;'Gollnick et al, 1971).
However if‘the animal has'been previously ‘trained the mito-
'chpndria-are aple to support and not be affected by exercise
to exhaustion. The increased oxidativefcapacity of muscle mito-

chondria, the total-yield, P/O ratios and respiratory control

‘indices were not-significantly different from control (trained)

. .values after tralned rats were subm1tted to a exhaustlve exer-

cise (TerJung et al, 1972) The mitochondria also appeared

well preserved on electron m1cr0graphs of gastrocnemlus muscle

R

w3

<R
from the exhausted animals. This suggests that the adaptlve v

I

&
N

" changes that take place in muscle mltochondrla after tralnlng
are of such degree that the increase in the endurance of the
_anlmal is due to an 1ncrease in the endurance of the organelle
itself. If the tralned animal becomes exhausted and cannot.
maintain the exercise, this is due to other‘causes and not to
impairment of functlon of the skeletal muscle mltochondrla.
Another apparently important change (not 11sted in Table
1V) that occurs in muscle after .a long-term exerc1se is the
1ncrease in the act1v1ty of glutamate pyruvate transamlnase
without any change in lactic dehydrogenase, activity (Molé et al,

1973). Both enzymes are known to utilize pyruvate, the first

i

“
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producing alanine and the  second laetate. This'finding indicates- “r

that dur1ng endurance tra1n1ng there 15 an 1ncreased capac1ty

- of the m1tochondr1a1 glutamate—pyruvate transamlnase to compete

Wlth the cytoplasnic lactlc dehydrogenase for pyruvate, This
adaptation, in the V1ew,oﬁ.the authors, could result in the .

conversion of a greater peroentage of the pyruvate formed in

the trained muscle during exercise to alanine and less to lac-

tate, which is known to accumulate in untrained muscle during

strenous exercise and interfere with muscle function. Therefore

-

/

this adaptatlon could 1mprove the endurance of the trained ;///
ahimal to exercise and glve a solid explanatlon to the fact
that in tralned an1mals there is 1ess %?ctate accumulatlon_,

during exercise. ‘ . ' : ' _ q

Table V summarizes the effects of long—term exercise on
L |

" the dltras;ructure of heart mitochondria and the bioehemicdl

-

changes in heart. All the studies report an increase in tﬁ

" number ‘of the cardiac mitochondria. The m1tochondr1a appear

with more densely packed cristae and have increased ox;datlve /
capacity. All these adaptive changes appear in the heart mito-,

chondria if the training is strong enough (running or swimming

" for protonged periods each day}r_ Swimming for a short time each

day (Hearn and Wainio,.1956)r15’not a strong enough stimulus
for the production of the adaptive changes.

Discrepancies in reports of the change in size of the mito-

~ chondria may be due to dlfferent morphometrlc methodsused by

&

different authors.. Arcos et al (1968) reported an 1ncrease in

the size of card1ac m1tochondr1a, but Edlngton and Cosmas (1972)

fn',-

x»ai.
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'reporteﬁrah alteration of the'mitoehendrial poﬁulatibn in
the direction of more smaller mitochondria.

- .

b) AGING .

Little work has been done on the changes in muscle mito- o

chondfia that occur during'the aging of the animal, This

' aspect must be carefully con51dered because generally the pro-

[

grams of training take a long time dnd obV1ously the tralned

t

animal at the moment of analysis must be~compared with a ‘"*\

~
~

sedentary control of the same age. In the studies'repcrted Y,

.

prev1ously thlS has been\¥aken in con51derat10n It 1son1y

for purpose of clarity that the changes and alteratlon of.mus-

le mitochondria wlmh age is discussed separa;ely.
bdemr Tepoxted that the senile decrease in Weiggig!
‘muscle.of rlats is due to a-decrease in number and-.

in the volume of\the?musc e fibers. 'Tﬁe more‘affected'type.

-~

~of skeletal

of fiber are the red ones.Wﬁich“show'a marked decrease in
number (Tauchi et al, 1971}. 81m114¢jresu1ts have. been reported
for the diaphragm (Lleberman et al, 1972), and the plantarls -
muscle 6f ‘guinea pig (Faulkner et al, 1971). This latter
‘fepert indicates tﬁef training prevents the decfease,in the
-number of-the.muecle;fibers and the deerease°in-the-Qumber of'
~ the red flbers. | |
Chen et al (1972) reported that the ADP- stlmulated (State
3) respiration of myocardxal mitochondria w1th glutamate-
malate, glutamate—pyruvate, palmltylcarnltlne and @-hydroxy-

butyrate as}substrates‘declined in rats af;er the age of 20
oo Ve : _ ! ‘ i

[
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o .
-months. There was no 51gn1f1ca9t decline 1n pyruvate-malate

QBKetoglutarate, palmityl CoA /3ncc1nate and® ascorbate cyto—
chrome c' oxidation. Skeletal muscle mitochondria from senescentr
animals showed a similar decline in glutamate-malate ox1dat1on.

- but not in palmityl- CoA, palmrtz}carnitlne, succ1gate and ;
ascorbate- cytochrome c oxidation._ The controlled ox1dation
,_W1th ADP- limiting (state 4) and the ADP/0 ratlo were not affected
- These results led.to the authors to suggest that the control

of oxidative metaboiism and, hence the ATP supply may be

altered in aglng animals, ' '

Recently Tomanek and Karlsson (1973) studied the myocardial

ultrastructure of young and senescent rats, Among several -ﬁ;“.l
.aiterations in the myofibrils it was foUnd that foci'of numerone

S ,
mitochondria were frequent in senescent heart, but many of the -

organelles were uhusually small, of irregular shape and rﬁndomlihu-

orientated. Such foci~were usually subsatoiemmal‘ The sauthors

. suggest: that the presence of foc1 of dense mitochondrial accu-_jf

‘ mulations may represent an adaptation i.e.; proliferation‘of:
// ‘mitochondria, to impaired utilization of oxygen. i
' . . - ) 1

©) HORMONAL EFFECTS

A e

Among the hormones known to provoke changes in miiscle mito-
chondria are thyroid hormone and some steroid hormones.

Thyroid hormone . o y?

It is known that’ thyr01d hormones control the metabolic
rate of homeothermlc vertebrates. The respiratory act1v1ty of
skeletal muscle mitochondria would account for “the larger part

of the basal metabolic rate (BMR), which 1s well known to be



from both thyr01dectomlzed anlmals and normal anlmals made hyper-

L oo S : \ 104
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under the control of thyr01d hormones Thus control of muscle

1

'mltochondrlal functlon by thyr01d hormones is very: llkely
&

Indeed an increase in the re5p1ratory act1V1ty.of.m1tochondr£a

of rat muscle occurs after prolonged treatment with low doses
i L o !

of thyr01d hormones (Tata et al, 1963)

" It has been reported that the total amount of mltochondrla

metabollc Wlth thyroxine: 1s 1ncreased 2.5 to 3. 5 tlmes over that
of their correspondlng controls (Gustafsson et al, 1965) In

all cases, there was an increase in the m1tochondr1al populatlon'
aﬁé the profile ratio of‘prlstae to matrix was alsonconsrderably“
increaeed,/thus_indicaténgwboth relative andgabsolufe eniarge-
ments of the entire surfaee-of the crisiae per unit'fiber; How- = 9

ever, this result has been criticized by Gauthler (1969, 1970)

" --who suggests that the authors did not recognize the hetero-

geneity of the gastrocnemius muscle and that the red‘fibers
were selected in this case as-the experlmental 1earing'the
white ones as the control, The gastrocnemlus muscle of the rat

is known to have equal proportion

red and whltenflbers
(Ariano et al, 1973) but the digtributiyn of them isﬁrandom

and not zonalized as the semitendinosus/muscle, therefore it is

.highly probable,fhat the authors . misinterpreted the eieotron

m1croscope observat;ons. In my opinion the criticism is valid.
Moreover in the view of the fact _that the structural changes
persisted for at least 3 weeks after the cessatlon of thyrox1ne

treatment by which time the elevated m1tochondr1a1 resplratory B -

‘and phOSthrylatlve activity had decllned to normal values ‘and
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in V1ew of the 51mllar changes seen 1n thyroldectomlzed rats
it seems unllkely that the changes reported were related-
directly to the hyperthyr01d state.

Several reports-lndlcateathat thyroid hormone does canse;
some changes in the enzyme activity pattern of energy supplylng
metabolism of skefetal muscle and heart of the rat. Of several
enzymes examined, hexokinase_ and mltochondrlal glycerophosphate
_dehydrogenase reveal the most 51gn1f1cant increases (Kublsta‘
-et al, 1971).. Histochemical staining“for;glycerophosphate_ -
dehydrogenase revealed that the increased activity of this enzyme
is predominantly demonstraole in. the Subsarcolemmal~mitocnondr;a.
It appears that the muscle mltochondrla acqulre an enhanced
.ox1dat1ve capacity due to the treatment wlth thyroid hormone
.Comparable results have also been reported by Lee and Lardy
(1963)

In the rat heart, Gross (1971) found that thyro1dectomy
'slowed tne turnover of mltochondrlal DNA and protein and that
tnls slow1ﬁg could be prevented‘by treatment of the anlmal
with thyroxine;{ Gross also reported'a'significant increase ind
the total cardiac content of miiocﬁondrial protein.in response '
~to the thyroxine treatment, ‘>This work'has been extended by ’
McCalllster and Page (1973), the1r results show1ng not only
that additional mltochondrla are accumulated in response to‘
thyroxine, . but also’that these mitochondria are characterized
-BY a denser packing of the cristaE.f Similar results“were obe
tained by Reith et al {1973).

-
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Ster01d hormones

Several reports 1nd1cate that an exceSs of glucocort1c01d5

produces various alterations in muscle in general and in the
" mitochondria themséﬂe's; Smith (1964), using histochemical
_methqu, reported predomlnant 1nvolvement of wh1te muscle flbers -
in myopathies 1nduced in rabbit muscle by tr1amc1nolone admlnls—
tratlon. ‘In contrast, in a comblned light. and electron micros-
copic stody,D'Agostino and Chiga (1966) reported that red
.fihers in the rabbit diaphragm were most affected by cortisone
administration. In order to clarify the problem, the effects

of trlanc1nolone and cortlsone on rat soleus, a red muscle,

and on the medlal head of the gastrocnemlus, a whlte muscle,
were 1nvest1gated with the electron mlcroscope by Tice and
Engel (1967): In both muscles mltochondrlal alterations pre-
dominated. Mitochondria appearéd with‘increasihg frequency and
become more regularly. or}ented Wlth respect to the fibrils.

Also these mLtochondrla presented more densely packed cristae.
After the early phase of m1tochondr1a1 proliferation many
fibers, espec1a11y in white muscle, contained c1rcumscr1bed
areas from which most or all of the interfibrillar mltochondrla
had been lost. Several degenerat1ve foci in the flber structure
were elso'observed. |

| As the studies reported abore genereliy_involved the daily
administration of glucocorticoids for long period of time,
Bullock et al (1971) made a ‘study of the morphology of the:
(predominently whitei muscle vastus lateralis of the rat after

. a single high dose of triamcinolone. It was observed after

this treatment that there was a pronounced ‘enlargement and pro-
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:

liferation of the mitochondria in the zone adjacent to the

subsaigiemmal‘zone.‘ There‘was, in addition, some destruction
of mitochondria in deeper zones'aﬁd'some evidence of;ffaéile
membranes in the enlarged mitochondria.

The cause of the proliferation of enlarged m1tochondr1e
through ster01d action is unknown."Attempts toecefrelate
the mitochondrial changes with an alteration ih muscie ribosomes
isolated from the steroid treated rats have failed (Bullock

et al; 1972). . - —

_d) ELECTRICAL STIMULATION

It is known that if the skeletal muscle is electrlcally
stimulated for short or long gprlods of time several physio-
1og;ea1'and blochemlcal changes take place.-

Salmene‘and,Vrbova (1969) have found that the speed of

contraction of a fast muscle (white) can be changed by conti-

nous stimulation of the motor nerve over a period of weeks;

this produces a marked slowing of the time course of contrac-

tion and relaxation (to that of red muscle).

- The electrical stimulation of fast muscles not only produce_-

a/change in the physiological characteristics of the muscle but

“also a;bioehemical chahge, namely the synthesis by white muscle

of myosin chafacteriStic of red muscle (Streter et al, 1973).
It is known that myosin 1solated from red skeletal muscle

of the rabbit differs in several aspects (ATPase activity and

different subunlts) from myosin isolated from white skeletal

" muscle and these characterlstlcs correlate closely w1th its con-

tile speed.

1 107.
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Intermlttent 1ong term stlmulatlon of fast rabblt muecle
for up to 28 days with a frequency pattern resembling that of.
a slow muscle led not only‘tp a §10w1ng ef~the time course of
contraction dlreadyfduring the fi;st week (Pette et al, 1973)
_But also to a'rearrangenent of activities of key enzymes of
_energy supnlying metabolismr Initially a ﬂecreasefof‘extramito-
chondfiai‘enzymes of ‘glycogenolysis and‘glyc01§5i§ and energy'
~ rich phosphate transfer toéether with a decrease of‘mitechon—
.drial glycerolphosphate dehydrogenase were observed. Large
initial increases were found in enzymes involved in glucose
phosphorylation and fatty acid activation. Later_'an increase
of key enzymes of the citric acid cycle.and fatty acid oxidation
as well as ketonebodieswrtilization conld be shown. The
~authors suggest that a change in mitochondrial population has
taken place under the influence of the stimulation. They also
* remark that‘the changes they observe are different in several
resnects from those produced by endurance tfaining such as
running. In keeping with tne changes noted above, histochemical
staining of succinate dehydrogenase showed that after the sti-
mulatlon the mosalc llke fiber comp051t10n of the fast muscles

r.ﬂ

was transformed into a more uniform population in whlch there

Y,

- . ol
was a total absence of the white fibers.  With regard to fzberr ",

size, however, small and large fibers could still be distin-

e

guished in the cross-section of the stimulated muscle. The
smaller and somewhat darker stained fibere'seem to correspond
to the red fibers in the control muscle; their total number does

not appear to have increased. The size of the larger fibers

£
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" which represent the majqrity, resembled that of the inter-

mediate type in the control muscle.

e) CROSS-INNERVATION

It is known that crbss-innérﬁatiog of.réd and white mﬁ;cies.
results in a quélitative and quantitative alteration of many -
'of the specific biochemical and physiological ptopertieg of
.these muscles. ' -~ | o - , : -
The effect of cross-ihnervation‘has'beén studied.by_sevéral
groups. Yellin (1967) reinnervated‘the soleu§ yuscle—(red)' |
with nerve fibers that ‘norlmally supply white muscle. He 6b_-l ' \

served a fairly extensive tonversion‘of,the-soleus fibers, so

that the relnnervated muscle possessed groups of flbers of his-
tochemlcal types not found normally in the soleus. Romanul and
Van Der Meulen (1966, 1967} conducted experiments in which thé
nerve of a fast muscle (flexor d1g1torum longus) reinnervated
slow muscle (soleus) and vice-versa. The cross- 1nnervated
muscles reversed_theit speed of contraction and the enzymatic
characteristics of their fibers. Thus the high oxidative and
low: glycolytlc enzymatic profile of the soleus muscle fibers
Was changed to the low ox1dat1ve and high glycolytic pattern of
-normal flexor d1g1torum longus. A considerable amount of
information 1s ava1labte on the dynamic properties .of the con- ) -ﬁ
' tractlle materlal of Cross- 1nnervated muscles, spec1a11y those

related on the properties- of myosxn have been rev1ewed by

Close (1972) Some of the b10chem1ca1 quantitative changes

after cross- 1nnervat10n have been reviewed by Guth (1968). How-.

ever no ultrastructural studies on changes in mitochondria are

avallable. ' A T

N



110,

£) OVERLOAD

Overloadlng a muscle ~generally results in hypertrophy
' and ‘therefore changes in the mitochondria under the 1nf1uence
-of the overload can be expected.

/ _
A number of 1nvest1gat10ns have 1nd1cated that mammallan

muscles change thelr contractlle propertles following tenotomy
(tendon sectlon)'but in- general this technique produces fiber
atrophy and several abnormalities in the muscle organizatihn
On the other hand follow1ng tenotomy of muscle(s) in ‘the hind-
linmb, there is a rapid compensatory hypertrophy of the synerglsti‘
muscle. This- technique therefore can be used in the studynof
muscle hypertrophy;' |
Unilateral tenotomy of the gastrdcnemius’muscle in normal
rats leads to rapid compensatory'growth of the synergistic
plantaris and soleus muscles (Jablecki and Kaufman, 1973). It
nas found that in the hypertrophiedimnacles the total myosin was.
increased but no eniymatic (ATPase) or structural differences;'
were found. To increase:the overload on the-soleus'the authors
also‘performed a donhle tenotomy (gastrocnemius plus pantaris);
in this condition the soleus muscle hypertrophies faster and
presents a decrease in mypsin'ATPase. There are no reports
“‘on the oxidatiye'capacity of the.hypertrophied muscle. It
would be of interest to study the ultrastructure and biochemical
parameters of muscle m1tochondr1a in the early stage of hyper-.
trophy. |
Considerable 1nformat1on has accumulated about ‘some of

the b10chem1ca1 and cellular processes that accompany cardiac
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hypertro y; A variety of experimental procedures have‘heen:
_developed which produce in animals a rapld or gradual 1ncrease '
in cardiac mass in response to increased work demand. These
include constriction of the ascending or descending aorta or
main pulmonary artery; renal or deoxycorticosteroidLinduced‘

- systemic hyperteﬁeioh; damage to. valves; chronic hypoxia,
"anemia and others (for review see Rabinowitz and Zak, 1972;
,RabanW1tz et al, 1971; Schwartz, 1971).

In general cardiac hypertrophy finally results in fallure
of the organ, a condition which is accompanied by a mitochon-
drial defect. jwever, prior to severe heart fallure 1to— ‘ﬁ ﬂ..
-chondrla appeared to be functlonlng normally with respect to ‘
" energy production, Some work on this aspect has been carrled.&
out with'rabbit heart inIWhich the‘hypertrophy was creéted by
progressive stenoeis of the.ascending aorta (Sordahl et al, 1973).
Mitochondria exhibited marked incfeases in respiratory ectivity\p
durlng early stages “of hypertrophy, followed by a decrease
during later stages. As thls decrease leaves insufficient ac-
tivity to meet the energy demands of the hyperfunctlonlng heart
if contributes'ultimatelyrto the feilure of the ofgan. Appa-
rehtly the mitochondrie degenerate after the period of hyper-
functioﬁ.

* Characterlstlc features of anlmals subJected to prolonged
hlgh -altitude stress are polycythemla and hypertrophy of the
heart (Shertzer and Cascarano, 1972). A major altepatlon of
heart m1tochondr1a occurs in this condltlon. The‘specific ac-

tivity of succ1n1c—dehydrogenase increases but that of cytochrome
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oxidase remains-unchanged Also sPectral ana1y51s of the res-
piratory cha1n components reveals no change for cytochromes

a+a3 desplte increases 1n cytochromes b, c+c1 and other electron'
‘carriers. Morphometrlc studies performed wlth the electron -
-microscope reveal that the. heart mltochondrla under this condr-

tion increase in size proportlonally to the organ enlargement

(Herbener et al, 1973).

g) DENERVATION

When the motor nerve supplying a vertebrate skeletal muscle
is transected the muscle 1n1t1a11y hypertrophles and then
rap1d1y atrophies (Pellegrlno and Fran21n1 1963). The dener-
vated muscle shows a progressive decrease in weight and the
fiber diameter decreases. Ultrastruetural observations reveal.
several.abnormatitiee‘in the myofibrils and the mitochondria'
disappear in parallel with the advancing‘degenerative processf

' There are several confllctlng reports of the deta11ed
_nature*og_the changes_ln_skeletal muscle,after denervatlon.-
Some 1mpo:tant points to be noted are that the alteratlons ob-
- served may be related to the time interval following denervation,
or to the age of the animal and once again to the fact that
there has been 11tt1e recognition of the fact that skeletal

(657

muscle is composed of different types of fibers. Therefore
here will be'presented onlf the structural and.cytochemical feaQ‘
tures of mammalian skeletal muscle fibers following denervation
of the rat semitendinosus after 14 days of operatlon (Gauthier

and Dunn, 1973). The usual cytochemlcal criteria for- 1dent1fy1ng
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fiber types could’ not be used after the denervatlon there was

a shift toward ‘a more homogeneous populatlon of fibers whlch
were r1ch in m1tochondr1a but which- had an ultrastructural
appearance dlstlnct from. that of normal fibers, but lacked the
characterlstlc subsarcolemmal aggregations of mltochondrla.‘

The authors suggest that the apparent increaSe in the proportion.
of red or intermediate fibers is due to a preferentlal altera-
tion of whlte flbers Wthh become degraded rather than being

- die to a transformatlon of one fiber type to another. The .

presumed surV1va1 of red or 1ntermed1ate flbers 15 not understood

h) COLD-EXPOSURE.AND.COLD-ACQLIMATION;u
. It has long been known tﬁat after cold-acelimatiop‘at 6°C
white rats have a smaller muscle mass than contrdi'animals_of
the same age kept at 30°C (Héroux and'Gridgeman, 1958). Water
and protein determination ih_soleus and gaetrpcnemiuslmuscles
as well as in the whole museular mass revealed'that the reduc-
'_tddn in the muscle mass after ;old—acciimatien is a real rissue
differencs'due to a reduced protein deposition and mot only a
water content difference (Héroux, 1958). The same report also
§ho#s.that there is a.decrease in the size of the fiber but an
r1ncrease in.the number of them.’ o
‘ Hlstologlcal Qhanges occurring in the gastrocnemlus
seleus and plantaris muscle of rats on exposure to cold stress
has‘been reperted, in which a reductien is observed in the dia-
meter of the muscle fibers of rats exposed toldaily cold stresg'
for 2 hours for two weeks (Scaria et al, 1965).- The reduction

in muscle fiber diameter was accompanied by an increase in the_

'
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”concentratlon of myoglobln, succinic dehydrogenase and cyto-7
' chrone.ox1dase. The authors suggest that thls enables the
participation of more and more flbers'ln the oxldatlve’actlvity
of the muscles by transformlng whlte f1bers ‘into. red ‘ones.
However the data presented give no d1rect proof of this state-
':ment; Moreover these changes’ are more 11ke1y to be due to
the effects of long term exercise because of the technique used-
for the cold stress. The rats were kept in cold water at 15°c.
They were prevented from drownlng by suspendlng them w1th a
loose noose, The authors reported that the rat strugg;ed in
the cold water forlthe_iirst.lo—ls‘nin;_after which they |
remained'motionlese throoghout the period«of exposure. After
they were taken out of the hath they;shiveted‘violently for

1-2 hours. Therefore, this experiment_cannot be classified

among those of simple cold-exposure, neither among those of

¥

Cold-acclimation due to the fact that the rats were shivering.
In eny case, the effects described look nore like-those”obtained
with long term exercise.’ | 7

In sp1te of the 1ead1ng role of skeletal muscle in'non-
shlverlng thermogene51s there have been few studies of skeletal
muscle of "cold- accllmated rats. It-is, therefore, one of the
aims of this thesis to explore muscle from cold- accllmated rats
by using histochemioal, biochemical and.ultrastructural‘tech-
niques. Since nonshivering thermogenesis is a cbndition in
‘which there is a high metabolic rate, as in the condition of
exerciee,‘obviousiy some adaptive changes can be expected to

occur in the muscle mitochondria. i .
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CHAPTER III: - MATERIAL AND METHODS

Section A. MATERIALS
-71. Rats

Male white rats purchased from Holtzman Company were.used
1n all the experlments described 1n thlS thesis, After arrival
in the laborotory they were kept at room temperature (25~28°C)
for one week io a large wire cage containing 12 fatsQ~ At
the beginning of the experiment, they were divided into the
groups reaﬁifed for the specific experiment and placed into-
individaal wire cages with free access to water and food. The.
temperature:of'the_cold-room was maintaingo at 4°C and the. *°
temperature of the warm room.was 25-28°C. Artificial light was
kept on for'ébproximately 1Z hours daily (6 a.m. to 6 p.m.).

The rest of the t1me the anlmals were in the dark. The body
welght was determlned weekly, with the exception of those treated
with dally dosesfof oxytetracycllne‘whlch were weighed twice a
day in order toiadjust the doees-of_the‘antibiotic to the body
weight. iOnly rats with normal growth‘wete used in the expetiments.

2l Chemicals. _;ﬁ 3 v
, . l

Adenosine-Sl?tripﬁosﬁhate-(disodium-salt) Tris (tris-
hYdroxymethyl amlnomethane), EDTA (ethylene diamino tetra-
acetic acid, d1 or.tetrasodlum salt), Nltro—blue tetrazol1um,
: notedrenellne‘b1tartrate (L-arterenol)q.Rotenone (Grade I1I),
sucrose;'mannitOI, B~-DPNH (B-dihydrodiphosphopyridine nucleotide,
- disodium ealtl, cytochrome c (type 111}, heparin (177 units/mg,

TR . . , - . — .
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protease (subtlllsln BPN'; 6.6 unlts/mg), Hepes buffer and
bov1ne serum a1bum1n ‘were purchased from Slgma Chem1ca1 Com-
pany. Pr0py1ene ox1de, glutaraldehyde (50% in H 0), éﬁa uranyl
.acetate were purchased from J. T- Baker Chemical Company |

:Araldife resin 502 DDSA (Dodecenyl succ1n1c anhydrlde), DMP-30
(Dlmethyl amino meth\/, enol) and formvar solution were pur-

chased" from_Ladd Research Industries. Osmic ac1d (0504) was
purchased from Engineered‘Maperials. Lead citrate was pur- , ’
chased fronwﬁlectron Midroscopy Sciences. Copper grid (3 mm,t
ZOU.nesh) from E.F. Fullam‘IHC, and empty gelatiﬁ.capsuleé

o (NO bO) were ‘purchased from Lilly;Company.- . S < ' Q!.

‘Section .B. METHODS

1. Removal of the organs

+
!

*The rats were k111ed by decapitation at:room temperature

. after determination of‘thelr body weight. The length-of time

~ . . &

that'the different‘groupé of rats spent in the warm room or in.
the cold room is 1nd1cated for each experlment. |
h Immedlately after decapltatlon the organ Or Organs were
removed. The liver, the 1nterscapu1ar brown- adipose t1ssue'
(IBAT), the other dep051ts of brown adlpose tissue (OBAT) and
skeletald muscle were . qulckly removed welghed and- transferred'
"into their respectlve ice- -cold mltochondrlal 1solat10n medium
or frozen in plastic v1als. |

For the hlstologlcal and electron mlcroscope preparatlon
of samples the_semltendlnosus.muscle was removed as described

by Gauthier (1969); th& medial aspect of the upper hindlimb
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muSculature was exposed and ‘the grac1115 postlcus muscle was'
cut and retracted to galn access to the semltendlnosus muscle.
whrch was cut at both end A small part of the muscle was
divided longltudlnally in the red and white portion and tomersed
in ‘the pre~- <fixative for electron mlcroscopy. The rest of the
semltendlnosus was tied by both end to a flat wooden spllnt _

‘and submerged in liquid nitrogen in order to perform the hlStO-

log1ca1 estlmatlon;oi succinic dehydrogenase. - } . -

Z.instological estimation of succinic dehydrogenage
~ The fro_zen muscle was Jgiac_ed in a crxostat (--ZOQC) _for ~ ‘
‘seotroning.' Using a rotaff.microtome, sections 10 B thick’ -
_ were cut and~mounted upon untreated clean glass slides. -
) Soccinic deh?drogenase‘activity was localized usingshitro~
blue'eetrezolium, according to the method of Nachlas et al (1957).
The sections mounted on the glass slldes were 1ncubated in a

Coplin jar containing 10 ml of the: 1ncubat10n medium which con-

erted of: phosphate buffer (0.20 M), pH 7 6, 1 part, sodium

g

succinafe (O;ZOiM) l'pert~and Nitro-blue tetrazolium (1 mg/ml),
'“ 2‘p&rts. The incubation medium was prepared just before use.

The incubation was conducted-at 37°C for 10'minutes. The sec-.

tions were rinsed in-saline solution, fixed with 10%- neutral

formalin for 5 min washed and mounted in glycerol-gelatin ready

for the llght mlcroscope. Pi&tures'were.taken at several mag-

n1f1cat10ns.

‘l

3.. Electron microscopy
The electron microscopy studies were performed in accord

4



with the following'procedure.t’.'
,a) Pref1xat10n The samples of red and whlte semltendlnosus
after removal from the rat were submerged in 1ce—
'cold 43 glutaraldehyde (preflxatlve) in 0.1 M phos-
- phate buffer, pH 7. 4 The muscle theu was cut with a
razor blade 1n long strips following the longitudinal
axis of the fiber. The strlps\were cut transversely C
to form small Yods of 1 mm dlameter and 1.5 mm long.

" The operatlon .was performed on a sheet of solid wax

‘under a drop of cold preflxat;ve The small rods of | g..
‘muscle were placed in a test tube contalnlng 5 ml of |
fresh preflxatlve and left in ice untll a total of e
'//7/,/ two hours were completed frOm the 1n1t1a1 submer51on
4 of the muscle’ln the pref1xat1ve. The preflxed samples
/// - ‘were r1nsed three tlmes (20 min each) w1th 0. 1 M
phosphate buffer pH 7 4, _ 4
b) fixatlon: The phosphate buffer was poured off and the tissue‘
| was fixed with 23 0504'rﬁ'o,lfm_ﬁhosphate-bufger for
'l hour. The fixative was'prepared the night before
ﬁihe experiment aﬁd stored in the cold ‘ The f1xat10n
- also was carrled out in an ice- cold bath
c) Dehydrat1on The fixative was poured off and'the fixed muscle
| was rinsed with 30% ethanol. ~ The ethano}‘was poured \‘\Nf
of f and the tissue was submitted to dehydration. by '
.passage'through an.iee;cold ethanol series of 30, 50,. .
70, 90 and 100%, 7 min-each. The last stage of dehy-
dratioh‘ulth 100%- ethanolswas repeated at room temper-

ature. _
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°d) Embeddlng The procedure of embeddlng was essent1a11y

that of Luft (1961) The absolute alcohol was poured
off and the tlssue samples were immersed in ‘two
changes of propylene oxlde-for 10 min each. . The..
second change of propylene oxlde was poured off and:
2 ml of fresh propylene oxide was added to the tube.
An equaquuantlty of-the freshly prepared resin mix-.
ture with-acceierator (see'below).nae adde&‘and nixed
by swirling.. After 1 hour another equivalent volume -
of the resin mixture (4 ml) was added. At least 12A
hours .of 1nfritratlon were allowed; the tubes contalnlng
the samples and the re51n mixture were malntalned
durlng this perlod in a rotatory shaker at low speed‘
The resin mixture contalns..Araldlte resin 502, 20g;

' DDSA, 13g;

DMP-30 (accelerator), 0.46 ml.

e) Preparation of blocks: At least 10 blocks containing samples

’

from the same muscle were prepared by f1111ng a gelatin
-capsule (N° 00) to. 2. mm of the top with.a fresh re51n
mixture. The muscle samples were transferred to the'
top of the capsule and allowed to sediment to‘the

bottom of‘the capsule, After 2-3 hrs' the resin mix-

. ///ture w1th the small sample of muscle was then poly-

merized accordlng to the following schedule (Luft 1961):
i) Overnight at 350¢
ii) Next day at 45°C ' -

iii)" Next night at 60°C
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© f) Sectioning: Thick sections (2-3u) and thin éections (Silver-

.gold) were cut on a Reichert ultramlcrotome (Model’///

' :UM-Z) u51ng glass knifes. The thick sectlons were

microscope in order to orientate the block for the
thin sectioning 'The thin sections were placed on a.

copper grid coated wlth a’ formvar film.

'g) Staining: The sections placed on the grid were stained with
lead citrate according to Reynolds (1963) for 20 min,
rinsed with distilled water and etained-with.uranyl.

acetate for 20 min.

e

h) Observation: The thin sections were examined with a Siemens

Al
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; - stained with: toluidine blue and examined with the light

N

) Elmiskop-IA electron microscope operating at 80 KVolts.

~Pictures from at least two blocks and different planes .

[

t

were taken on- Kodak plates (6.5 by 9 cm) at 7,000;

15 000, and 20 ,000 times of magnlflcatlon.

o
o

4, Measurement of oxygen uptake | ; N

.~

The measurement of oxygen uptake was essentially that des~

~ cribed by H1mms-Hagen (1969). The rats were lightly anaes-

thetized with sodium pentobarbltal (2. 8 mg/lOO cm2 body surface,

adm1n15tered 1ntraper1toneally) and a polyethylene cannula
Placed in a tail vein., Sodium chloride solutlon (0. 9 g/lOO ml,
referred to as saline) wazllnfused at a rate of 0.021 ml/mln.
For a period of 30 min.a solution of noradrenaline was infused
at a rate of 0.5 ug/100 cnz body surface min. (Nora&renaline

wae dissolved in 0.01 N hydrochloric acid: this stock solution

was diluted in saline immediately before infusion). This dose
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produces a maximum celorigenic responseg‘larger doses do_net
cause any larger effect d frequentlykill the“énimal-(Hrmmsé
‘Haéen, 19699. The:rat as place& in a metabolic'ehamber in “
which the oxygen uptake was measured Wlth an open- circuit sys-
tem (W1th a flow rate of 477 ml a1r/100 cm body surface min)

and a Westinghouse oxygen analyzer. ~Surface area was calculated

according to -the formula:

Area (in'cmz) = K x body weight 2/3 . Where K=7.5
_ ) -e 8
. (Diack, 1930). . ) : : 0
.. 5. Removal of irlterscapular brown adipose tissue . | .

The interscapular brown adipose tissue (IBAT) was removed
under ether anaesthe51a. In sham-operated animals a similar'
skin incision was- mgde under ether anaesthe51a but the IBAT‘was
not dlsturbed. In some exper1ments the rats were kept at room
_temperature for‘up to 5 days following the.operation. In
. those experimeﬁts in which the calorigenic respense to noradre-
”‘naline was sthdred immediately after the operation .a slightly
different procedure was followed. The rats were injected with
' pentobarbltal (80% of the usual dose), immediately anaesthe-
.tlzed with ether, and then the operatlon was performed the
administration of ether was stopped during the operatlon Rats
did not regain consciousness but remained lightly anaesthetized
by the peﬁtobareital. Infusron of noradrenaline'was not_started
until the resting oxygen uﬁtake was steady and iﬁ‘the normal

‘range; this W usually within 1 hour after the operation.
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‘6;3Treatment with'oxytetraeyeline _

Male rats welghlng 80-90 & were kept for 7 days 1n groups
in large cages at room temperature. They were then d1v1ded
into several groups accordlng to the spec1f1c exper1ment
Rats of the groups treated with the antlblotic were injected
1ntramuscu1ar1y in the legs with oxytetracycllne twice da11y,
at 9 a.m. and 9 p:m. (Terramyc1n Pf1zer, solution for 1ntra-.
muscular injection contalnlng 250 mg in 3 cm ), the total dose
per day was 200 or 300 mg/kg (DeVrles and Kroon, 1970), accord-
ing to the experiment; control rats were injeécted twice a day
with saline_eoiution. The first injection (of oxytetracycline
or saline) was made'et.Q p.m. at room;temperature and a second
injection elso at room temperature, -was given at 9 a.m. the
following day. Some of :the rats from the different groups
received an infusion of noradfenaline this same day (referred
to as zero time). The remainder of the rats from the different
groups were placed in'ehe_cold or remained in the warm room iﬁ |
individual metal cages. After these rats had Been in the cold
or/and warm for the desired ﬁeriod, receiving injections twice
daily, they were transferred to room temperature after a 9 p.m.
injecfion-and thefeafter they remained at room'temperature in
order to recover from the effect of noradrenaline seeretea
from endegenous sources. They : reinjected at 9 a.m. the

b3

follow1ng morning and infused with noradrenaline on the same day
R

and processed as described above for the noradrenaline infusion

and measurement of oxygen uptake,
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When the experlment was de51gned only to obtaln samples
for h15tolog1ca1 studies and electron mlcroscopy the rats were
taken d1rect1y from the cold (or warm) just before the last
) %

,1n3ect10n of oxytetracyc11ne Jor saline) at 9 a.m. Also in

these rats the 1nJect10n of oxytetracyc11ne was done twice a

;day in the right leg, leaving the left leg for the re-oval of

the semltendlnosus muscle

In some exper1ments after 2 weeks of treatment with oxy-

'tetracycllne (or sa11ne) some rats were submltted to the:

opposite treatment for one or two weeks moré.‘
7. Preparation of homogenates and isolation -of mitochondria

In those experiments in which it was attempted to use oxy-

tetracycline to prevent the development of the adaptation for

'ndnshivering.thermogenesis, to reverse the adaptation after. . I

its developmert and to,stud} biochemiéal properties of brown

adipose tissue, muscle aﬁ& liver (see-sectiOn B of Chapter IV)

the isolation of mitochondria was carried'outlSystgmatically

and simultaneously from liver, brown adipose tissue and ﬁuscle;
Liver énd brown adipose tiséue mitochondria were isolated‘essen—
tiaily as described by Weinbach (1961) and skeletal muscle
mitochondria as. descr1bed by Chappell and Perry (1954) The
m1tochondr1a from liver and brown adlpose ‘tissue were- Isolated— S
in a medlum of 0.25 M sucrose in 0.01 M tris Q;ffer'pﬂ 7.4, and

the muscle m1tochondrla in Chappell Perry medium: (w1thout ATP).

The ch111ed tissues, suspended in the1r respectlve isolation

media, were cut with scissors until a fine mince was obtained.

]
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" During all the isolation procedure_the'temperaturé of the

v

sdmples was maintained betweén 0—4°C The mlnced skeletal
muscle was . homogenlzed flrst with a loosely f1tt1ng all-glass -
Potter- Elvohjem:homogenlzer in several ‘short perlods of time,
for o total time of about '3-4 min. The other tissues were
hOmogenlzed directly w1th ‘tightly flttlng homogenlzers for a
total period of;2 -3 min. .The homogenates were diluted with
their respective isolation medium to a volumé&of several fimes
the initial weight of the tisspe;‘aé follows:k"\'
© IBAT; 0.15 - 0.50 g; Volume homogénate: 10 ml o 7
Liver; 5.00 - 12.00 g; " . " 50 ml - \
Muscle; 2.00 - 3.00 g; L no 25 ml :‘ 
Aliquots.ﬁere takon from fhe homogenates and frozen in
order to estimate later proteln ‘content and several enzymic ac-
thltleS. The rest of the homogenate wa: submltted to differ~
ential centrlfugatlon in order to isolate mltochondrla. |
In those experiments in whch a maxlmal extractlon of mito-

chondria was attempted in order to estimate the number of them

the mitoChondria from skeletal muscle were isolated by a pro-

cedure developed in this laboratory (Himms-Hagen, unpubllshed

results). After removal the muscles (usually 10 g) were cooled

rinsed in co;d_o,ls M KC1, minced with the help of a razor blado,
--and-‘weighed. - The minced muscle was. digested &uring 30 min in

an ioe-cold beaker: the diéestion medium was prepared just

bofore use and was as follows: ébout 80 ml of Mannitol medium

was measured an&othen heparin (250 U/ml), protease (20 mg) and

ATP (60.5 mg) were added to it; the pH was adjusted to 7.4 and
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. the final volume was brought to 100 ml with Mannitol mediuﬁ.;

The Mannitol medium was composed of 0.21 M M&nnitol, 0.07 M -

sucrose, 0.01 M EDTA (tetra sodium salt) and 0.01 M Hepes

- buffer pH 7.4. After the 30 min period the digésted muscle

was homogenized“with a 1bosely fitting all-glass Pottef—ﬁlvéhfem

_homogenizer in.lots of 10 ml eaéh for short periods of time.

The -homogenates were pooled, mixed .andan aliqubt of 5 ml ﬁas

used for the immediate estimation of cytochrome oxidase activity.

The rest of the homogenate was .submitted to differential cen-

trifugation as follows:

a).

b).

c)

d)

e)

Thé homogenate was.diiuted with mannipoi medium (with
heparin, 250 U/ml) énd‘éehtrifﬁggd at 650 g for 5 min.
The supernatant was filtered through gauze and centri-
fuged at 13,000 g for 15 min.

The mitochondrial pellet wa§ resuspended in mannitol
medium (without ﬁeﬁarin),and homégenized smoothly.by
hand in-a'glas% homogenizer with a teflon pestle.l

The resu;péndeq mitothondrial fraction was ceptrifuged
at_ld,OOO g for 10 min, ' o

The fésulting mitochoﬂdriai pellet_ﬁas resuspended,in
a small volume of mamnitol medium (wiﬁhpﬁt heparin) and

centrifuged at 650 g for 5 min. The supernatant was

kept ©n icé and the sediment was resuspended in mannitol

medium (without heparin) and centrifuged at 650 g for
5 min, this and the first supernatant were pooled and

brought to 50 mi with mannitol medium (without heparin).

A sample of 1 ml1 was taken for protein estimation.:

125,
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£) Durlng the proteln estimation the remalnlng 49 ml of

m1tochondr1a1 fractlon were d11uted with mannltol

\

medium (wr;hout heparln) and centrlfuged at 10,000 g

for 10 ‘min, '5u¥;/ : f

g) The mltochondrlaI pellet was resus?ended and brought
to a final proteln concentratlon of 2 mg/ml with mann1tol
fmedlum (w1th heparln, 25Q U/ml and 1% of_serum albumin).

The entire procedure was carried out at'0-4°C and the

centrifugations were performed in a'swinging rotor (HB4) of

a refrigerated Sorvall RC2-B centrifuge.

8. Protein estimation : S _ ‘

Protein was estlmated by the method of Lowry et al (1951)

Bovine serum albumln was used as standard

9. Counting of mitochondria

- The different methods described of counting mitochondria

based on the application of bacteriological counting chambers

" are not adequate due.to the problem of ebugting barely visible

and mobile mitochondria. Baranowicz (1972) therefore developed

a method in which the mitochondrial suspension is mixed with

‘an equal volume of red blood cell suspension of known cell

>

concentrations and the resultlng mixture used to prepare smears.

-

The dry sméar is observed under high magnlficatlon in the

light mlcroscope. The mean number of mltochondrlal partlcles

corresponding to one erythrocyte is then estimated from the

smears.,

This method has been adopted in the.experimentaliwork of



a)

b)

this thesis due to its simplicity and'relatively shert time

requirement. The method was used as follows. -

Preparation of erythrocyte suspension., At decepitation

the biood of the rats was collected in e plastic beaker

min in a clinical centrifuge in order to eliminate

,plasna. The red blood cells were washed 3 times with

mannitol medium (with heparin). The last sediment was

resuspended in the mannitol medium and the erythrocytes

~

counted in a Petroff-Hauser counting chamber. The

final suspension contained usnaily from 6 x 107 to -

[

9 x 10° erythrocytes perjml.

Preparation of smears. 1 ml of the erythrocyte suspen-
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containing a few mgs of heparin and centfifuged for 10

sion in mann1tol medlum and 1 ml of the mltochondrlal-mn~4

suspension containing 2 mg protein/ml were thoroughly
mined.in a-piastic'test tube and finally diluted with
2 ml of mnnnitql medinm with heparin. A few smears
were immediately prepared from the mixed suspeneion of

mitochondria and erythrocytes.

-

Couniing. Immediately after drying the smears on the'
slldes the counting of mltochondrla and erythrocytes
was performed in 12 dlfferent fields under high magn1-

fication of a phase contrast microscope 'without immersi

The standérd error of the mean ratiO'v-obtained from coun-

ting the mltochondrla and erythrocyte in the smears d1d not

exceed 10% in relation to the’ f1na1 ratlo of mltochondrla to

.-

on.
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Aerythrocytég. The number of m1tochondr1a in 1 ml of the mlto-
A~chondr1a1 suspen51on may be calculated from the known number
of erythrocytes added to the m1tochondr1a1 suspen51on, and from
the established ‘mean ratlo of mltochondrla to erythrocytes
determlned by counting both elements in the smears. Therefore,
as the amount of mitochondria and the amount of protein is
~ known it is possible also to calculate ‘the amount of protein

of a singlé muscle mitochondrion.’

10. Measurement of cytochromenonidase activity -

The cytochrome oxidase“yas measured polarographically et‘

37°C in a medium containing 77.5 mM potassium .phosphate'buffer \
nH 6.6, 0 2 mM cytochrome c, ‘and 20 mM sodium ascorbate in a E
volume of 3 ml. The concentratlon of total and reduied cyto-l
‘chrome € was checked by the ext1nct1on coefficients reported.

by Yonetani (1965) 'The homogenates and m1tochondr1al fractions
were previously rehomogenlzed for 1 min w1th‘Lnbrol (0.3_mg/mg

of protein) and diluted with the corresponding medium‘to the
desired .final protein concentrapion; These Lubrol—activatea

preparations were used for the measurement of,cyfochrome oxidase
A \ . :
. : .
: _ | )

11. Measurement of NADH-Cyt c reductase (Total and '

activity.-

RotenoneFinsensiiive)_
NADH-cytochrome ¢ reductasefactivity was measured spec-
trophotometrically at sp°c;-by following the reduction of cyto-
chrome ¢ at 550nm . The assay mixture contained in 1 mi: 50

umoles of‘phosphate buffer, pH 7.5; 0.1 umoles of cytochrome c,

\..
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and 0.5 umoles of NaCN (neutralized just before use). The.

enzyme Preparatipn of 1 mg protein/ml wésIUSed'in the gpsaf :

in a volume equal to 100 ul. 'Theoreactioh was sfarted.by

adding 0.1 umole of NADH. For. the assay of ‘the NADH- cytochrome

7

¢ reductase (rotenone insensitive) the assay medlum also con-

' tained ‘3.5 ,mumoles of rotenone, (Rotenone was stored at -20°C

as a 1 mM stock solution in 95% ethanol) These assay methods
areuessentlally those described by Hoppel aﬁd Cooper figéé).
The‘con;entrgtion of totaﬁ and oxidized cytdcﬂrome c.waS'
checkéd‘by the extihction ;oefficients reported by Yonetani
(1965). The speétrophotométric assay of NADH-cytochromeic

. reductase (total and rotenone .insensitive) were carried out in .

a Beckman DB spectrophotometer. The specific activities were
determined from ihifialirafeg and_gére all proportional to
'anyme concentratibn‘unﬁer the qudi£ion§ descriBé&; The NADH-
cytochrome ¢ reductase (rotendne-sensitivg) was estimated.
from subtrécting the rotenone-insensitive activitx from the
total activity. ‘

, Additional 1nformat10n about the procedures and methods
used in spec1f1c experlments are given in Chapter IV.

.12) Statistical anaiysis of the results.

The statistical analysis of the results was performed accor-
ding to Snededor'("Statistiéal Methods™, Ed. The Iowa State

College Pfess, 1965). A :

. . L + A
<
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_ CHAPTER IV: RESULTS

The fOllOWlng scheme has been adopted for the presenta-

tion of the résults of each t&pe of exper1ment

-a'general d15cu§51on»and conclusions (Chapter V).

L

a) Purpose of the exper1ment
b) Description of the experlment

c) Results and dlscu551on

.- The presentat1on of the results will be followed by

.

Section'ﬂ} A COMBINED MORPHOLOGICAL AND BIOCHEMICAL STUDY

: study of the mltochondrla 1n both red and

- isolated mitochondria.

OF MUSCLE' MITOCHONDRIA IN WARM ACCLIMATED AND
COLD-ACCLIMATED RATS | -

R

This-sectlonsas daylded-lnto‘three parts’;.
. . [ :.? . . . ’ -

.'wMorphological study of muscle fibers and“u trastructoral.

ite muscle.

'Estimation of cytochrome oxldase in red and. white muscle

%,

.from_warm—accllmated and cold-accllmated rats,

Studies of mitochondria isolated from red and white muscle

of warm-acclimated and cold-<acclimated rats. These studies

include the'estimation of thelnunb r of mitochondria'and-

the estlmatlon of several b1ochem1c 1 parameters such as

' cytochrome oxidase activity and protw1n content ‘of the

y
wr

1, Morphological*etody of nuscle'fibele and ultrastruc>

tural study of the mitochondria in &pth red and white

muscle.

130.
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-

\ a) Purpose of the exp_gﬂlent to see whether there

>

are changes in the character1st1cs, proportlons distribution
.and ultrastructure of mitochondria of the 3 fiber types_of
 skeletal muscle in the cold-acclimated rat; : ' E ' {

.'b) Description of the experiment: 12 male rats were

a

divided_fhto equal gronps'of ﬁarﬁ-acclimated and cold—acclimetéd
rats., The rats had lived'for approximately 1 month at their
acclimation‘temperatur; when the expefimeﬁt was Statted. Body
welghts of the rats at this time were, warm-acclimated: 32?.20 :7
9 g0 g (6 rats), cold -acclimated: 244 70 +-8.50 g (orrats).

| The rats were k111ed by decapltatlon and the semi-
.tendinosus muscle removed from both legs. Samples for hlsto:
logical demonstration of‘succinic dehé&rogenese end electron q‘.l
mlcrosc0py ‘were taken and processed as described under Methods -
(ChapterIII) _Portlons of red and white semitendinosus from
cold-acclimated aod warm-acclimeted rats @ere stored sepa-
rately in the deep freeze in order to use them in the quantl-

tatlve estimation of cytochrome oxidase act1v1ty

e

¢) Results and discussion: Figure.27 shows a'rep;esenQ'

tative picture of e‘cross section of the'semitendinosus muscle
of werm-acc%imated and cold-acclimated rets stained for suc-
.cinic dehydrogenase activity. The mhscle from the warm;%cclimated
rat shows the typical fiber distribution. The red portion
consists prlmarlly of fibers rich in mitochondrial enzymic
act1v1ty, and the whlte portion consists almost entlrely of

‘fibers with low mitochondrial enzymic activity. These obser=

vations agree cohpletely with those,of Gauthier‘(lgﬁg and'1970)



Figure 27.

Transverse section through' the_entire width at center of
the semtend:.nosus stained for succinic dehydrogenase.’

(A) Muscle from Warm-acclimated rat;
" (B) Muscle from-Cold-acclimated rat.

r

( X 15)
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for ‘the same musele;_ In contrast the muscle from the cold-"
accllmated ‘rats presents a dlfferent aspect The charac—
terlstlcs of the flbers and proportlons of them seems to be
altered.. In both portlons there is an apparent increase in
the»proportlons of red fibers while the white f1bers appear

- more like 1ntermed1ate flbers. Observations of the sections
in the light mlcroscope at higher magnlflcatlon revealed that
. alterations have taken place in the character1st1cs oflthe
.‘~f1bersd1n both red and white portions of the muscle of the
cold-acclimated rats in comparison with the muscle from the

i _ ‘
warm-acclimated rats., A relativé diminution in the sub-

sarcolemmal aggregafioﬁe of mitochondria of the red:fiber
was seen.l Moreover, the white“fiber.also appeared‘to have an
increaeed number of mitochondria because the normal fine net-
work of mitochondria in the flber was more densely stalned

g1v1ng the white fibers a general appearance more llke that

of intermediate fibers. .

.There was aisg‘an apparent decrease in the size of the
fiber, as reported b} Héroux (1958), but ne increase in the
number of them; in fact the counting of the tbtal'number of -
‘fibers in some eeetdons showed no change in the total number
of fibers in cold-acclimated rats compared with warm-acblimated
rats. As the primary aim of this experiment was satisfied,
in the sense that gross changes were observed in the fiber
characteristics and proportions of them, no attempt was made

to estimate the size and other morphological characteristics

of the fibers. It was decided to study directly the ultra-
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3

structure of thé muscle ﬁitochondria.

Fiéures 28, 29 and 30 ;how several electronmicrographs
taken from both red and whlte fibers of the semltendlnosus
muscle of warm- -acclimated and cold accllmated rats. It should
~ be indicated that the presentéd electronmicrographs were sélec—
ted from 20 of them (for each group) The electronmlcrographs
most representatlve of the morphologlcal characterlstlcs of the
groups under stgdy were selected.

As can be seen'in Figu;es 28A, 29A and 30A, in the red fiber
“from the control warm- accllmated rats, the subsarcolemmal
aggregatlons of 1arge, closely’ packed mltochondrla aré cons- ' | ‘
picuous and extensive. . Cristae are abundant and consist,. for \
the mhst part, of parallel arrays .of fenestrated shéets-
 Similar 1arge mitochondria are closely allgned to form 1ong1— ..
tudinal rows among myof1br115 Few, small and more or less.
elllptlcal profiles occur in pairs at the I bands In the
Whlte fiber from the warm- accllmated rat (Fig. 28B, 29B and
- 30B) paired mitochondria at the I bands'are the predominant
form but there is only a small number of them. Subsarcolemmal
aggregations.of mitochondria are incohspicuo s or absent, even

in the nuclear rggion. When-present they cb%ist of a few
slender mitochondria in which cristae.are_sparse. It should
be noted that thg'characteristics of the red and white fibers
of warm-acclimated rats correspond closely with those previously
described by GAUthier (1969 and 1970). A direct;comparisonn
between the red and white fibers in the warm-acclimated rat

shows that the glycogen content is appafently higher inm the
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red fiber,-ih agreeméﬁt with previoﬁs observatione,tPeter et al,
1072; Gillespie et al, 1970; see Table 1). | |

As expected from the'histological,1ocalizgtioe of succinic
dehydrogenese the muscle fiber characteristicé'in the cold;
accllmated rat present marked alterations in ultrastructure
as can be seen in the figures 28l 29 and 30 In fact in the’_
red flbers (Flg 28Cs, 29C and 30C) the subsarcolemmal aggrega-

‘tIOFS of large, closely packed mltochqndrlgrare less cons-
picuous and less eiténsivelthan in/}he warm rat. There.is no

apparent reduction of the cristae,

The longitudinal rows

of mitoch_ondr’ia among the myofibrils ‘are alse affected; the \
rows are narrower and the mitochen@ria appear more numeroue.
The most marked effect of the coldgeeems‘td be on the paired
mitochondria at the 1 bandé; these}epparently increase in.
number, appearing more often and throughout all the fiber area.
In-the white'fiber (Fig. 28D, 29D and 30D) the effects“seem
to be even mere marked 'giving to the fiber an ultrastructural-

«;//appearance 51m11ar to the normal 1ntermed1ate,‘no aggregatlons
of mitochondria were observed but the palred mitochondria
at the I bands 1ncrea§ed in number appearing very often and
throughout.the whole area oﬁ'the fiber. Also it can be obser-
ved that.the abundant granules of glyc0geg present in the

" fibers of the.warm—actlimated rat'ere less conspicuous in the

fibers of thelcold—acclimated rats; this Ehange can be ob-
served very clearly in the red fiber.

In these experiments, a marked dlfference_between mito-

chondrla,of muscle of cold-acclimated rats and mitochondria
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Figure 28. Electrom micrographs of semitendinosus muscle from:‘

(A) ﬁarm—acclimated rat,red fibef. qusaréolemmai aggregations
of large, closely packed mitochondfia are conspicdous
and_extenéive'in this portion of the muscle.

(B) Warm-acclimated rat,whitg fiber. Subsércolemmal
aggregations of mitochondria are inconspicuous or
.absent.

(C) Cold-acclimated rat,red fibér- The subsarcolemmal
aggrégations of large;closely packed mitochondria are .
less conspicuous and less exten51ve than in the warm*
acc11mated rat. The most marked effect of the cold

- seems to.be on the paired mitqchondria at the I bands.
. These are smaller and more numerous .

)] Cold-acc11mated rat,white fiber. The effects of the
cold seem to be even more marked in this type of
f1ber. The paired mitochondria at the I bands are
increased in number appearing very often énd throughout

the whole area of the fiber.

1

Taken at 7000 X magnificﬁtion with the electron

. microscope: magnification in printing X 2.
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Figure 29. Eléctron' micrographs of semitendinosus muscle from:

(A) ﬁarm-acclimafed rat,red fiﬁer. Subsarcolemmal
| aggregations of large,closely packed mitochondria
are conspicuous. Cristae are'abuﬁdant and consist;
for the most part,of pafallel arrays of fenestrated
“sheets. éimilgrklarge mitochondria are closely
aligned to fofm‘longitudinal T'OWS among.myofibrils.
(B} Warm-accllmated Tat,white fiber. Subsarcolennml
1aggregat10ns of mltochondrla are - 1nc0nsp1cuou5
(C) Cold-acclimated rat,red fiber. The subsarcolemmél
loﬁgitpdinal rows of mitochondria are narrower than
in.the,warm-acclimatéd rat. |
tD).Cold-acclimate& rat,vwhite fiber. The effects of the
cold seem to be even more markea'ip this type of
fiber. Th; paired mitochondria at the I bands are

increased in number appearing very often and - throughout]

the whole area of the fiber;'

Taken at 15000 X magnification with the electron

mlcroscope magnification in pr1nt1ng X 2.
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Figure 29. Electron micrographé of éemitendindsus muscle from:

© (A) Warm-acciimatéd rat, red fiber,
(B) Warm-gqélimated rét, white fiber,
© Coldfé;climated rat, red fiber, )
(D) Cold~acclimated rat, white fiber.

Taken at 15000 X magnification with the electron

microscope: magnification in printing X 2.
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Figure 30. Electron. micrographs of qemiteﬁdinosus muscle froﬁf
' (A) Warm-acclimated rat,red fiber, ‘ {
(ﬁj Wafm-acclimatéd fat,white fiber,

(C) Cold-acclimated rat,red fiber,

- o (D) Cold-acclimated rat,white fiber,

| ~ See legends to Figures 28 and 2§'fbr description.

i o ) . : i

o . : ’ i _ Taken at 20000 x magnification with the electron .

g micToscope: magnification in printing X 2.
, |










" in the fiber charaCteristiCS and that this is due-princi-

of warm—acclimated rats was seen. The histological and elec-

51ze of the mltochondrla.

P ’ X A oy

tron.microscopic observations suggest‘that-alterations occur

pally to alteratlons in the m1tochondr1a1 populatlon of the

muscle frOm the cold-accllmated rats. The pr1nc1pal alteratlons

seem to be an increase in the number and a reductlon 1n_the

o)

ot

It Should be noted that these general 1mpre551ons are based

1

upon the study ‘of more than one hundred sections from dlffer—

ent blocks of tlssue from many dlfferent animals, not only -

‘the six which formed the groups in thls experiment but also

‘the control rats in the other experlments to be described in |

the. other Sections. Nevertheless, they remain subjectlve

impressions. It.would be 1mp0551b1e to present in this thes1s

_suff1c1ent photographs to. demonstrate clearly the appearance

of the many dlfferent aspects of the red’ and whlte muscle

fibers. No attempt was made to hake a quantltatlve ‘éstimation

of number and size of the m1tochondr1a from the electron

. mlcrographs because an adequate method 15 not avallable which

would permlt such a measurement in skeletal muscle. Several

stereoléglcal technlques provide a means for estlmatlng morpho-

. }’

logical indices, but these teéhnlques have been: used ‘mainly 1in

describing 1ntrace11ular measurements of cells with a random

~

'structure such as the hepatocyte (Loud, 1968; Weibel et al,,

1969; Lang and Herbener} 1972j* in a limited war they have been

extended to the study of heart structure (Herbener et al, 1973;

Laguens, 1971; Edington and Cosmas, 1972). However, the skeletal

‘
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o

muscle, because of its highly organrzed structure does not
permit the appllcatlon of these methods

Because of the subjective nature of the observatlons and
because of ‘the 1mposs1b111ty of presentlng all the photographs
taken or all the observat1ons made with the electron ‘micros-
cope another method was sought which would permit a quantl—
"tatlve estimation of the number and size of mitochondria in
muscle. Such a ‘method was found (Baranowlcz, 1972) .and its
use will be described in Part 3 of Section A,

~With respect to the apparent reduced amount of glycogen,
it seems poss1ble that .the increased activity of the sympathetlc
nervous system e11c1ted by the cold could account for this §.I.
observation in the muscle of the cold-acclimated rats (for _

reviews see Hlmms-Hagen 1967 and 1972).

2. Estimation of cytochrome oxidase in red and white muscle

from warm-acclimated and cold acc11mated rats.

a) Purpose of the experiment' As the electron mlcrosco-

'p1c observatlons 1nd1cated extensive alterations in the ‘mito-
chondr1a1 population in the muscle from the cold- -acclimated

rats but no apparent alterat1ons in the- crlstae it Was the
purpose of thls experlment to see from a b10chem1ca1 measu-
rement if the amount of mitochondrial inner membrane was altered.
Cytochrome ox1dase an inner membrane enzyme (Ernster and Kuy-
lenstierna 1970), was selected for th1s purpose because the

amount of thlS enzyme can be used as .an 1ndex of the -amount of

mltochondrlal 1nner membrane
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b) Descrlptlon of the experlment ‘The’ frozen muscle .

(from the preceed1ng experlment) was m1nced and homogenlzed 1h ) —_

0.25 M sucrose in 0.01 M Tris buffer pH 7.4. _The proteln con-

tent of the homogenate was measured and portlons of the homo- .

genate were rehomogenized with Lubrol. (0.3 mg/mg of protein) -
-'and dilutéd with 0.25 M sucrose in 0.01 M Tris buffer, PH 7.4,

so that the final‘ﬁrotein COhcentration was 1 mg/ml. This °
‘dilote, activated preparation was used for the meaeﬁrement of

i

cytochrome oxidase act1v1ty as described under Methods (Chapter
\

I11). , . | | P ~ )

' c) Results and dlscussmn Table VI shows that no 1ncrease ‘
in the spec1§9c act1v1ty of cytochrome oxidase was found in -
either the red or the white portlons of the semltendlnosus
muscle from cold- accllmateo rats in comparison with ghose from'
the warm-acclimated fats; Also it can be observed thet the
soecific activity of cytochrome oxidase of the red muscle is
more or less double that of the whité-muscle in both cold-

—acclimated ano worm-acclimated rats. This is. in close acco;o
with ‘the histological and electron microscopic observations )
of the mitochondrial content in both types of muscle.,
The lack of increase in the specific .activity of cytochrome
-axidase and the electron microscopic observation that the
amount of inner membrane of the muscle mitochondfie has not
ohanged indicate that.there is no inc;ease in oxidetive capacity
of skeletal muscle during cold—ac;limation.

It seems, therefore, that the change that takes place-in

.the muscle mitochondria under the stimulus of cold does not
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TABLE VI. Spec1f1c act1v1ty of cytochrome oxldase in :

semitendinosus muscle homogenates (red and whlte)
in warm- accllmated and  cold- acclimated rats.

Warm-acclimated Cold-acélimated
Red portion 1.185 * 0.134 1.001 + 0.127
‘ o
White'portion, | = 0.530 * 0.038 0.499 * 0.049 \

- The actiQity is expressed as: wumoles cytochrome ¢ 6xidized/
mg. protein. min. Means * SE. n = 6.
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1nvolve any alteration in total m1tochondr1a1 mass.
These results contrast with those of Hannon (1960) who
~-reported 1ncrease in. cytochrome ox1dase act1v1ty in muscles

]
from cold- accllmated rats,

t

3, Studies of isolated mitochondria from red and white

muscle from wafm—acolimatéd and cold-acclimated rats.

aj) Purpose of the'experiment' - To study the changes in ‘

the mltochondrla by a quantltatlve method which could give

"more reliable 1nformat10n about the number and size of the
mltochondrla W1thout the subJectlve error 1nherent in the. elec- IQ'..
tron micrographic studles. As was explalned above, because the
structure of the skeletal ‘muscle does not permlt the use. of | :
'stereologlc techniques applied to the electron m1crographs, it

was decided to count the mitochondria in o susbension of isola—

ted mitochondria using the method described by Baranowicz

(1972); as 'described under Methods (Chapter. III). Several

" biochemical parameters of these isolated mixochondria'hafe also

beenlstudied.

b) Description of the experiment: As the semitendinosus

is a relatively small muscle and the intention here was to
isolate énough mitochondria in order to count them and-perform
several biochemical. estimations a large number of }ats was used.
A total of 36 warm-acclimated (560.40 *+ 4.90 g) and 29 cold-
acclimated rats (404.90 = 5.60 g) were used. Both groups of

rats were living at their respective temperature of acclimation
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. for a periodbof approximately‘i-monthe Each/group of rat; was
subd1v1ded into 4 subgroups in order to repeat the experlment

4 times., The rats were killed and 5 g of each type of semi-
tendinosus - (red and white) were . collected from both groups of
rats. The m1tochondrla were isolated by the protease d1gest10n‘
procedure as described under Methods (Chapter III) (w1th half
the amount of ATP protease and total volume 1nd1cated) Cyto-'l
chrome oxldase act1v1ty'was estlmated 1n both homogenate and
final mitochondrial suspen51on 1n\order to estlmate “the recovery
in the suspension of isolated mltdchondrla of the total_mlto—

chondria present in the muscle.

c) *ults and dlscu551on. Table VII and Figure 31 show \
'the data obtalned in this experlment A.marked increase in “
the number of mitochondria perrgram of muscle eccurred in both
red and white muscle of.the cold-acclimated_rats: the increase
was larger in the red muscle. The size oﬁ,the mitochondria,
as indicated by the ptotein content per mitochondrion end the
‘CytOChrome oxidase activity pet mitochondrion, wasxreduced in
both red and white muscle. Thus the iﬁpression gaiﬁed from
tﬁe electron micrographs of a ‘'larger number of smaller mitochon—_
drie is confirmed by this more direct method. Despite the | N
greater numbet.of mitochondria per gram of muscle thereis no
change in the total ﬁitochondrial mase_of either red or white
muscle of{the‘coldfaccltited Ttat, as indicated by the similar
cytochrome oxidase activities'per gram of muscle and the
similar mitochondrial protein content per gram of nusc;e in

both red and white‘muscles. The specific activity of cytochrome
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oxidase activity of isolated mitochondria from red and
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’ ~oxidase in the mitochondria'ls also unchahged'by cold-acclima-
‘tion: .’h l |

As might have beeh expected the numher of mitochondria
per gram of muscle and the cytochrome oxidase act1v1ty per
.gram. of. muscle-were greater in red muscle than in white
muscle, in both warm-accllmated and cold accllmE?;d,rats. The
average size of the mltochondria, as indicated by protein con-
tent per mltochondrlon was similar in red and white muscles
'although the amount of cytochrome ox1dase per mltochondrlon
,and also the specific activify of cytochrome oxidase was slightly
less in the mitOChondria from white muscle. |

As a-summary of the experiments performed under the Section
A it can beﬁsaid that a marked_difference.between mitochondria
of muscles cf'cold-acclimated rats and mitochondria of muscles
of warm-accllmated control rats has been seen by u51ng a
comb1ned approach of hlstolog1ca1 ultrastructural and bio-
.chemlcal methods. Thls is the first time that such a dlfference
;has been observed. | o ' :
The priacipal,dlfferences seen are: _

i) a reduction in the‘aéze of the mitochondria but an

g increase;in mitochondrial number. The mitochondrial

mass perlgram.of muscle .is unchanged but the way |
in whlch it is distributed is altered
ii) a reductlon in the size of the' muscle flbers.

The distribution of fibers changes after cold-accli—

mation. White fibers appear to be replaced by

intermediate=~ fibers.
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Un11ke other adaptlve changes rn muscle mltochondrla (see

Sectlon H, Introductlon), there appears to be no increase . in

.the 1nner membrane, as. 1nd1cated by the 1ack of effect of cold-

accllmat1on on the ultrastructure of the cristae. In spite

. of the apparent increase 1n the number of red fibers the changes

in muscle mltochondrla that occur after prolonged exposure to

cold do_not involve ‘a maJor increase in oxidative capacity

Edington and Cosmas (1972), observ1ng the effect of training

on the m1tochondr1a1 51ze d;strlbutlons in’ rat heart, found

also a shift in the d1rect10n of smaller m1tochondr1a..rThey

suggested the exlstence of a mechanlsm which increases the sur-

face to volume ratio in response . to tra1n1ng which might pos—

_51b1y be an 1ndlcat10n of 1ncreased phy51olog1ca1 function.

) As the descrlbed changes that take place in muscle mito-
chondrla after cold-accllmatlon dlfg%iym:kedly from those
'descrlbed as a consequence of other st1mu11 wh1ch change muscle
function it is suggested that the changes observed in cold-
acclimation are due to the development of nonshivering thermo~l‘
genesis rather than to the initial period of shivering, how-
ever the experiments so far described do not allow ofie to dis-
tinguish between the.two possibilitiest

The changes observed in muscle mitochondria of cold-
accllmated rats- are dlfferent from ‘the changes known to occur -
in brown adipose tissue of cold accllmated TRLS . The brown
adipose tlssuelgrows and at the same time acquires more and
larger mitochondria'uhich have an increased number of cristae
and a higher specific activity.of respiratory.enzymes (Suter,_

-
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‘1969; Skala et al 1970 Barnard 1969 Llndgren and Barnard
1972) . Muscle, on the other hand, - does not grow. Although
- it acquires more mltochondrla .these m1tochondr1a are smaller
and have an unchanged spec1f1c act1v1ty of resplratory enzymes.'
The total m1tochondr1a1 mass 1s increased in brown adlpose \
tlssue whereas in muscle it is unchk@nged. The lack of signi-
flcant changes in the ultrastructure of liver mltochondrla
(Xim, 1967) during cold—accllmataon suggest “that adapt;ve changes
take place only in those organs where nonshivering thermo-
genesis occurs'(namely, muscle'and brown, adipose tissue)'
‘The dlfferences between muscle--and brown adipose tlssue in
" the adaptlve cganges induced by cold accllmatlon in: the1r mito- g!l
_chendrla suggest that the mechanlsm of nonshlverlng thermo-
éenesis may be ddfferent in these two tissues. It is not known
in what way the changes observed in the muscle mltochondrla
ml‘ht contrlbute to or control the mechanism of" nonshlverlng
thermogenesis. |
Sectrén B. ﬁSE OF OXYTETRACYCLINE TO PREVENT THE DEVELOPMENT '
OF THE ADAPTATION’FOR NONSHIVERING THERMOGENESIS AND
‘TO REVERSE THE ADAPTATION AFTER ITS DEVELOPMENT#
CORRELATION WITH BIOCHEMIQAL PROPERTIES OF BROWN: ~/‘

4

ADIPOSE TISSUE, MUSCLE AND LIVER.

ot
-

a) Purpose &f the experiment: It was indicated in the;g:
Introduction that'inhibition of‘mitochondrial protein synthesis

with oxytetracycline inhibits the'development of the enhanced

response tofnoradrenaline~dnduced‘py'cold—acclimation (Himms -

’
N . . .
- ] <o



‘Hsgen, i971) ‘These experlments were de51gned to find out
_whether 1nh1b1t10n of m1tochondr1a1 -protein synthe51s with
'oxytetracycllne can reverse the enhanced response to noradre-.‘
nallne when 1t‘has already developed durlng cold- accllmatlon
'and whether the 1nh1b1t10n by treatment with oxytetracycllne
of the development of the enhanced response. durlng cold- acc11-
'matlon is rever51b1e when the treatment is stopped. These ex-
. periments are prellmlnary to ?hose described in Sections C and

D in which the effect of oxytetracycllne on the 1ncreased num-

ber of mitochondria in muscle of cold- accilmated rats w111 be

descrlbed - - ] I

" b) Descrlptlon of the experlment 63 male rats weighing

80-90 g were’ kept for 5-9 days in groups in large cages at room
temperature (25-28 C). They were rhen divided 1nt0 two groups;.
Group S: 154.67 + 2.18 g (30 rats) and Group T: .168.48. % 1.89 g.
. (33 rats) ) Rats of Group T were 1n3ected 1ntramuscularly in t
both 1egs w1th oxytetracycllne twice a day as 1Pd1cated in
Methods. The total dose per day was 200 mg/kg durrng the first
week; for the rest of the experiment thehdose was increased to
300 mg/kg Some of the rats from Groups S and T. (5 rats from
each group) received an 1nfu51on of noradrenallne on the day

of the first injection; these rats,are referred to as zero time
rats. The remainder of the rats from Groups S and.T were placed
in ‘individual metal cages in the cold room (4°C) 'After these
rats had been in the cold contlnuously for 2 weeks, sreceiving

' 1nJect1ons twice daily, they were transferred to room tempera-

157,
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N

P

~ture (5 rats from Group S and 5 rats from Group T) after a

DJ\
9 P.m. 1n1ect10n. They were. reanected at 9 a.m. the follow1ng

; mornlng and 1nfused w1th noradrenallne on the same day, these
rats re~referred to as. week 2 rats. The remalnder of the
_rats from Groups S and T were malntalned in the cold At
‘week 2 for some of the rats from group T (10 rats) the treat-
' ;ment w1th oxytetracycllne was suspended and replaced by saline
injections (this group is referred to. as TLS) Some of*the'

v

rats from the Group S (10 rats} were treated at thlS time with

oxytetracycline (300 mg/kg); this'group is referred to as S-T
‘Subsequently the. rats fiom the four groups (S T, S- T and T- S) ‘
_remalned in theﬁeoid\i‘r a thlrd week At the end of the -week :’
. 3, 5 rats from each otM.the four groups were transferred to TOOm |

-

temperature after a'9 P

v

.ranectlon and treated as descrlbed

for those of week.Z. The‘remainder of the'rats of the four'
groups were malntalned in the cold for ‘another week (week 4)

at the end of whlch .all were transferred to room temperature

g after a 9 p.m. 1n3ect10n and processed as described prev1ously..’
h In allicases 1mmed1ate1y after the noradrena11ne 1nfu51on
:'the rats were k111ed the organs‘removed welghed and stored

.frozen. Later they were . treated ‘as. was. 1nd1cated in Methods h

_’_‘___.H--r-—"' T T e e ——

o (Chapter III) ' o i

-

c) Results and' dlscu551on Table VIII and Flgure 32 show

:the Falorlgenlc response to noradrenallne. The expected 1n-f
cr:Zse 1n the calorlgenlc response to noradrenaline was ob-

ed~ih. the §allne treated rats (Group S) -after 2 weeks rn |
o : i
_tHe cold, remalnlng at thlS hlgh level at week=3 and 4 however, '

1) J:" - -

B 5

' . ! . Lt - ' . ' . ]
. o o= - .ot . . AL
P : A . . !
Lt . . e . .
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- Total increase in oxygen uptake during a ‘30 min
intravenous infusion of noradrenaline before and
fter 2, 3 and 4 weeks of cold exposure with and
&\thout oxytefracycllne treatment..

TABLE VII

‘ S\Hw_ - ml 02/100 cm2.30 min.
Week 0.
Group S* (n= 5) e 15.10 £ 1.80
Group T* (n=5) ‘ ~ 18.44 + 3,70
P {Svs T ' " \ NS, -
Week 2. ‘ o -
Group S (n=4) . . 55.03 + 5.70 i
Group T (n=3) - 28.70 * 3.10 )
P (S vs T) ) N T <0.020 .
Week 3. ' ' _ ' . o
Group S (n= 5) ’ ‘ - 50.72 % 1,24 ' ,
Group T (n=4) o 30.34 = 5.20- . : ‘ ‘
Group S-T*. (n =5) . 41.24 £ 2,46 ‘ o
- Group T-S* (n=4) . =~ ' o 58.00 £ 3.70 SR
P (Svs T) : S , <0.005 X
P (S vs §-T) . * S <0.010 . -
P (S vs T-8) , N ’ - " NS.
" Week 4. T : : _
Group % (n=5) I ‘ 55:20 % 2.60
Group T '(n=5) . o 28.70 £ 2,23
Group S-T (n= 4 ‘ 39.20 = 1.37 ,
Group T-S {n= 4) 65.90 + 0.60 ‘
P (S vs T) ; o <0.001 '
P (S vs S-T) |- ' . ,+<0.005 '
P (S-vs T-S) L . ' - <0,010
—— —— — ';ﬁ:{ . - | ~

Means # SE. : |

* The follow1ng symbols are used: S: rats injected daily.

.. With saline for the time indicated; T: rats 1nJected
daily, with oxytetracycline for the tlme indicated; ~S-T:

' rats injected daily with saline for two weeks, then daily

- With oxytetracycline for an additional one (week 3) or'two
(week 4) weeks; T-S: rats 1n3ected daily with oxytetra-

cycline for two weeks ‘then daily w1th saline for an addi-

tional one (week 3), or two (week 4) weeks.. These same’

. symbéls are used in Tables IX - XVII -For further detalls‘a

see text. ‘ , > o
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~ Figure 32. Effect of oxytetracycllne adm1nistrat10n during accllmatlon
) to cold on the calorlgenlc response to noradrenal1ne .
During the first 2 weeks ,rats were injected thce daily
-either with'éaliﬁe or‘okytefraéycline. The oxytetracycline
’ preatmént was continued for #he remaining 2 weeks in some -
- of the oxytetracycliné—treatéd’éats (7). .During'these last’
‘ 2 weeks the dose of oxytetracycllne was. 1ncreased by 50%.
-'_ | " Other rats which had been treated with oxytetracycline for
e First 2. weeks were treated with saline for the last 2
weeks (T-S8) . Some of the rats that were’ treated with //»»\‘J,
saline for the'first 2 weeks were further treated with .
saline during the last 2 weeks (S); other saline-tfeated
rats were treéted‘with oxytetracycline during the last 2

weeks (8-T).



the increase was very much smaller in the oxrtetracycline-
treated rats (Group T) Thus, treatment Wlth oxytetracycline
1nh1b1ts the development of the enhanced calorigenlc response
to. nqradrenaline durlng 2 or more weeks of adaptation to cold.
This resulﬁfis in accord w1th those of Himms-Hagen . (1971)

When the treatment ‘with oxytetracycline was started after the
dévelopment of the enhanced calorlgenlc Tesponse had occurred

a marked reductlon in the metabolic response was observed,.

indlcating that the malntenance of the adaptlve state is ;} 0"
S

" “inhibited by the treatment with the antibiotlc (Group S T at
- week 3 and 4)'E On the other hand, if the treatment. w1th the
antibioti¢ was:suspended after 2 weeks the rats exhibited a rapid'

1ncrease in the metabolic Tesponse to noradrenallne within one

‘. week after stopping “the treatment (Group T- S), 1nd1cat1ng that

the 1nh1b1tion of the development of the mgtabolic response
to noradrenaline is readlly reversible. .

- The treatment with oxytetracycline_in rdts undergoinﬁrcold-
acciimation had no significant effect on'the grkgth of the rats!
at wéeh 2, In fact only a slight deereas@ in body weight was
- observed, Wthh was not statistlcally 51gn1f1cant (Table IX)
However 1f the treatment is continued for 2 extra weeks (weeks
3 and 4) the rats stop grow1ng normally and in some cases : !
they lose weight and die.. It should be 1nd1cated here that Ihe
experiment was'desiéned in order to have 5 .rats ggrﬁgroups,;
but as can be seen an all the tables of this section, thlS is
_Mnot the case because some r%ts diedhdurlng the period of acc1i~
mation or during the norad;enaline 1n£us1on. Therefore, in ‘the

-
1
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TABLE IX. Body -weights (g) of rats after 2, 3
- and 4 weeks of cold exposure with or

without. oxytetracycllne treatment.

i

WEEK 0. - !

'6.33

*'Symbéls are the same as in Tab

¥

Group S* (n=5) _ . 148.00 +
Group T (n=5) - [ 7 159.00 £ 2,92
P (SvsT) . N \ NS.
. WEEK 2. f :
Group S (n=4) 225.00 £ 6:49
"~ Group T (n=3) o 197.30 + 13.50
P (S vs T) / " NS,
L :
WEEK 3. k - ,
Group S (nis): - 23840 = 7.74
Group T (n=4) / : . 175.25 % 13.26
Group S-T (ﬂ=5)/ 1195.00 = 13.26
Group T-S (n=4) . 234.25 £ 10.90
P (S.vs T) <0.005
P (S vs S-T) <0.025.
P (S vs T-8) | NS.
. TN
WEEK 4. ‘/,\ v
Group S (n=5) 278.80 + 11.87
roup T (n=5) 187.80 + '6.12
“Group ST fn=4) '209.80 % -11.70
Group T-s/{n=4) 285.80 + -8.45
P (Svs'T | <0.001
P (S vs §-T) : ' <0.005
P (S VS-T-S) NS.
) , h ]
!
Mean i_SE. B

qi vIII

4

g
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tables are 1nd1cated only the number of rats which survived

all the stages of the experlment Table IX also shows that

) when partlally cold- accllmated rats (Group S week 2) were

~ week 3 and 4) | . . ’

[ SR RS VTN

treated w1th oxytetracycllne for one oT two weeks tGroup S T
week 3 and 4) the rate of growth decreased. On the other hand,

when the treatment with the antlblotlc was suspended at week

2 (Group T, week' 2) and replaced by saline 1n3ect10ns the

somewhat lower rate of growth of these rits qulckly 1ncreased
and equallzed the rate of growth of the Group S (Group T-S;
L1ke the-body weight, the welght and proteln content “of

tissues under study (1nterscapu1ar browrd adlpose tassue, see

.Table X; skeletal muscle,.see Table XI' and llver‘ see Table.

XII) were. not significantly affected after two weeks of treat-

ment, only after 3 or 4 weeks some 1nh1b1tory effects of

the antibiotic can be seen. ‘ In all cases. no significant dif-

ferences were found in the amount of protein per unit weight

“of tissue. The usual and marked-increase in wet weight and

.total protein 6f brown. adipose tissue occurred in response to

cold in both saline-treated and oxytetracycline-treated rats -
a . . , ' B
(Table X). Muscle and liver growth was more or less unaffected

until week 3. It .seems therefore that the treatment with oxy-

tetracycline does not affect substantlally the cytoplasmlc pro-
tein synthe51s in the organs under study.
On the other hand the m1tochondr1a1 proteln synthesis of

brOWn adipose tissue was altered 51gn1f1cantly by the treatment

with oxytetracycline during the“cold-acclimation.H_Figyrpm§§ﬂW_”,"

i
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and ‘Tables XIII and XIV show that a large 1ncrease‘1n spec1f1c
act1v1ty of cytochrome oxldase occurred after two weeks of
:cold accllmatlon (Group S), the spec1f1c act1V1ty remained
hlgh dur1ng weeks 3 and 4 (in both homogenate and 1solated
mltgchondrla) No such increase in the specific act1v1ty of
‘cytochrome‘oxidaseuwas seen in the interscapular brown adipose
tissue of the oxytetracycline-treatEd rats . (Group.T). It ;
shouldybe noted that’ when the partially cold- accllmated rats
(Group S, week -2) were treated with the antibiotic for 1 or 2
weeks (Group S-T, weeks 3 and 4} the spec1f1c ‘activity of hi Q'..
cytochrome oxldase ‘was markedly reduced. In contrast, when a
theg%reatment was suspended (Group T -5, weeks 3 and 4) the en- N -
zyme increased 1n_act1v1ty (see Fig, §§ and Tables XII and XIV). | i
Thus,5although the»growth.otwthe_interscapular brown adipose |
tissue in response .to exposure to cold!is not altered by oxy-

tetracycline, the increase in amount o a specific mitochon--

drial inner membrane enzyme, cytochrom oxldase is inhibited

. .-1\4_(

by the antibiotic. _
Another change‘in the brown adipose| tissue, the.increase
._1n spec1f1c act1v1ty of rotenone~ sen51trve NADH- cytochrome c
reductase (Sottocasa et al, 1967), another inner membrane en-
zyme,'was also prevented by the.antrbiooic (Table X1ivy. ! As in

the case of cytochrome oxidase, the inhibition'Was observed

when the treatment with oxytetracycllne was started after the

rats were part1a11y cold-acclimated and the ‘inhibition was re-

versed when the antibiotic. treatment‘was suspended Table XIV .

PEERES e

“also shows -the- 1ncrease in the spécific activity of rotenon@— -

J
e
H

P e —
A

- ‘I'



insensitive NADH cytochrome C reductase, an outer membrane
enzyme (Sottocasa et al, 1967}, ‘which was, not 51gn1f1cant1y
inhibited by the oxytetracycllne treatment - The  lack of inhi-

b1t10n of this enzyme couldln expected, dué to the fact "that

the outer membrane enzymes are: made on the cytorlbosomes and !

the mltochondrlal proteln synthe51s has nothlng to do with its
synthe51s (for reviews see Rab1now1tz and Sw1ft 1970% Ashwell
and Work, 1970; Beattie, 1971). . ", C

The total amount of cytochrome oxidase in 1nterscapu1ar
brown adipose tissue (Table XIII) was 1ncreased more than four
times by weeks 2-3, and‘almost 6 tlmes by week 4 of cold-
accllmat1on in the sallne treated rats. Thls 1ncrease‘was due
to 1ncreases in both the total amount of tissue and the amount
of enzyme per unlt;of weight of tissue. -ThlS increase in total
activity of'cytochrome oxidase was markedly inhibited at weéek

2, 3 andh4 in .the oxytetracyclinentreated rats. The smaller

increase in total activity observed at week 3 and 4 is probably

. due to the increase in. s1ze of the tlssue

From these experlments ‘it can be concfuded that although

-
the growth of the 1nterscapular brown adlpose tissue durlng

cold -ac¢limation is not altered by oxytetracycllne, the increase

in amount of inner m1tochondr1a1 membrane as 1nd1cated by
the 1ncreases in cytochrome OX1dase and rotenone- sensitive
NADH- cytochrome c reductase, is- prevented presumably by the

h_actlon of,the antlblotlc to 1nh1b1t m1tochondr1a1 proteln syn-

over, if the inhibition is started only aﬁter theilncrease'ln
) _ :

It

8

e —
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the51s.‘ The 1nh1b1tory effect is read11y rever51b1e;e~More-"”“r
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Figure 33.

CYTOCHROME OXIDASE 1N 18AT

£ SPECIFIC ACTIVITY .
E 12} \ ' "
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;8= SALINE
T=OXYTETRACYCLINE

3 .

WEEKS AT 4°C

Effect of oxytetracycline on the specific activity of

cytochrome oxidase of interscapular brown‘adipose

tissue (IBAT) dufiﬁg 4 weeks of cold exposure, For
. further details see legend to Fig.32.
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TABLE XIII. Specific activity and total cytochromé oxidase
- activity in homogenate of interscapular brown
adipose tissue before and after 2,3 and 4 weeks

- of cold-exposure with or without treatment by
- ' oxytetracycline. : - _ -

]

. ,  Specific activity' Total activityt
WEEK 0. : - | o
Group S$*(n=5) o §5.94 +.0.54 , 139.96 + 25,08 -
Group T(n=5) = ~™7.16 % 0.36. - 168.56 &+ 9.5g
P(S vs T) - . 'NS. o - Ns.
WEEK 2. - ‘ : | e | H J
Group S(n=4) 11.28 + 0.82 . ¥ 622.56 £ 29.72 - '
Group Tfn=3) - . 4.44 £ 0.40 153,56 + 42.02 ~
P(S vs. e <0.005 o . '_<0?905'
Group S(n=5) ©10.20 £.0.50 . 614.86 +-71.58
Group T(n=4) 4.32 + 0.42 263.02 £ 48. 08
Group S-T(n=5) 5.56 + 0.56' 357.64 * 39.3
Group T-S(n=4) 7.10 + 0,94 | 484.44 * 64.%
P(S vs T} - ©f <0.001- . <0.001 ‘ .
P(S vs S-T)- S <0.001 -~ <0.001 .
P(S vs T-S) . . <0.050 . © <0.050 \5\\\‘,
WEEK,4. e
Group S(n=5) - ..10.88 = 0.42 . 781.80 .+ 45.52
Group T(n=5) T 4,78 £ 0.90 .. s+ 275,18  37.78
Group S-T(n=4) . 5.96 + 0.42 T 373,08 x 64.74
Group T-S(n=4). .  8.78 = 0.66- - "~ 769.94 * 50.10
P(S vs T) | <0.001 - < <0.001 .
P(S vsfS-T). <0.001 .<0.001 - |

P(S vs T-8)" <0.050 oo . NS.

Meah§ i,SE.

1'Spec1f1c: act1v1ty umoles cytochrome c ox1dlzedfmg proteln min.
- Total: umoles cytochrome c oxldlzed per min~ by total organ.

*Symbols are the same as in Table VIII. . .o -
- [l A ' . ,5&-'4:
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' amount of mitochondrizl inner mbmbraﬁe “has occurred, a-rapid L
. - N . 2R
o . . ot \ ;'J'_f -
-~ -.__reduction in amount occurs, 1nd1cat1ng that a very rapid turn—-f
e i o
over of these~prote1ns occurs 1n the mltochondrla in the . J '

o T me—

In skeletal muscle, the spec1f1c act1v1ty of cytochrome‘

—_

oxidase remainsgpnghanged or decreases_sllghtly in the saliﬂe-

b

. - T T . ., ) 0 .
treated rats during the 4-=week period of cold~acclimation and
it is-not significantly altereﬁfbyxihe treatment with'oxytetra—-
cycllne except at week 4 (Flgure 34 and Tables kV and XVI).

- Like cgtochrOme oxidase- act1v1ty rotenone sen51t1ve NADH cyto—‘

‘_-““- .
chrome c reductase was, not 1nh1b1ted*by oxytetracycllne at = e e

-</ week 2, 3 and 4. Also in muscle the rotenone 1nsen51t1ve

-

enzyme was not 1nh1b1ted in the orytetracycllne treated rats

(Table RVI)a‘ The total amount of cytochrome oxidase 1n ) e\\ ..
muscle of the saline-treated rats (Table XV) during the perio@\\\_

of cold-acclimation remains elmost‘unohanged; only a small. : .

’.

increase was observed which can®be attributed to the increase

in tissde'size. On the otheér hand, in the oxytetracycline-

o

_ treateo Trats the total'amount_of the enzyme in the muscle was

signﬁfioantly reduced at week 3. dnd 4, a decrease which can be

attrlbuted to a decrease in the concentratlon of enzyme at week 4

~and to the slower rate of growth of $he rats In liver the
, 8

5}
spec1f1c activity of cytochrome okiddse of the saline- treated

rats remains unchanged durlng the 4-weeks cold- accllmatlon

perlod but the treatment W1th the antibiotic causeé a‘very
o / e
marked inhibition at week 2, 3 and 4. It seems that the dose
. / .

.._of:oxytetracycliﬂe;used in this experiment hasﬁan inhibitory

’

y . ’ . . . %
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cold on the specific activity of
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,.
'TABLE XV. Spec1f1c and total cytochrome oxldase activity
Y Fonogenate -of muscle before and after 2, 3
. and 4 weeks of cold- exposure.w1th or w1thout i . '
e . oxytetracycline treatment. - -
t + :

Specific actiﬁity Total activity

I .
WEEK 0. -~ . °° o dié/f o
'Group S$*(n= 5) — 0.93 = 0v09 12616.92 + 1126.50
Group T{n=5) - . 0.97 & 0.12 12271.62 % 1487.22
P(Svs T) -~ = __ NS, i : ©ONS. )
WEEK 2. ' : \ T :
Group S(n=4) ' 0.86 = 0:14 15116.38 £ 2514-.50
Group T(n=3) 0.55 + 0.12 8919.46 * 1067.66 -
P(S vs T) o - NS." - : NS.
WEEK 3. _ o '
Group S(n=§) 0.64 % 0.09 11828.16 *+ 1763.84
Group T(n=4) : "0.50 = 0.03 6945.86 + 598.00
Group S-T(m=5) . 0.45 = 0.07 7202.22 + 1460.02 "

: Group T=S(n=4) 0.57 + 0.09 . 9901.04 + 1670.48
P(S vs T) : . NS. _ <0.050

5 P(S vs S-T) ] + NS. _ - <0.050
P(S vs T-5) ' NS. . : NS.
WEEK 4. 2 . . - e
Group S(n=5) 0.72 + 0.06 15762.00. + 877.18
_Group T(n=5) . 0.35 + 0.06 . '5295.28 + 867.48
Group S-T(n=4) . 0.50 + 0.1l © 7600.28 * 1191.96
Group T-S(n=4) " o . 0.48 £ 0. 05 0643.18 = 484.24

~._ P(S vs T) ‘ <0.00 <0:001
~P(S vs S-T). - . . NS. . <0.001
P(Svs T-S) : <0.025 co <0.001 s

\ . ‘

Means * SE.:

TSpecific éctivity, pmolés~cytochrome ¢ oxidized/mg Rrotein .min.
Total; pmoles cytochrome C oxidized per min by total organ

For the calculations it is assuiied_that-muscle nt 43. 3%
of body welght (Heroux, 1958)
*Symbols are the same as in: Table VIII -
\
™~
N
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TABLE XVII. Specific and total éy%ochrome oxidase activity |
o in homogenate of liver ‘before and after 2, 3 |

and "4 weeks of cold ekp&sure-with or without

oxytetracyéliné_tiéatmenﬁ\ ' '

~

LA ’ .
Specific activiﬁyf x Total activity+
'WEEK 0. - ! , S g - -
Group S*(n=5) | 3.65 + 0.10- £ 4269.30 + 190.42
Group-T(n=5) - 2.94 + 0.22 ' 3872.28 & 322.22
P(S vs T) g <0.020 g ' NS.
. : t
WEEK 2, - : \ ~ . S
Group S(n=4) 3.76 + 0.25 - .7990.82 + 388.02
“Group T(n=3)-. 1.56. % 0.10 - 2761.46 + 273.04
P(S vs T) ' -~ ~ <0.005 ‘ .. <0.005
WEEK 3. . - - ' L. L -.__".” \ .
~ Group S{n=5).. ‘ 3,38 + 0.20 : §479.02 = 344.54
. Group T(n=4) 1.39 ¢ 0.17 2129.04 + 337.96
Group $-T(n=5) 1.71 = 0.14 | 2770.50 * 110.54
Group T-S{n=4) ' 2.26 £ 0.12° - ° P 4605.90 £:315.16
P(S vs T)~ ' <0.001 - 3 , <0.001 )
P(S vs S=T) o, <0.,005 - - <0001
P(S va-TsS) ©oLow0.010 LY oL <0.005%
WEEK 4. A - ‘ -;\\'
" Group S{n=5) ., . 2.0%3 £ 0.11 <, ... 7118.24 % 505.48
Group T(n=5) -  "0.94 £ 0.08 . 1667.24 * 206.48
. Group S-T{(n=4) Jo1.21 % 0.100 0 243%2.92°'£7°273.70
_ Group T-S(n=4) . 2 o1 +r0 107 . 7930.74 2 343.02,

. P(S vs Ty -7 N _ . <0-001. ., <0.001" N
P(S vs S-T) . © '<g.001 - B C<0.001 - - N\
P(S vs T-S) -~ * 'NS. . NS .
- T o . - ’ - - \\ ‘ \
. - L A -‘ ' \‘\.
Means * SE. SR /

~rSpecific activity; umoles'cytbchrpme oxidi;é VMg protein.min.
Total: umoles cytochrome C oxidized per min By‘totgllorgan.

-

*Symbols,afe the same as;in‘Téble VIII: . - S
e, S {'
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effect on the protein'synthesis of liver'mitochondria. It

1 should be’ noted that when partlally cold- accllmated‘rats'
(Group S, week 2) were treated w1tﬁ ‘the antibiotic. fdr lor 2
weeks the cytochrome ox1dase act1v1ty is also reduced (Group
S-T, weeks 3 and 4) (see Table xv11), and that when the treat—
'_ment was suspended (Group T, week 2} the cytochrome ox1dase
| act1v1ty is - restored to normal values (Group T-S, weeks 3 and
4);2 The total amount of cytochrome ox1dase in liver was in-
creased almost 2 tlmes during the flrst two weeks of cold- \
exposure in the sa11ne ~treated rats (see Table XVII) and remains \
unchanged at weeks 3 and 4, but this 1ncrease is due only to :
the 1ncrease in the total amount of tlssue because the concen- \
'tratlon of the enzyme rvemains the same. In the’ oxytetra-
cycllne -treated rats the total amount of cytochrome oxi-
dase in liver was decreased at week 2 and more markedly at
weeks 3 and 4; these’ decréases can be attr1buted to the decrease
in enzyme concentration and.also to the slight decrease in the
organisize at week 3.-and 4. |
Thus, the 1nh1b1t10n of m1tochondr1al proteln synthesis by
oxytetracycllne treatment appears to be more spec1f1c for brown
.adlpose tlssue,ln which. rapld proliferation of . the mltochondrla
occurs during coldwaccllmatlon. However it can be expected
‘that the treatment wouyld also inhibit mitochondrial proteln «
synthesis in all the'tissues and this inhibition may not he
detected by measuring cytochrome oxidase and NADH-cytochrome c
- reductase (rotenonefsen51t1ve). In fact the fallure to detect

inhibition of cytochrome oxidase«in muscle can be due to the



_ldék of change in the mount of thls enzxme durlng cold acc11ma-'
t1on The cbnstancy of thls enzyme 1n muscle during cold-
'accllmatlon Was prev1ously demonstrated in Sect1on A The‘

7‘511ght 1nh1b1t10n observed at week 2 could be due to the occur- C

rence at this tlmehof major changes.in the mltochondrla ‘which

] .

could affect in some way, not the. amount of the enzyme but.its

-

-stability or activation or band; g t0'the'membrane;_when the

\

-changes have stab1llzed the enzyme may be no longer su;ceptlble

[}

"to 1nh1b1t10n which can explaln the 1ack of 1nh1b1tlon by -_'
the antibiotic at week 3’ ‘and £. | \

That m1tochondr1a1 proteln synthes1s is related to the - e

: development or/and the malntenance of nonshlverlng thermogene51s

can be found in the fact that its inhibition by oxytetracycllne

also inhibits the develdpment and malntenanee of - the enhanced -

calor1gen1c response to noradreﬁallne. By compar1ng d1rect1y F1gure.

33 w1th F1gure 32 it can be observed that when mltochondrlal

protein synthe51s is inhibited durlng acciimation. to cold

(weeks 0-4) the development and malntenance of the enhanced

response to noradrenallne is also inhibited in the same- group -

of rats (compare Group T week 2, 3 andoa, with group §). These

résults are ‘in close accord with those of'Himms-hagen (1971?)‘ ‘f
'On the otHer hand, when the ant1blot1c‘was w1thdrawn after ’

two weeks of treatment durlng cold- acc11mat10n the m1tochondr1al

protein synthesis "was resumed and -the-. metabollc response to

noradrenallne‘qUickly enhancedfto normal values._ 1f [the 1ncreased

m1tochondr1a1 prote1n synthesas 1s flPGt allowed to gecur

/
(Group S, week 2), subsequent treatment w1th the ant1b1ot1c

causes a rapid dlsappearance of the extra cytochrome “oxidase

e
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activity and also the elevated calorigznic response to mora-

’ dren;line dreebpears rap1d1y (T-S, wee

%

3 and 4). _

R 1t can be suggested then that as a part of fpr related .
- L I

; to the mechanlsm of nonshlverlng thermogene51s, 4n acceleratlon

1n the synthes1s of mltochondrlalproteln takes plaCe durlng', ..,:

chd accllmatlon and 1s associated with the development and,

&

thermalntenance of the enhanced response to noradrenal1ne

indu _"by cold- aec‘.luhatlo‘i\g These results, togeth;g w11ﬁ ’

eckl and Himm -Hagen (1971) and Hlmms Hagen

. \ :
(1971), suggest that actelerated synthe51s of mrtochondrlal )

prdteln might ocCur 1ﬁ assoc1at10n w1th the developm t andf;u
N v \:‘_}
the main enance'ofxthejjpld aggllmated state.

4

«L
’

<
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Section C. MORPHOLOGY AND BIOCHEMIGAL PROPERTIES OR MUSCLE - - &
MITOCHONDRIA IN FATS IN WHICH THE AB&?T;TION FOR,

NON-SHIVERING ‘THERMOGENESIS 1S PREVENTED BY
| OXYTETRACYCLINE. .. - A B

.oa

"a) Purpose of ‘the experlment To find out. whethér-the

1ncrease -in number and decrease in size of muscle mltf
in cold—accllmated rats occurs 1n association with the develop—
~ment of the capac1ty for nonshlverlng thermogene51s (enhanced
_ metabolic response to noradrenallne) or occurs as a consequence
of shivering. The development of the capacity for nonshiyvering
thermogenesis:will be 1nh1b1ted with oxytetracycllne, as

descrlbed in Sect1on B and the effect of th1s treatment on the

/
.'

usual 1ncrease in number and decrease in ‘size of muscle mlto-
"E ' ’ ! ‘ / X '
- chondria observed. - o :

. “ - _' * . . . .;

’ . : i ' i - :
‘ ‘ ‘ . - / (”
4 e . I .
- ) . - - T ’ -



~ +and back of each rat were taken for the. 1501 tion of mi

180. o -
- = o SR .
) Description of the experiment: Thi

experiment is essen-

tlally similar to/the experlment descrlbe in Section ﬁ-of‘
thlS Chapter w1th the exceptlon that the\rats underwent ‘cold-
\ %

acdllmat1on for a per1od of. only 2 weeks; esponding

"‘”group of warm—accllmated rats was alsb stud'ed’ _Instead of

follow1ng the calorlgenlc response to noradrenaline as ar¢ index
J cold adcllmatlon (as descrlbed in Se tion B) the number and
éfze of muscle mltochondrla were ‘mea red.

32 Male rats were dlvided in 2 groups of 16 rats each, .
warm~acoﬁlmated 136, 75 2 40 g, and cold- accllmated 140.00 +..

" 2. 72 g. . Both groups were . subd1v1ded in 2 subgroups' warm, \

g Group S (8 rats), warm, Group T (8 rats), cold Group S ( 8

f

o rats) and cold Group T ( 8 rats).  The rats remalned at thelr

resﬁectlve temperature of acckﬁmatlon for 2 weeks rece1v1ng .
“saline ;nject1ons (Groups ) or oxytetracycllne 1n3ect10ns-
(Groups T). The dally\t a1 dose of oxytetracycllne was .200
mg/kg (g1ven in two doses). '

-From each group, 3 rats_xere used for the hlstologlcal
and electron mlcroscoplc studies and the. rest of the rats were
used for ‘the 1solatlon of/%%:ochondnla from about 10 g of
mixed muscle. Because 1t-&as not fea51b1e to use a sufficient
'numb;\\éf rats in this experiment in order to‘isolate mitochon-
drla frJﬁ the ‘red and whlte portions of the semitendinosus, it
was decided to use. m1xed muscle 1nstead of studylng red and B

-

white muscle separate y. About 10 g of muscle from the legs




. L TR

c) Results and dlscu551on. The h15tochem1ca1 demonstratlon

. of succ1n1c dehydrogenase showed that the gross appearance
of the flbers of the sem1tend1nosus muscle were not affected .
s1gn1f1€antly by the treatment with ox;tetracyclrne in the
warm—accllmated rats.' On the other hand all the changes in  _
- the gross appearance of the ‘fibers (reductlon in size of the
fiber, 1ncrease proport1on of red f1ber5, transformatlon of
white flbers in 1ntermed1ate type) which occurred in cold-accli-
mated rats»(Groﬁp §) were prevented by the treatmeaf wrthloip;
tetracycllne (Group T).

. The electron mlCIOSCOPIC studles revealed a marked effect
‘on the ultrastructure of the mitochondria of the partlally ‘ Ql.
cold ~acclimated rats treated with the ant1b10t1c.. Figures 35,
36, 37 and 38 shown representative electronmicrographs of red
‘and white semltendlnosus muscle from sa11ne treated and oxy—
: tetracyci;ne-treated warm-accllmated and coldﬂaccllmated rats.
| No 51gn1f1cant effect of the antibiotic. treatment on the

-
'ultrastructure of red or white muscle of warm-accllmated rats

ures 35, :nd(ff//;empare C with A and D with B,
,///gglx”a"ew mitochondria appear to be affec-

ted. In ge ral the mltochondrla conserve their organizatilon

was observed,( i

in each Flgur

e cristae are‘normal.

L
less marked -in the sal1ne treated rats than had- been observed

Thepnnga; changes‘due to the acclimation to. cold were
prev1ou51y (Sectlon A). Th1s is probably because the perled
of acclimation was rather short (only two weeks). Neverthe—'

less, the ahtlbrotrc appeared to prevent the usual changes

E s
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<Figure,35 ‘Electron- m1crographs of sem;tend1nosus miscle from

(A) Warm-acc11mated rat, sa11ne -treated rat; red f1be
(B) Warm-accllmated rat salxne treated rat; white fib

'(C) Warm—acc11mated rat oxytetracyc11ne -treated rat;

. S red f1ber

(D) Warm-acclimated rat,oxytetracycline-treated rat;
‘white fiber,

No 51gn1f1cant effect of the ant1b10t1c treatment on |

‘,l
ultrastructure of red 0 uh1te muscles of warm-

acclimated rats can be bseryed. ‘Only a few'mitochond

, - appear to he affected. In general the mltochondrla

'conserve the1r organ1 atlon and the crlstae are normal

!
'l
Taken at 7000 X magn1f1cat1on with the electron
mlcroscope' magn1f1cat1on in pr1nt1ng X 2.
h -
_ .-..C"J o ’
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.E?Ehre 36.. Electron micrographs of semitendinosus muscle from:

N
(A) Warm- acc11mated »Saline- -treated rat;. red fiber,
(B) Warm-acclimated sS5aline- treated rat; white fiber,

. A (C) Warm ~acclimated oxytetracycllne treated rat;

£Y

red fiber,
(D) Warm- -acclimated oxytetracygllne ~treated rat
white fiber. . ' B
Taken at 20000 X magnification w1th the electron

mlcroscope magnlflcatlon in prlntlng X 2,
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‘ Figure,ﬁ?. Electroﬁ micrographs of semitendinosus muscle from:
te—— . (A) Cold-acclimated,saline-treated rat,red fiber,

‘ (B)‘Cold-acclimaﬁed,Qéline—treated rat,white fiber,-
The normﬁl changes due to fhe acclimation to cold are
~less marked in thesg‘salihe—treated rats than had been
obsgrved previously.,i.e.,large.mit;qhondria‘fre.stil;__

| present. This is p;obably because the pgriod of
acclimation was rather short (two wééks).

(C) Coid-acclimated,oxytgﬁracycline—treateé rat,

rpd flber,

(D) ﬁold accllmated oxytetracycllne treated rat,

Ebe an blotlc appeared to prevent:the usual chgnges

y
//// observed in cold-acclimated muscles No increase in

cu
-

. number of mltochondrfz—zg‘app\;ent in elther red or

- white muscle of the oxytetracycllne treated rat. The
s .
- _ , mltOChOﬂdTla'Wh1Ch remain,especiall){ghe small ones,

I seem to be drastically affected by the antibiotic.

Taken at 7000 X magnification with the electron

microscope: magnification in printing X 2.

a'/'—
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Figure 38.

;
i
|
|
)
'
i
i

.,‘
el

-

Electron micrographs ‘of semitendinosus muscle from:

(A).Cold-acclimated,saline-treated tat,red fiber
(B) Cold-acclimated,saline-treated. rat,white fiber;
The normal changes due to the acclimation to cold

are less marked in these saline-treated rats than had

been observed previously probably because the period

‘ iy . ‘
of acclimation was rather short (only two weeks).

(C)’Cold-acélimated,okytetracycline-treated rat, -
red fiber.
(D)lCold-acclimated,oxyte;racycline-treatéﬂ rat,

white fiber, ‘ . -

- The antibibtic appeared to prevent the-usuai'changes

observed in cold-acclimated muscles. No increase in
number of mitochondria is observed. The mitochondria
which remain seem to be drastically affected by the

antibiotic. Note the distorted inner mitochondrial

membrane and the relatively sparse cristae. Especially

interesting is the occurence of circular inmer

membranes (D) ,where the structures;have‘apparently

broken loose from much of‘the<outer membraﬁé.

Taken at 20000 X magnification with the: electron
microscope: magnification in printing X 2.

. e
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.observed in cold-accllmated muscles (F1gures 37 and -38; conpere
C ‘with A and D w1th B in each Flgure) No 1ncrea§e in number
of m1tpchondr1a is apparent in e1ther red or white muscle of

" the oxytetracycline-treated rats, The mltochondrla Which
remain, especielly7the small onesl seem to be drastically
affeeted by tﬁe‘entibiotic. Note the disterten inner mitochon-

*drial membrane and the relatively’sparse;crietae. Especiaily.

'interesting,is‘the occurrenceIOf circuier'inner'membranes,‘
where the structures have apparentiy broken loose‘fromEUChTofl
the outer membrane. iThese-alterations are chakacteristic
of entibioticftreated ceilsland-are'not seen:éi control cells,

~Similar results have, been found with the mitochondrin from

yeast treated with chldraﬁphenidol (Clark and Linnane, 1§€1)
and with the mitoeiondria of Hela cells'incubated in cﬁlorampheJ
n1c01 or eth1d1um bromide (Lenk and Penman, 1971). ' ’ T

Countlng the mltochondrla 1solated from._ the mixed muscle
of sallne-treated and oxytetracycllne-treated cold-accllmated
rats showed that the usual increase in m1tochondr1a1 number

‘1nduced by accllmatlon to cold was prevented by the treatment
wntﬁ‘oxytetracyc11ne (F1gure 39).. There was no effect of the -
ant1b10t1c treatment on nuko ial’mumber in muscle of warm-
accllmated rats (Figure 39). ' :% - : ,

.Further information abont‘the isolated mitochondria is _
8iyen in Table KVIII: The: usual decrease in size‘of.tne mite-]
chondria .protein content per"mitoehondrion c}tochrome oxi-
dase acti 1ty per m1tochondr1on) was prevented by the treatment

of the cold~-acclimated rats‘with oxytetracycllne. The 51ze of

194;
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the m1tochondr1a in. the muscle of the Warm*accllmated rats

was not altered by . the antlblotlc treatment

The spec1f1c act1vnty of cytochrome ox1dase in the 1solated
m1tochondr1a was not altered by. treatment w1th oxytetracyc11ne .U
“in either coldfaccllmated or warm—accllmated rats. A slight
and'similar_reduction in total cytochrone oxidase per gram
of muscle occurred -in muscle ofAboth warm-acclimated and codd- -
acclimated rats as a coneeqnence of'the.treatment with,oxyte-
tracycline. |

Three principal coficlusions can be drawn from these = E

,results: -— | |

1. The\lncrease in number and decrease in size of muscle )

] mltochondrla in the cold-acchmated rat 'is associated \
with the development of -the adaptation for nonshivering n
thermogene51s (enhanced metabollc response to nora-

.'drenal1ne) because inhibition of the development of
-the' adaptat is accompanled by‘1nh1b1t10n of the
appéarance of the increase in number of muscle nito-

| chondria. | . , ' - -

1

2, The increase in number and decrease in size of muscle
m1tochondr1a.does not occur-as a consequence of shlvering.
Thefantlbiotic-treated rats have a high metabolic rate

~ in the cold and are presumably shivering 51nce they
cannot use nonsh1ver1ng thermogenes1s. Nevertheless,
no change in muscle m1tochondrla is apparent in these
.shlverlng rats. -

¥

3. Mltochondrlal protexn synthe51s 1s necessary for the .

-



-

. , s - . N
. . . d
. : . e T :
. . . . :5 .
‘ . . . , . .
. . . o T hd
K s e b e LD L il L i, ... N ) . ’
- e

. NUMBER OF MITOCHONDRIA IN MUSCLE L
120, 2 WEEKS IN'WARM (W} OR.COLD (C) ‘ S
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Figure 39. Number of mitochondria in mixed muscle of rats receiving | ’ &
daily injections of saline (S) or oxytetracycline (T '
during two weeks in the warm (W) or in the cold (C) ) J
; | . _ | | N I
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.increase’ in number and decrelse in size of muscle

- . 7. . .O )
mitochondria to occur during cold-acclipation. . -

0, -

Section D. MORPHOLOGY AND BfOCHEMICAL PROPERTIES OF MUSCLE
MITOCHONDRIA IN COLD- ACCLIMATED RATS IN WHICH THE
ADAPTATION FOR NONSHIVERING THERMOGENESIS HAS
BEEN REVERSED BY OXYTETRACYCLINE

a) Purpose of the experiment' To find out whether ‘the

1ncrease in number and decrease in 51ze of muscle m1tochondr1a
B

in cold-asclimated rats dlsappears when the adaptatlon for

nonshlverlng thermoge2251s (enhanced metabollc response to

\
noradrenaline) which has occurred in these.anlmals is reversed

by treatment with axytetracycline, as described in Section B. .QH..
-/. * ] . . . .
+ b) Description of the experiment: The experiment des~ )
cribed here was eésentially'the'sahe as that described in *h\\\

‘Section B. |The studies on histochemistry,; ultrastructure  and

isolation of mi;bchondria-weré carried out in rats subjoctoy
to the same conditions of Group S (week 4) .and Group S-T
(week 4). ~ P
. .

10 Male rats Qere placed in the cold room when théir
body weight was 127.50 # 3.48 grfor a'period of 2 weeks. At
the eéd of this time they were separated into two g?oupsﬁ '
Croup S -(5 rats) and Crouobs—T’(S'rafs). The rats from the
GTOUp S recelved dally 1n3ect10ns of saline SOlUthH and the
rats of the Group S T rece1ved daily 1ngect10ns of oxytetra—

cycline (200 mg/kg] for two‘further.weeks.as descrlbed pre-

viausly., JAt”tho end of this time 2 rats from each group were:



R o S B
gt ~ | o 200,
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"

used for the h1stolog1ca1 and electron m1croscop1c observatlons

and the remaining 3 rats in each. group were used for the iso-

: . &
_ 1at10n of m1tochondr1a from mlxed muscle (about 10 g of muscle >

were colTEcted from each rat). The flnal body welghts were,
. - o ) 4 o ; . .
Group S (week 4) 214.80 * 11.63 g and Group S-T (week 4)
215.80 * 3.88 g. . - - | ' o .

.

c¢) Results and Discussion: The b}stoiogical studies”

showed that in the ‘saline- treated rats (Group S, week 4) Wthh
had been llvlng in -the cold for 4 weeks all the prev1ously
described changes took place Wlth respect to fiber.size and

distribution. However the"gross characteristics of the flbers

. - \ . .
of the oxytétracycline:treated.rats {Group $-T, week 4)

were different. The fibers appeared smaller in size but a’

=]

reduction in the number of red fibers was-observed.' The elec-
tron microscopic obeervations (Figure'40) showed that the LT
treatment with oxytetracycline affected'both types of“fibers;

red and white’ The_mitochondria showed a generalizeddisorfn
,ganization of_the_crietae, with some circular inner membrane;

the outer membrane seemed not to be affected.. Also a Teduction‘

in the number of m1tochondrla was apparent with a general
predominance of the big mitochondria in the oxytetracycllne—
ltreated rats, in comparlson with those "of Group S which showed .

the nd?mal increase 1in number and reductlon 1nrﬁbe size of
i -3 ;
the mitochondria-during the 4~weeks period of ¢61d-acclimation.,
" The countlng of mltochondrla (Figure 41 and Table XIX)
corroborates the electron microscopic observations. The

number of mltochondrla was reduced in these rdts which were

)



Figure 40. Electro? microéraphs of sémiténdinosus.muscle:from:
{(A) Cold:agclimated;Salihe-treated rat (4 weeks);
red fiber, (8)*, | R '
(B) éold—ad;liméted,saline-treéted'rat (4 weeks);
white fiber, (S)*,
. - These fatslghow the normal ingreése in nqmber'aﬁd '
réduction in the size of thq‘ﬁhscle'mitochondria

during the 4-week period of'éold—acclimation

(C) Cold-acclimated oxytetracycllne treated rat,

4

red flber, (S T}*,
SR ‘ : (D) Colduaccllmated,oxytetracycline-tféated rat,
g | “white fiber,‘QS—T)*,
The treatment“with oxytetracycline affected both
types of fibérs,red'and white, The mitochondria

—— show a generalized disorganization of the cristae

- e I

) B e —

B ' with some circular inner membrane. Also a reduction

in the number of mitochondria is apparent with a

general predominance of the big mitochondria.

Taken at 15000 X magnlflcatlon with the electron

«

mlcroscope magnlflcatlon 1n prlntlng X 2.

R ! )

¥ See legend to Fig.41 for explanatlon of experimental

de51gn










Figure 41.

10r

No. of milochondrio#10_9per g’

; ‘lNUMBER'OF MITOCHONDRIA IN MUSCLE .
.2 WEEKS AWEEKS © . . .

. R .
. o . R
. . -
. by . - . -
% ' *
. . - - A P
. - . B "
4 N ‘
A v
. '

100 [

[+:]
o
T

HH

$=S5ALINE .
T=OXYTETRACYCLINE

F
o -
T

20

<5 5T

Number of mltochondrla from mixed muscle of saline-

treated rats (S) and oxytetracycllne -treated rats (S-T)
after 4 weeks of cold- accllmatlon All rats were first

acclimated to cold for two weeks Rats in group S were

then injected da11y with saline for a further two weeks.

Rats in group S-T were 1n3ected W1th oxytetracycline
durlng these two further weeks. As a comparison is also
included in the flgure (at left 51de) the number of
mitochondria from mixed muscle of saline- ~treated (S)
and oxytetracycline-treated rats (T)° from 2 weei;/cold—.
acclimated rats (see Fig 39)
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: treatednith.oxytetracycline'on1y4f%ter two weeks of cold-
.acc11mat10n had occurred the number was . reduced to the same
level as that seen 1n rats which had been treated w1th oxy-‘
tetracycllne from the start of cold- accllmatlon (Flgure 41)
and to the same 1eve1 as that seen in untreated warm-accllmated
rats (compare ng..41 w1tn Fig. 39). The size of the mito-
chondria.increased again in these oxytetracycliné-treated.cold~‘
accllmated rats to the level seen in warm- accllmated rats, as
‘phown by the h1gh proteln content per mitochondrion and the

h1gh cytochrome oxldase content per mitochondrion (Table XIX;

"compare wlth Table XVIII)

Thus, 1nh1b1taon of m1tochondr1a1 protein synthe51s with
o g

o oxytetracycllne cannot only prevent the development of the \

adaptatron‘far nonsh1ver1ng thermogene51s (enhanced metabolic
,-response to noradrenallne), as shown in Section B, and s1mu1-
dtaneously prevent the appearance . of the increased number‘
1and decreased 51ze of muscle mltochondrla (as shown in Section’
C), but can also cause the reversal of these changes when
they have already occurred Treatment with oxytetracycllne
of rats in whlch cold accllmatlon has already proceeded for
two weeks reverses both thealncrease in metabolic response

to noradrenaline (Section B) and the Increaii in number and

the-levels}seen

decrease in size of the muscle mitochondria
in non-acclimated animals.’
Two principal conclusions can be drawn from these res

1. The 1ncrease in number and decrease in 51ze of muscle

mitochondria in the cold-accllmated rat is closely
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_associated;ﬁith,thercapacity of that rat for nonshi-

‘vering thermogenesis.

2. M1tochondr1a1 proteln synthe51s 1s neceesary for the .
malntenance of both the changes in muscle mltochondrla
and  the enhanced metabolic response to noradrenallne
in eoldﬂaccllmated rats yhich continue to live in the

cold;‘

»

Section E, MORPHOLOGY AND BIOCHEMICAF/PﬁbPERTIES OF*MUSCLEJ
MITOCHONDRIA IN COLD ACCLIMATED RATS DURING

L

DEACCLIMATION,

‘a) Purpose of the experiment: To‘find out whether the

~increase in number and decrease in.size of muscle mitochondria

in cold~acclimated rats disappears in'associaﬁibn with the

disappearance of the enhanced metabolic response td'noradre-

naline dur1ng-cold deacc11mat1on. It is known that .when a

cold-accllmated rat undergoes cold deaccllmatlon (at room ‘tem-
" perature, 25-28°C) the magnltude of the calorlgenlc rezponse_’
to noradrenaline progre551ve1y decreases until it reaclhes

levels similar to those seen in the warm—accllmated rat (Bar-

tunkova et al, 1971; see Fig. 9). ‘ . : ", @Eﬁ

b) Descfiption of the experiment: A total of 56 male rats

(112.75 + 5.10 g) were separated into two groups; one group
(Warm-acclimated; 22 ratea remained at room temperature during
all stages of the experiment'and the other group (cold-acclimated;

34 rets) lived at 4°C. Both groups of rats remained at their
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temperature of eCclimafion for 4 weeks?\\At tbe end of rhis
'period~SOme rets‘from each group weré'removed from the cages’
(referred to as week 0 of cold- deaccllmat1on) In some of
them, samples of semltendlnosus were removed for the histo-
logical and electron m1croscop1c studles,‘and other-rats
received an infusion of noradrenaline and the'oxygen uptake
:was.measured as indicated ﬁnQer-Methods. . Other tats were used

3

for the isolation of mitochondria. The remainder of the cold-

"acclimated rats were transferred at this time to Toom temper-
: A he p _

ature in order to study deacclimation at week 1'and week 2.

b

At the end of each week rats from the warm—acc11mated group '
and rats from the group undergo:mg deaccllmatlon were removed» \

“and processed similarly to those of ‘week 0. The final number
of rats used in' each group is indicated in ;he Tables and’.
Figﬁres.

c) Results and discussion: At week 0 the histochemical

and electron‘microscopic observaﬁiops'revealed the typicai cha- -~
racteristics of:tﬁe“muscles in the warm;ecclimated rats and .
in the cola—acclimatedfrats as have been previously described |
(Sectron A): At. week 1 of the period of deacclimation it was
very-diffioult, b;.usingfthe histochemical demonstration of .
succini¢ deh)rdro'ge'nase‘f‘{i to see any differences. by'mﬁng"the wamm- -
accllmated rats (week 1) with the cold-deacclimated (week 1)

and for this reason no electron m1croscop1c observat1ons were
attempted However, at week 2 the h15tochem1ca1 observatlons

were- suff1c1ent1y clear 1n the sense that it was observed

that the muscles of the cold-deaccllmated rats were very s1m11ar :
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ito‘the eo:respondiog muscle_froﬁ‘the warm-ecclimeted rats
(week 2). In fact the electron microscope ohservations reveal
no difference at all between the muscles from warm-acclimated
and cold-qeacclimatEd at week 2. For:this reéson no electron
micrographs are included for this'experihent. .
Table XX and Figure 42 show the metabolic tespohse:to

noradrenaline of these groups of rats. It<®an be observed

that at week 0 the eold—acclimated_fats‘presentjthe normal

large increase‘in oxygen ﬁpteke during the infusioﬁ of nora-
drenallne, in comparison with the warm-acclimated rats. This .

‘1ncrease disappears slowly w1th the t1me which the cold- '

: accllmated rat. 11ved 1n the warm. At week 2 no 51gn1f1cantk | \
dlfference exlsts between warm-acclimated rats and the cold-
deacclimated rats. Together wlth-the dlsappearance.of the

N
enhanced metabolic response to noradrenallne the 1ncreased num-
ber of mltochondrla 1n the muscle (N° m1tochondr1a/g muscle)
also is reduced,‘reachlng at week 2 of deaccl;mat1on_values
close to‘those of mu§c1e‘of watm—a;clime'ed rats (Table XXI;
iL_ﬁFig 42). The size of the mitochondria-increased again in
these cold-deaccllmated rats as indicated by the 1ncreased pro-
tein content per mltochondrlon and the 1ncreased cytochrome -
oxldase content per m1tochondr10n (Table XX1).
Thus, deaccllmat1on to cold reversed the 1ncrease in the

-number of m1tochnndrla, the decrease in size of the mitochon-

drla and the enhancement of the metabollc response to noradre-'

nallne, all of which has been promoted by the 1ong period of

cold-acc11mat10n. Thls result suggests again that the adaptive



211

sutw gg*,ud 0017°0 Tt
‘4§ ¥ SUBAN |

100°0> "SN (z XgaM sa 0 XFIM)4
§00°0> . S seN_ (T ¥EEM sA-D YEEM)A -

4

00°1S- (¢ u)g9's % €19V

.

. "SN  (p wIST ¥ ‘. AEEM
0z0'0> oy wg6TE FoSVTLY T (g u)9T'9 % 0Z'¢€V "1 ¥9IM
100°0> - (v W9S'E  §8°56 (g W)IS's ¥ 0£°€S . | w 0 NgEM
: . . ) . . - .. o : \ .
- (pTOD . S L B T
SA WIBM) - P93IBUTTIOV-PIOD POIBUT[IOY-WIBYH * . e . -
d - . .

*S$3B1 PIIBUTTIIE-WIBA UT PUB mxomz P2
10 1 103 :Oﬁumeﬂauommv mcﬂomuowcs S38X Po3BUT[O08-PT0D UT SUTTBUAIPBIOU

30 UOTSNFUT SNOUIAEIIUT UTU 0F e wcﬂh:w L2jeadn, UsBAX0 Ut 9SBaIDUI  'XX 14Vl

o



|‘ Nl /
R S N
. ‘ ) . ' . ) ‘! ! cE :; . '; ‘
ﬁ 120 .
o . . - METABOLIC RESPONSE TO
. Ry " NORADRENALINE
' ' L = E sqf L
: _8_ ) . ’ . . ‘ N " . Y
: ™40 : rfTi]' i
o ' . \
E . _ ‘
0 — : : _
- ]
: . 810k § NUMBER OF MITOCHONDRIA
." % : . IN MUSCLE . :
o e
i * 120 -
: g
! 5
l sl c
‘ 2 8o
' [
9
- E .
- 40}
Q
. 8
e | $ | : R
o t IR 2 .
WEEKS J
_Figure 42. Increase in oxygen uptake during a 30 minutes intra-
o . venous infusion of noradrenaline (upper part) and
number of mitochondria of mixed muscles (lower part) .
in cold-ac¢climated rats (right bar} undergoing R

deacclimation for 1 or 2 weeks and in.warm-acclimated .-~
rYats (left bar). - .
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.éhaﬁges_observed in the muscle mitochondria of cold-acclimated
rats are closely associated with the noﬂshiveringlthermoé;nesis
ptocess bécause théy disappeaf’in parailél.with the‘adaptation
for nonshivering thermogene515 when the stlmulus which pro-
motes the adaptlve state 1s no longer present,
' Section F. MORPEOLOGY.AND BIOCHEMICAL PROPERTIES OF. MUSCLE )
‘ -MITOCHONDR;A IN COLD-ACCLIMATED RATS IN WHICH
DEACCLIMATION IS ACCELERATED BY REMOVAL OF INTER-

~ SCAPULAR BROWN ADIPOSE TISSUE.

a) Purpose of the experiment: To find out whether the

more rap;o r;té of oeaccliﬁétion to cold produced by removal

of the interscapular broon adibose tissue (Himms-Hagen, 1969,

1970] is accompanied by a more raoid reversal of tho changes
“in muscle mitochondria induced by cold~acclfmatioo.

As was indicated in Cha;ter I of this thesis, one of the
Purposes of this research is to find additional support for
the postulated endocrine role of brown adipose tlssue durlwg
cold-acclimation (Himms-Hagen, 1969, 1970). It is thereforo_i
.another.purpose of this experiment to find out whether removal,
of the interscapular brown adipose tissue causes measurable

changes in otHEt tissues (specifically in skeletal muscle). -

b) Description of the-experiment: ‘A total of 66 male

}afs (127 '+ 4,80 g) were used in this experiment. They were
divided into 2 major groupsy warmi- acc11mated rats (30 rats) and
& cold-acclimated rats .(36 rats). Both ETOUPS remained at their

.))

]
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respective temperature of acclimation for a period of 4‘. . 7
- weeks, at the end of which all the rats were transferred to

. room temperature. Rats of both groups were removed from the

! "

cages andfooerated ‘as deseribed under'Methods ‘The rats
in which interscapular brown adlpose tlSSUE (IBAT) was re-
moved were designed: Cold-TBAT and Warm-IBAT, depending on
- whether they had been cold4ecclimated or warm—acciimated; The
rats in which IBAT was left intact were designatedﬁ Cold,
~ Sham and Warm,‘Sham. Some rats‘fasm each of the 4 groups were
processed on the same déy of the opefétion (referred to as.Qey
0); some of them received an infusion of noradrenaline in‘order
to measure the metabolic response to norac;renaline, others | . \
were used for the histelogical and electfon microscopic stu- |
diesvénd othefs used for:the.collettion of 10 g of'mixed mus-
Ccles in order £3 isolate mitoehondria by the protease diges-
» tion method as previously descrlbed

The remalnder of the dperated rats (which were"now“11v1ng
in the warm) remained in 1nd1v1dualocage; for Z extra days,.
(referred to as day:Zj at the end of which some of them were.
removed and processed in the same way as the rats of day 0.
“The remalnder of the operated rats (- IBAT and 'Sham) remalned
in the warm for a total of 5 daya.(referred as day 5) at the \
end of whlch they were removed and proc&seed in the same_way
és the rats from day 0 and day ;; The number of fees used in

the different parts of the experiment are indicated in the

"Tables and Figures. )

1
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~enlt s
»

| c) Results and discussion:'TheThistochemical ohservations
showed that at'day.D ali the changes described for the,coid-
acclimated rats were present in comoarison withlthe warm-
acclimated rats. HoweVer; at da} 2-and day 5 it wae very dif—
ficult to see any maJor changes in the fiber ChaTaCtETlstlcs
of the.rats from the group Cle IBAT in comp;rlson with their
connterpart. Cold, Sham. For thls reason no electron micros-
' ,cogic-observations.nere attempted in this exneriment. It
was supposed that'the difference (if it existed) was so small
that the electron microscopio”observation would not be able
to detect it with clarity. Therefore the results of this \
experiment are-based,only in the counting 0f iso1ated-mitochon-
dria and the measurenent of several biochemioar.parameterS'

in‘theee mitochondria.

The enhanced metabolic response to noradrenallne diminished
more-rapidly in the rats from which the IBAT had been removed
(Flg 43). as had been observed previously (Hlmms Hagen 1969,
1970). By day 5 -the metabolic response reached values
| approaching . those seen in warm-acclimated rats
(Fig. 43; Tabie XXIII). N

The 1ncreased number of mltochondrla also decreased more
rapidly in- the Tats w1thout their IBAT (Fig. 43) reachlng a |
value approxlmately midway between that of sham- operated cold-
acclimated rats and that of warm—a;cllmated rats by day 5. \
The’ 51ze of the mltochondrla also tended to increase more rapidly
in the rats w1thout IBAT, as 1nd1cated ‘by the changes in pro- .

. , o
tein content per mitochondrion and cytochrome oxidase content’
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per mitochondrion, although the differences.befween the two

groups (Cold- IBAT and Cold, Sham) are not statlstlcally slg-

niflcant.‘ The changes measured in the muscle mltochondrla

(decrease in number_and incregse in Slze)\fBEEE}L%O lag bEhlnd

somewhat:the'changes occurring in the enhanced metabolic res-
ponse to noradrenaline. -They are, nevertheless, occurring
more rapldly than durlng normal deaccllmatlon to cold (compare

Fig. 43 with Fig. 42).(See Table xxu)
The fellowing conclusions can be drawn from this experiment:

1. The increase in number and decrease in size of muscle
mitochondria is once again seen to be closely associated
with the capaeity of the cold-acclimated rat for non-
shivering thermoéenesis (enhanced metabolic‘response to

noradrenaline).

2. Since removal of the interscapular brown adlpose tissue
‘-N"-- .
causes a measurable change in muscle- (reduct1on in the
increased number of mitochondria, an increase demons-
~trated to be closely assoc1ated with the adaptation for
nonshlverlng thermogenesis) this result can be taken as
providing further support for a role of interscapular

brown adipose tissue in malnta{&ing the adaptation for

nonshivering thermogenesis in muscle.

It <an be speculated that the postulated factor secreted by
the interscapular brown adipose tissue promotes “the development
and malntenance of the adaptlve state in muscle 'via an action

which results in an 1ncrease in the number and decrease in the
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Figure 43, Effect of removal of interscapular brown adipose
tissue (IBAT) upon total increase in oxygen uptake

- during a 30 minutes intravenous infusion of .
‘noradrenaline (upper part) and number ‘of mitochondria
(lower part) of warm-acclimated (left bar) and cold-
acclimated rat§ (right bar). From day 0, day of the
operation,all rats were kept at room temperature .
(+imeanslsham-operated_animals; - refgrs to rats
‘from which the interscapﬁlaf brown adipose tissue

' was removed on day 0).
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in‘the-size of the mitochondria, an alteration which pos-

sibly involves an altered mito;hbndriallpréteih synthesis.

226.
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v CHAPTER V. CONCLUSION

The bfiﬁtigal aim of fhe experiments-described in this
theeis was to answef the question: Does acclimation to.cold
'prdduce'adaptive changes in muscle mitochgndria >

In Q;cer to answer this'qpeetion a comﬁariéon of both
red anq:white muecles of cold-acclimated rats with both red N
and white mﬁscles,of warm-acclimated ‘rats was performed in
the f0110w1ng ways:

-}Electron mlcroscopy of red and white muscles,

- Fiber characteristics and distribution in red-end.

white muscles

- Measurement of number, size and variou$ gnzyme acti-

vities of mitochorndria isolated from muscle.

a

These prOCedures‘were carried out on rats that were under-
going acc11Mat10n to cold, or fully acclimated to cold,. o
undergoing deaccllmatlon to cold. In addition, cond&tions
weTre studied in which the normal acclimation process was

s
modlfled by prevention of the’ accllmatlon to cold with oxXy- .
tetracycline, by reversal of the accllmatlon‘to_cold_hlth ‘ -
loxytetracycline,- by accleleration of ch.e deacclimation to \
cold by removél of the interscaﬁular brown adipqse tissueﬂ |
The last type of experiment was hoped to give satisfaction
to the sub51dlary aimoof thls research whlch is to prov1de
further evidence for an endocrlne_functlon of  brown adipose

tissue in the development and maintenance of the cold-accli-

mated state.



)

In these experiments, a marked difference between mito-= - . =
. . * 3 j ’

chondria of muscles of cold-acclimated rats and mitochbndria
of muscles of warm- accllmated control rats has been seen. . ‘;<¢

Tziiz;s the flTSt time such a dlfference has - been observed

e principal differences seen are:

1. An increase in the numbef and a reduction in the size
of the mitochondria in both red and white muscle.

An increase in the pfoportion of red fibers and an

(£ ]

apparent transformation of white fibers into fibers

which appear more like intermediate fibers.

The first indicamion'that these changes are related to

nonshlverlng thermogene51s can be drawn from the fact that

they were observed as early as two weeks of, cold- accllmatlon

(Section C of Results, Chapter IV} just when nonshivering

thermegenesis had partially developea; and as late as-four
menths (Section A ef Resuits,'Chaptef IV) when honshivering
thermogetniesis had been fully developed. In opher yords;>the
'descrlbed changes parallel the development and maintenance
of the adaptation for nonshwxerlng thermogene31s -
| In spite of the 1ncrease in number and decrease in size
of the mitochondria of muscle of celd-accllmqtlon raes,‘the
mitochond;ial mass per gram of musele is urchanged. This’
1nd1cates an altered distribution of the‘mitochondrigl mass
into smaller units and suggests the existence of a-mechanisi
which may modify the- properties of these mitochondria in

-such a way as to alter their function durlng the development

and maintenance of nonshivering thermogenesis.

[+
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—~J1t_should be noted elfo that the changes observed in
o _:\\ . \ . .
muscle‘mltochdndxga‘of colp-accllmated rats are different
1 T ~ . . v '
from the changes Kknown to occur_in-brown adipose tissue
m1tochondr1a of cold- accllmated rats. This, together with
\ )
the. lack of s1gn1f1cant changes in liver mitochondria during
'cold-accllmatlon suggests that adaptlve chanqes take place:
enly in those organs where nonshivering thermogenesis. take
place; namely skeletal muscle and brown adipose tissue and',.U
that the mature of the adaptation is different in these two
tissues. '
That the 1ncrease 1n number and, decrease in size of
muscle m1tochondrla in the cold acclimated rat 15 assoc1ated

hlth the development of the adaptatlon for nonShl erlng ther-

moqene51s is shown by the fact that inhibition of the develop-

ment of the adaptatlon by .oxytetracycline 1is accoqpanled by
.1nh1b1t10n of the appearance of the 1ncrea5e in number of
muscle mitochendrla The inhibition by oxytetracycllne is N
an 1nd1cat10n-{hat an active mltochondrlal protein [synthesis
1s necessary 'for the increase 1in number and decre se in

size of muscle mltochondrla to occur during cold acclimation.
Moreover, 1nh1b1t10n of mitochondrial protein synthesis

with oxytetracycllne canrmm only prevent the development of
the=adaptation'for nonshivering thermogénesis, and 51mu1-
taneously prevent the appearance of the increa;ed’ﬁﬁnber and
decreased s1ze of muscle mitochondria, but can alse cause

the reversal of these changes when they have already occurred

together with the reversal of the enhanced metabolic response

[}
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to noradrenaline. ThlS flndlng 1nd1cates that the adaptlve
changes that take place in muscle mitochondria durlng cold-
accllmatlon are closely assoc1ated with the capacity of the"
rat for nonshlverlng.thermogene51s and that mltochondrlal
proteln synthesis is necessary for malgtenance of both the
changes in muscle mltochondrla and the enhanced metabollc
response to'horadrahaliné in cold-ac;limahed rats which
continue to live inithe cold.

Anbther-indication'that the adaﬁtive changes in musale
mitpchon&ria observed in the muscle of cold-acalimated Tats
are asaaciated with the nonshivering thermogenesis ﬁrocess .
-can -be found in'éhe fact -that deactlimatioh to cold, which
is_ known to sibwly Teverse tha adabtive stafe,‘also reverses

in parallel the changes in-muscle mitochondria- 1nd1cat1ng

s

that llke other adaptive changes in muscle mitochondria they.
disappear when the stimulus which promotes the adaptive state
is ﬁb-lonéer presant. 'A;ceiayation of the deacclimation
‘proaess hy removal of interscapular brown adipose tissue also

acceleraies the-disappearance of the adaptive changes in
musclé‘mitochohdfia in parallellwith the.more fapi& disappea-
'rance of the. enhanced metabolic respbnse to norenlenaline?
indicating once moréjthe close association between the adap-
tiye state and the increase in number and decrease in size
of the muscle mitochondria in the cold-acclimated rat.

Thus, it is possible to conclude that the adaptive

changes of muscle mltochondrla in the cold- accllmated rat

are part of the mechanism of nonshlverlngrthermogene51s, but
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.the way in whlch they part1c1pate in- or control the mechanlsm .

1tse1f is not known.

The changes in muscle mitochondria during cold- accllmatlon
differ from adaptlve changes in myscle mltochondrla induced
by other stimuli which alter muscle functlon Tralnlng, for
example, produces an 1ncrease in the red flbers and an

.

incténsed number of larger mltochonera with more densely
packed cristee; tralnlng increases tne capac1ty of the mus-
cle to obtain energy by oxidation of substrates. In contrast,
cold- -acclimation does not alter the capacity of muscle to
oxidize substrates as lndlcated by the unaltefed mitochon-

drial mass. Cold- accllmatlon may be presumed to alter the

way in whlch the use of the capac1ty that is already there - \
is regulated; this is reflected in the altered distribution '
of mitochondrial material,

"The subsidiary aim of this res afch, namely, to provide
further evidence for an endocrlne role of 1nterscapular brown
aé%pose tissue has- also 1n part been satisfied. The removal
of the 1nterscapular brown adlpose tissue caused the expected‘
change in muscle, i.e. a reduction in the.lncreased number
of mitochondria. Therefore, as the increase in number of
mitoohondria is closely associated nith the adaptation for

nonshive}ingfthermogenesis»this1resu1t can be taken as pro-

viding further eupport for a role of brown adipose tissue

in malntalnlng the adaptat1on for nonshivering thermogenesis
in muscle. Tt can be speculated that the postulated factor

Ssecreted by the interscapular brown adipose tissue, promotes
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the deveIOpment'and maintenance of the adaprive sfaté in
muscle via an action Wthh results in an 1ncrease in the
number and decrease in. the 51ze of the m1tochondr1a, an
alteratlon which p0551b1y 1nvolves an altered m1tochondr1a1
protein synthesis.

Two previous findings;fﬁJthis iaboratory have suggested
a spec1al role for mitochondrial proteln synthesis in acc11~
mation to cold ‘Flrst, a decreased half-life of certain
mitochondrial proteins occurs in skeletal muscle'and brown
‘adipose tissue of cold-acclimated rats; nonshlverlng ther-
-mogenesis is known to- ‘occur in both these tissues, No such_“
decrease occurs in liver or kidney, tissues in which non-

shivering thermogene51s does not occur (Bukowiecki and Himms -

~ Hagen, 1971}, Thls f1nd1ng adds to the conclusion that accli-

mation to eold“causes a‘qhange in the rate of synthesis and/
or in the amount of certain mitochesndrial proteine and that
this'change might be.asaociated with“the»development.of the .‘
capacity for nonehivering thermogenesis. Second, inhibition
of mitochondrial protein synthesis with oxytetracycline
inhibiis‘fheidevelopment of the adaptation’ (Himms-Hagen,
1971). This latter finding was confirmed in the course of
this research and extended to show that the maiatenance of
the adaptation can also ,be’/Ia\hibite.d by_the antibiotic.

The mechanlsm by Wthh the formation of more but smaller

“mitochondria occurs in muscle of cold acclimated rats is not

-

;known The part1c1pat1on of mitochondrial proteln synthe51sJ/

——

is SUEQBSted by the two findings out11ned above. Three.pos-- B

/



eible.mechanisms_can be_suggestedg _

(i) division of existing mitochondria

(ii) de novo synthe51s of different mltochondrla

(iii) both (1) and (ii) occurflng 51mu1taneously or

sequentlally

The results of the present researchﬁdo not permit a dis-
tinction to be made among the proposed mechanlsms. It
seems unlikely ‘that the first mechanlsm is of major 1mportance
The electron mlcroscoplc o servatlons performed 1n‘the pre-
sent study falled to reveal any partltloned mltochondrla

Moreover, most of the new mitochondria were found in the

interior, of the muscle fibers where few mitochondria were

seen before the period of cold-aCclimation; Division has |
beeo postulated as aamechanism of mitochondriaI‘proiiferation _
(Tandlew et al., 1969' Tandlernend Hoppel, 1972) an part1—-
tioned mitochondria have been commonly observed in ondltlons
in which‘proliferation of mitochondria is known to occur.
However other authors quest1on this 1nterpretatlon of the | } L
occurrence of partztnned mitochondria ard suggest that these
represent fused rathertﬂuu1d1v1d1ng mltochondrla‘(Dallmen'_ :
- and Goodman, 1971)._ |

Studies directed toward biogenesis of-mitochoodrie in
intact cells have focusednin large part on unicellularr
-_Ongan1sms sucH as yeast, in which release from glucose repres-
sion, or anaerob1051s, or a promltochondrldi state (Plattner

and’Schatz, 1969; Schtz, 1870), leads to rapid changes involving

. +
.
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appearance of recognlzable mitochondria~ and restoratlon of

resplratory act1v1ty The mode of mltochondrlal format1on

~has been so far rectly 1nvest1gated only in Neurospora

By u \ng a choline- requ1r1ng mutant of thlS organlsm,
Luck (1965) has obtalned ev1dence whlch strongly suggests
that mltochondrla are formed by growth and d1v151on of prexis-
ting m1tochond:1a.‘ In Tetrahymena pyrlformls Parsons andv
Rustad (1968) also found that the mode of mitochendrial for-
mation follows a pattern compatible with this suggestion.
In‘animal cells no comparable -evidence presently exists
regarding the mode of mitochondrial formation although'sevéral
' namnalian‘systems for. the study of mitoohondfial formation-
have been used. Theéo include the proliferation of kidney
mitochondria .induced by'unilatenal'neohrectomy_(Mize and
‘Worthen, 1972) and the proliferation of kidney mitochondria
induced by cell damagéJprovoked by administration of egg
albumin (Pugh, '1972). ' The best system appoars to be the
formation of mitochondria in Hela celis-(Storrie and Attardi,
1973)., Storrle and Attardi. (1973) suggest that mammallan
mltochondrla replicate by a random insertion- of components
into the membranes and subsequent division (mechanlsm (1ii)
above). This suggestion is based upon the finding that no

significant diminution in the number of cytochrome oxidase-

~

containing mitochondria occurred during fgﬁr cell generations

of Hela cells in which no mitochondrial-pfoteinAsynthesis
could occaur because the cells were grown-in the presence of
| chloramphenicol; each mito;ﬁgndrion nevertheless contained

less oytochrome oxidase in each succeeding generation.
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No stud1es ‘0 f the rep11catlon of skeletal muscle mlto-r

: chondrla appear. to have been made. Studles of muscle mito-

chondrla have concentrated on detectlng changes in form and

" number but have not looked at the mode of formatlon of the

altered m1tochondr1a although partltloned mitochondria have

been observed in muscle fibers that are regeneratlng after

anury (Reznlk and Hansen 1969). S .

An 1nte;est1ng study of muscle mitochpndria which is re-

levant to the subject of this thesis-is contained in a study

'of a patient-who‘presentedbwith severe hypermetabolism of

.nonthyroid origin (Luft et al, 1962). Electron microscopic
examination ‘of the patient's skeletal muscle revealed an : \
increased number.of mitochondfia_in the perinuclear areas p n

‘of‘the fibers;' The mitochondria were of extremely variable

"size and contained a vast amount of densely packed criStae;‘
Also other struotutal changes of the mitochondria were obser-
ved, such.as tubular inner structures 1nstead of cristae,

lack of opaque bodles, presence of dense, regularly 1ayered
cores and occurrence of cylindrical mitochondria surrounded

by concenttic'sheaths,. The biochemical studies with isolated
mitochondria revealed‘a loosely coupled state of the oxida-
t1ve phosphorylat1on in the patlent's mitochondria, charac~
terized by a nearly maximal rate of resp1rat10n in the absence
of phosphate acceptor, but an essentially normal extent of
phosphorylat1on when. phosphate acceptor was present. The sen-
sitivity of the resp:lranon to o11gomyc1n was only partlal

The m1tochondr1a exh1b1ted a high Mg ~dependent ATPase

\

S
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act1v1ty that was only sllghtly stlmulated by d1n1trophenol

Also a large 1ncrease in total m1tochondr1a1 protein was'n

.found with an 1ncreased cytochrome oxldase activity per ualt

of pltochondrla;.prote;n. The authors concluded rhat the e
hypermetabolic‘state of the patient was caused by'a derecr

in the m1tochondr1a1 enzyme organ1zat10n resulting in a

severely lowered capacity for resplratory control. Thus,

these muscle mitochondria appear to be permanently loosely
coupled: this results in a permanent elevation of metabolic

rate and indicates that a modlflcatlon of mitochondrial

structure can cause the appearance of a loosely coupled state.

The modlflcatlon of mitochondrial strucfure whlch can be seen

to occur in the muscle of the cold-acclimated rat‘cannot
be of the same kind as that seen inlthe,patieht‘described'
above since it does not result in a permanent elevation of
metabolic rate but oﬁly-evokes rhe capacity to elevate meta-
bolic rate.when aporooriarely stimulated.

Before the studies reported in this thesis no differences
in structure or fonction of mitochondria of muscle of cold-
‘acclimated rats had beeﬁ‘reported.‘ ?herefore|these studies,
together with rhe studies of Bukowiecki and Himms-Hagen (1971)
which reported a ‘decrease in the half-life of some mltochon—
dr1a1 prote{ns in muscle and brown adlpose t1ssue, are the
first to indicate that major changes take place in the muscle.
m1tochondr1a of cold acclzmated rats. It is expected that

the approach used in th1s research can give further 1nformatlon

which.could lead to an explanat1on of the process by which
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. the change from shlvermﬁg thermogenes1s to nonsh1ver1ng ther-

B mogene51s occurs in the muscle m1tochondr1a of . cold- acc11mated

rats. An obv1ous way of. contlnulng this study w111 be a
‘more exten51ve research into other biochemical parameters.
' 0£ the altered mltochondrla., The 1solated mltochondrla.
can be 1nvest1gated with regérd to some b351c properties
relevant to thelr functional state, such as resplratlon,
phosphorylatlon respzratory control and .ATPase actlvity ‘and
it w111 be necessary to obta1n a more detailed enzymlc pro-
'f11e of these altered m1tochondr1a in order to elucidate the.
'way in which they are altered and how they pqrt1c1pate'1n

the process of nonshivering thermogenesis.
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