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Abstract

The intent .Of this study was to gain a greater
quantitative understanding of the costs obea*}Kt-ATPase
actiVity and protein synthesis as components of the
- maintenance or background energy expendituré of mammalian
muscle. | ' | | | —~

The rate of 0, consumption and itsrinhibitron‘by
ouabain were measured for intact and sliced mouse'eoleus and
dlaphragm muscles 1ncubated in v1tro 1n an O2 electrode
-system. Slicing lowered (p<0.05) the rate of O, consumptlon
of soleus and d1aphragm muscles but did not cause a
significantLdifference in the extent of ouabain inﬁibition
of_respiratibn. Ouabain c Jeed a 19.7%‘inhibition of SoiebS-
muscle incubated in 1 mM MgCl, bufrer The response of
resplratlon to ouabain was abolished upon incubation in
,buffer contalnlng&10 mM\MgClz. Soleus muscle from mice that
had been held at an amblent,temperature of 5°C for 3 weeks:
had a greater (p<0.001) rate of Oz.consumption than did the
soleus muscle of mice held at 24°C. Increased Na* ,K*~ATPase
act1V1ty accounted for 20% of the cold-induced muscle 3v
thermogene51s. .

An in Yitro preparation of eternomandibularie muscle
from shee? and\cattle in WHich 0., aVailability and membrane
potentlal were malntalned was developed. O, consumptlon and
1nh1b1t10n of resplratlon by ouabain were measured for sheep

exposed to a warm (25°C) or cold (1 °c) ambient temperature

for 5 weeks and fed either at malntenance or at the Ssame

.

iv




level bf intake. Cold exposed sheep had a whole body O,
sconsumptlon 24 or 42% gred@ef (p<0 05) when fed at the same
level as warm exposed sheep, or at maintenance {1400 g |
alfaLfa pellets/d) respectlvely Muscle from coLd exposed

sheep fed at either levei 1ntake exhibite an 0,

K [ 4
,&ako 001) than that of warm

. exposed sheep. Ou@%ﬁm,ﬁnhlblted tﬁ‘e muscle O,

- consumption of cold exposed sheep by 4t. 0 to 45.0%, and of

“consumption rate 48% »

warm exposed sheep by 29.0 to 38.0%. Increased energy
expenditure at the level of'the_Na‘,k'-ATPase accounted for
50 to 80% of the cold-induced muscle thermogenesis.

Ouabain (10°°M) caused an average of 40% inhibitien of
sternomand&bularis muscle respiration for dairy ealves aged
,10 21d and 7 months, and 7 month old calves from. aix
-double muscled (DM) populatlon of .normal (control DM) and
heav1ly muscled (extreme DM) phenotypes. Rate of O,
consumptioﬁ was dreatest (§<0.001) for muscle from 10-21d
dairy.calves and iowest (p<0.05) for controliDM calves, The
~energy expenditure estimated to be required for peptide bond
’synthesis accohdted for 2.0 to 3.3% of the O, consumption of
the muscle ﬁrepaqptions.»Rate of ty;osine release, |
considered to be anAindicator of protein degradqtion, wes
greatest (p<0.05) for muscle from contgol and extreme DM
calves; both dairy groups had similarly low rates of muscle
‘tyrosine'releese. |
| Muscie O;iconsumptidn was greater (p<0.001) fer lambs

at 2 weeks than at 7 weeks of age, and for ewes when

[ SR



léctafing than when dry. Ouabain (10°*M) inhibited muscle O,
consumption by an average 39% for all animals. Increased
energy éxpenditure at the level of the Na‘,K'-ATPase

raccouhtéd for 40% of the increased O, consumption rate of

muscle from lambs at 2 weeks as contrasted to 7 weeks of

age, and 60% of the increased O, consumption rate of muscle

3

-

due to lactation.
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Intfbductigp

/
A

The concept of a constant maintenance requirement based
on body weighr nasfbeen a fundamental element of energy
nutrition. Thr; concept of a malntenance component of energy
expendlture 1nev1tab1y influences estimates of energetlc
eff1c1ency in intact anlimals because the presumed
a1ntenance energy requ1rement is first subtracted from /')_
energy intake and the d1fference is then used ‘as the input
»component in assessment of energetic effiCiencybof‘
production. In:contrasr'to'nutritional concepts associated
- with production, mainbenance has not been.identified in

'terms-of metabOlic.events and it has‘certainly-not'been_,

: estabiished that the metabolic events accounting for
maintenance energy expenditures are COnstanr in reiation to
body we1ght. The purpose qf thlS study was to 1dent1fy
”metabollc components of. malntenance or background energy
expendlture.‘ . t k . .
Metabolic proceSSes which could intuitively be
':suggested"to be part'of the“maintenance energy requirement’
_1nclude the- contlnual background expendltures on active
‘Na* -K* transport, catalyzed by the plasma membrane

yK* ATPase, and on the protein synthe51s that must occur
durlng proteln turnover in animals. It is not p0551b1e to
measure Na* K‘-ATPase activity in vivo w1thout dlsruptlon or

destructlon of. support1ng vxtal functlons, therefore,

efforts were focused on obta1n1ng 1n v1tro measurements of



\

: Na*,K*—ATPéSe:aCtivity which woMad be»indicative of the
physiological ~role of the eniyme'as a,compohent of the

'eﬁ%rgy expenditure Sf skeletal{muscle:~This involved:
dé&elopmaqt df,aﬁ;in vitro preparation.in whiéh membrane
N : _ .

poténtial andnoz avéilability to the sites of respiration
were maintained. This prépa:ation was then amenabie to
measurement of the proportioh of fespiration*required'to
support éCtive transport Qf Na*—K* usihg ouabain as a
spgcific inhibigor and to Sﬁppdft protein s&nthesis as
.meagu}ed by the rate of incorporétion of F‘C*phenylalanine,
and could be used in the examination of the effects of

physiological state on these parameters.



I INHIBITION BY OUABAIN OF THE 02 CONSUMPTPON OF MOUSE (MUS

MUSCULUS) SOLﬁUS AND DIAPHRAGM MUSCLES1

A, Abstract

The rate of Ol'cohshmption of intact, or sliced soleus
and diaphragm muscles was meaaured polarographically with
lacrate or glucose as the added subatrate; the dimensions of
the muscles were such that O, diffusion should_her haye
11m1ted resplratlon .

Ouabain (10-°M) inhibited the resplratlon of intact
soleus and dlaphragm muscles by 22 and 33% 1nd1cat1Ag very
real 1mportance of Na + K* transport in the energy
metabolism of these-muscles. Slicing lowered the rate of 0,

h'uptake of soleus and diaphragm by 9 and 14%. Ouabain
'inhibitipn of respiration tended f$ be greater for sliced
than for intact muscles but the effect of this method of
preparation 6f'tissue was aor statisticaliy (p>0.055 |

significant.

B. Introductlon
It is generally recognlzed that ATP productlon in
“intact coupled ‘cells is regulated by ATP utilization

(Ismail-Beigi, 1977); the availability of ADP and,
/Eonsequently, the rate of free energy expenditufe controls
. the rate of respiration (Chance & Williams, 1956). Active
'A slightly modified version of this chapter has. been -
published. Gregg, V. A. & Milligan, L. P. (1980) Gen.
Pharmac. 11, 323. '



.ion transport, particularly thatwcataly;ed by the
Na‘;K‘JATPase of the plasma m;mbrane, Has been thought by
some invesfigators to result in a significant portion of
total ADP generation (ﬁaéker,'1976), accounting for 20-45%
of ;pe energy”expenditure of resting cells (Whittam, 1964;
Whiffam & Blond,vf964). Ouabain, a specific inhibitor of
Na®,K*-ATPase has been used in attempts to measurel
Na‘,K*—ATPasé;dependent.respiratioh ip coupled systems
(Ismail-Beigi & Edelman, 1970). Hd&evef, ensuing results on
the importance of‘Na‘ + K* ﬁransport as é component of
energy expenditure have been contradicﬁory. Work conducted
With.quarter-seétions of rat diaphragm muscle indicated that -
Na* + K*‘transporf accounts for 40% of total 'cellular energy
~expenditures (Asano et al. 1976), while workers using
perfused ra£ liver (Folke & Séstoft, 1977), isolated rat
soleus muscle and adipose tissue’ (Chinet et al. 1977), have
concluded thét_Na* + K* transport accounts for no moré than
’ - g

6% of the energy expenditure of theSe:tissues,

S

A study was/undeftaken to measufe the
Na*,K‘—ATPase-dependeﬁt respiraéion of intact mouse (Mus
. musculus) diaphragm and soleus muscles under conditions in
wvhich 0, avéilability would not limit respiration. A second

'study was conducted to assess the response of these muscles

to ouabain after the tissue was sliéed,

Q
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C. Experimentaf

Adult male mice, in the weight range of 24-41 g, were
stunned by a glbw to the head anfl bled from the neck. thé
intaci soleus muscles were removéd with care to.minimize
tissue damage fo;lowing the pfocedure %f Kohn and Clausen
(1971). The diaﬁhragm was dissected from the rib atﬁachments;
and cut throuéh the centfal Coﬁnective tissue. Thié method
produces few damaged muscle fibers relative to the number of.
intact fibers. Yy . ‘ _ /
Measurement of;ouabain—sensitive»respiration of'who1e soleus
and diaphragm huscles'

The moQified Krebs-Ringer bicarbonate buffer used as
the incubation medium contained (mM): NacCl, 116:5;\KC1, 5.9;
NaHCO,, 25.0; MgSO., 1.2; NaH,PO., 1.2+ CaCl,, 1.0; lactate,
~1.0; pH 7.4. The tissue preparations were incubated
individually in 6 ml buffer at 37°C for 1 h without
‘(control) and with 10-3M oﬁabain. Incubatioh flask contents
were quantitatively transferred to the O, électrode chamber
vand O, consumptién was then measured with a ¥YSI O,
electrode. 0, consumption values were obtained for the
"combined s&leus,muscles'from two mice; values for thé
diaphraghs of thé two mice were obtained separately and
averaged. Tﬁe.oz consumption of representative preparations
was measured initially and at approximately.10 min - intervals

th;oughéup.the incubation period and was found to remain

constant indicating adequacy of the experimental.cqnditions



in maintaining tissue metabolism.

8
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Comparison of ouabain-sensitive reSpiration of whole and
sliced muscles ‘ |

The Na‘®-Ringer's buffer.ﬁsed'as the incubation medium
in this part of thé’study contained (mM): NacCl, 130;0; KCi,
5.0; NaH,PO,, 5.0; CaCl,, 1.0; glucose, 10.0; pH7.4. O,
consumption values were obtained for whole and sliced muscle
following the procedure. used for_thé'measurement ofAthe
ouabain-sensitive respiration of whole muscies. Soleus
muscles were longitudinally'sliced.by hand using a razor
blade into two or three sections; hemidi@phragm huscles weré

sliced into five or six sections.

Statistical anal?sis

Results obtained for the ouabain-sensitive respiration
of ;;%le soleus . and diéphragm muscle wére analysed using a
three-way analysis of variance with groupé és a random
source and tissue.and iﬁcubation as fi#ed sourées of
vériatioﬁ. The compariéons of ouabain—sénsitive respiration
of whole and'sliced soleus and diaphragm muscles, as well as
that of whole muscles in two buffers, were anélySed using
four-way analysis of variance wi&h_treatment, tissue‘and
inhibitor as fixed sources and groups nested withgn

treatment a random source.



b. Results and Discussion

Although a va:Zety of buffers have been used by
previous investigators (Asano et al. 1976;‘Folke & Sestoft,
1977), an analysis of the values obtained in this experi%ent
for resplratlon rates and inhibition of resplratlon by
ouabain of whole soleus and diaphragm muscles showed that
determlnatlons conducted in Krebs-Ringer bicarbonate buffer
with lactate as substrate were not significantly different
from thdsé conducted withRNa‘—Ringers's buffer with glucose
as Substra . The respirationirates measured for whole
diaphragm muscle, 4.3 ul O,/mg tissue dry wt/h in
KreBs—Rinéer bicarbonate buffer (Table I.1) and 4.5 ul O,/mg
tissue dry wt/h in-Na‘—Ringer's buf fer (Table I.é), weré
lower than the reports of 7.7 (Ismail-Beigi & Edelman, 1970)
and 7.5 ul 0O, /mg tissue dry'wt/h (Asano et'al. 1976) for
quarter sectlons of rat d1aphragm muscle, but the mouse
preparatlons likely include proportlonally more connective
tissue. The respiration rates megsured for whole soleus
mﬁscle, 3.7 ul 0,/mg tissue‘dry\wt/h in'Krebs4Ringer

bicarbonate buffer (Table I.1) and 3 ;5ul 0./mg tiésue dry

wt/h in Na*-Ringer's buffer (Table 1.25 wérg slightly les§
than those measured for whole diaphragm mugéle.' \
Inhibition of respiration of whole soleus and diaphragm
muscles By ouabain was greater, but not significantly
(p>0;b5) so in Krebs-Ringer bicarbonate buffer (21.6 and
.32.6%) (Table I.1) than in Na*-Ringer's buffer (14.3 and

15.6%) (Table'1.2). The values determined in this study are



consistent with the 15.6;41,3% inhibition reported
previously for rat diaphragm muscle (Ismail—Beigi & Edelman,
1970; Asano et al. ‘1976). The values for ouabain inhibition
of respiration for whole soleus muscie in Krebs-Ringer
buffer (TabMe I1.1) were significanﬁly less (p<0.05) than
those of whole diaphragm muscles; this difference was not
observed for the values determined in Na*jRinger's bdffer
(Table 1.2). - N

The results of a compérison of respiration rates and of
inhibition of respiration.by ouanain for whole and sliced
Fissue are shown in Table I.2,‘Slicing lowered (p<0.05) O,
coneumption of soieus muscle from 3.5 to 3.2 ul O,ng tissue
dry wt/h and of diaphragm mus¢le from 4.5 to 3.8 ul 0,/mg
tissue dri“w&/h (TeblevI,Z). The inhibition of respifaﬁion
by ouabain, while greater, was not significantly.(pQOQOS)
different from that observed in whole tissue° inhibition was

.9 to 14.3% in sliced and whole soleus muscle and 26.3 and
15.6% 1in sliced-andrwhole diaphragm muscle (Table I1.2).

The extent tO\ﬂt:§ Na’ ,K*-ATPase acts as a pacemaker
of energy metabolism in) intact, coupled cells is determined
by the magnitude of energy that must be expended to maintain.
1ntrace11u1ar ionic concentrations and counteract the,
tendency for external Na* and 1nternal K* to be moved or to
leak across the cell membrane in the di}ection of their
diffusion gradlents. Changes in the leakage rates would

“influence this expendlture. The ouabain- sen51t1ve

*respiration values measured in this study for mouse soleus



and diaphragm mugcles certainly support the importance of
the roie‘played pY Na‘h+ K+ transport 'in the energy
expend;ture of tnese tissuyes. ,

Chinet et'al-.(1977) suggested that the large
ouabain-sensitive respiration values measured by others for
cut or sliced muscle ﬁfepérations were due to the
»stimulatioh of N2° * K* transport above its basal levél by
the'leakagg of Na2' into the cytoplasm of the cut fibers.
Clearly, our resultS do not support this argﬁment. However,
it is likel& that the low guabain-sensitive respiration
valueé measured £or whole grgan preparatidhs (Chinet et al.
' 1977; Folke & seétoft. 1977) were ob£ained under conditions
in which O, avaflability limited respiration. The |
miérocalorimetric studies of heat‘production by whole rat
soleus muscle (cpinet et aj, 1977) would .have entailed a
tissue thicknesg of 1.5-2,0 mm which exceeds the approx1mate
0 4 mm at which the rate of O, diffusion would limit
respiration, according to the method of calculation of
Kleiber (1961). f?lké &;Sestoft (1977)  concluded that during
the perfusion of rat livers with ouabain there was loss of\

. vascular integrity @s shown by increased resistancé to
pérfusioA and the'appearaﬁce of dafk areas on the surface of
the tissue; this suggests that there was likely impaired
delivéry of 62 to the sites of cellular utilization. Since
mouse soleus and dlaphragm muscles are <0.5 mm thick, our

‘determinations of resplratlon ratesKQﬁ these whole muscles

likely did not jipvolve rate limitation by O, diffusion.
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Differences in specieé and tissue sensﬁtivity to
~ouabain have been established.(Schwartz et al. 1969; Allén &
Schwartz, 1969). Raf Na* ,K*-ATPase is particularly
insenéitive to ouabain largely as a result of instabili£y'o£
the enzyme-ouabain complex which dissociates relatively
rapidly. If the mouse enzyme-ouabain complex also
dissociates rapidly, the ouabain-séﬁsitive respiration
- values obtained in this experiment would be minimal
.indications of active Na-* + K* transport in tﬁé energy

metabolism of: mouse soleus and diaphragm muscles.
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4,

Table 1.! Ouabain-gsensitive respiration of whole soleus and
diaphragm muscles'

Muscle n Control +Quabain ¥ Inhibition
Soleus? 9 3.7 £ 0.1 2.9 x 0.1 21.6
Diaphragm? 9 4.3 t 0.1 2.9.¢ 0.1 32.6

Values expressed as Ul O,/mg tissue dry wt/h t SEM.
Average dry wt. 1.4 mq,
> Average dry wt, 2.5 mgq.

2
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II. INHIBITION OF Na‘,K*-ATPase OF INTACT MOUSE SOLEUS

- MUSCLE BY Mg**'

A, Abstract
The effect of 10 mM Mg** on the.inhibition of
Arespiration by ouabain was investigated with intact mouse

soleu§\muscle preparations. Although ouabain caused‘a 19.7%

inhibition of r¢spiration of soleus muscle incubated in 1 mM'

MgClg buffer, the response of respiration to ouabain was
abolished upon 1ncubat10n in buffer contalnlng 10 mM MgCl
" Initial respérat1on rates were s1gn1f1cantly decreased

(p<0.001) 1nvsoleus muscle exposed to 10 mM, as contrasted

\

B. Introduction \

to 1 mM MgCl,

Studiee oanctive(Na‘ transport coancted with intact
muscle preparation -navelyielded conflicting reaults
concerning the‘imo rtance of Na*,K*-ATPase (Na K- dependent
adenosine trlphosphatase EC 3.6.1.3.) as a component of
cellular energy expend1ture Mlcrocalorlmetrlc studles of
the ouabaln sen51t1ve heat productlon of intact rat (Ch1net
et al. 1977) and mouse soleus muscles (Blron et al. 1979)
“have led to the,conclus1on'that actlve Na* transport .

accounts for no more than 6-8% of restlng heat production.

. However, measurements of the ouabaln sen51t1ve component of

L ——— s o " — o - - ———

‘A sl1ghtly modified version of this chapter has been
‘published. Gregg, V. & Milligan, L. P, (1980) Biochem.
Blophys. Res. Commun. 95, 608.

14

v
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O, consumption of intact mouse soleus muscle have shown
14-22% of O, uptake to be dde to the activity of
_,Na’,Kf—ATPase (Gregg & Milligan, 1980). In view of the key
" role propesed’for Na‘,Kf-ATPaSe in thyfoid'thermogenesis
(Ismail-Beigi & Edelman, 1970), ccldfinauced therhbgpnesisy
(Guernsey & §fevens, 1977), and as a pﬁimary mechanism in
the developmeht of obesity (Lin et al. 1978), i£ is
»imperatiQe to resolve the current uncerteinty“concefning\the
pﬁ?éiological impqrfance of the Na*',6K'-ATPase in resting
ehergy expenditure. v
| The mlcrocalorlmetrlc determlnatlons of
- ouabain- sen51t1ve heat productlon of mouse soleus muscle
were conducted @n-a buffer centa;nlng 10 mM MgCl, to
supbreSS a secohdary rise in heat production which eecurred
follow1ng 1nfu51on Wlth ouabain (Chlnet et al. 1977; Birqp
et.al. 1979) Howeyer, prev1;us 1nvest1gators have found
" Na‘*, Kf—ATPasebaCtivity‘tO'be inhibited by a'hféh
concentrationeof@Mg‘* (Bend & HUdgins,,1975; Schwartz et al.
1963). Thus, ‘it has been suggested (Smith & Edelman, .1979)
that inhibition by Mg®* of the Na‘® pump before challenge
,withvouabain may have contribu€2d to the 1aek of inhibition
of heat production by ouabaln reported by Chlnet et al. ’
7(1977) The possibility thaé MgH w1ll negate inhibition oﬁ

respiration by ouaba1n was 1nvestlgated in thlS study.

A



C. Experimeﬁtal

Adult femaie mice, in ﬁhe weight range of 20-25 g, were
stunned by a blow to the head and bled from the neck. The
intact soleus muscles were‘remoVed.with care to minimize"
tiséue damage following the progedure of Kohn and Clgusen

(21971).

'MeasuremenQ of ouabain—sénsitive respiration of'intacg
- soleus muscle in control and experimental buffers..
‘'The modified Krebs-Ringer HEPES buffer used as the
_ inéubation medium contained (mM): ﬁaCl, 116.8; KCl, 5.9;
NaHCO,, 5.0; MgSO,, 1.2; NaH,PO.,1.2;.CaCl,, 1.0; HEPES
(N—(Z—hydrbxymethylethyl piperazine-N'-2 ethaneéulfonic
aéid), 10.0; MgCl,, 1.0 (control) or 10.0 (experimental);
‘glucése, 570; pH ‘7.3-7.4. Both soleus muscles wére.utilized
ffoﬁ each mouse. Ouébain—sénsitive respifation was measured
in-both the control ana‘experimental buffers‘fo;'each'
animal. To achieve tﬂorOugh oxygenation, muscle prepara;%ons
~were individually equilibréted"and incubatéd in 600 ml |
Peakéré containing 25 ml of cohtroi or experimental buffer .
in a shaking water bath at 37°C. Muscle preparations were 
equilibrated in either control or experimental buffer for
10-20 min and Fhen trénsferred to the 0O, electrbde chamber.
-0, consumption was measured with a YSI‘Og electrode for
10-15 min. The O, contenf of the buffer did not fall below
85% of the initial air-saturated level during the period of

rd

measurement. The muscle preparations were then incubated in

~
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control or experimental buffer containing 10°*M ouabain for
45 min and O, consumption agéin‘measured. Muscle
preparations from two mice were incubated in control or
experimental buffers for 45 min without ouabain and found tb
maintain initial respiration rateS’throughéﬁt the incubation'
period. ‘ ' . '
Statistical analysié
».Réspiration rates were compared between treatment

groups by the unpaired'Student‘s t-test.

D. Results and Discussion

\ The initial respiration rate of soleus muscle in the»_.
c;ntrol buffer (4.65 * 0.39 ul 0,/mg dry wt/h) (Téble 11.1),
was“higher than that méasuréd previously f¢r intact mouse
soleus muscle (3.7 % 0.10 ul 0,/mg dryiwt/h)(Gfégg &
Milligén, 1980), in a mbaifigd Krebs-Ringer bicérbonate
’bufferf,Thé ouabain-sensitive component of the respiration
of soleus muécle incubated in the control buffer was 19.7%,
which is similar to the 14-22% inhibition of resgirat}én
reported previously for intact mouse soleus muscle (Gregg &
Milligan, 1980)." In contrast,.using(the'experimental buffer;‘
addition of ouabain resulted in a slight increase (6%) in |
the rate of 0, consumption (Table II.1). This finding is
consistent with that obtained_by Bond and Hudgiﬁs-(1975), i;
which ptégfessive inhibition of red bloéd cell Na*,K*-ATPase

was produced with increasing concentrations of Mg** greater
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thén 3.0 mM in a buffer with a high content of Na* and a low
content;qf K*. Thus, inhibition of respiration by ouabain is
abolishgd in muscle tissue exposed to buffer containing 10
mM\MgCl,..

| The respiration rate of soleus muscle in the
‘éxperimental buffer\;EE’ETgniiicahfﬁ;'lower (p<0;001) than
" the initial respiration rate of soleus muscle in the control
/ buffer. The inhibitory effect of Mg*® on respiration wasr
‘significantiy greater (p<0.001) than the inhibitory effect
of ouabain on respiration. It is likely that high Mg*‘+ is
Qistuptive toiother cell processes invol?ed in energy \
transformations as.weil as to Na*,K'-ATPase although the
mechanism of .its inhibitory effect is not known.

We conclude thatyat’leést part of the lack of response
to ouabain obéerVed in'microcqloriﬁetric studies of active ’
Na® transport in'iﬁtact muscle preparations,(Chinet et al. |
1977; Biron et al. 1979), was due to prior inhibition of the
: Na*,K*-ATPase by the high conéentration of Mg** included in
the buffer rather than to an'unimportant role of active Na*
franspoft_in the energy expenditure of physiologically

intact muscle preparations.

E, Acknowledgements
Partial financial support from the Natural Sciences and
Engineering Research Council is gratefully acknowledged.
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Table I1I.1 Effect of MgCl, concentration on inhibition of
respiration’' of intact mouse soleus muscle by

ouabain.
MgCl,"
Concentration n Control +Ouabain % Change
1.0 mM 12 4.65 +.0.39 3.75 £ 0.29 ~  -19.7%
10.0mM 12 3,17 £ 0.21 3.37 = 0.25 +6.1

Y

' Values expressed as ul O,/mg tissue dry wt/h + SEM.
¥ P<0.001



II1. O, CONSUMPTION AND Na® ,K'-ATPase ACTIVITY IN INTACT

SOLEUS MUSCLE FROM COLD EXPOSED MICE

A, Abstract
Rates of 0, consﬁmption and Na‘',K'-ATPase activity were
measured for‘intact soleus muscle preparations from warm and
cold exposed mice. Cold exposure increased muscle O, -
consumption by 23% (p<0.001). The portion (13-14%) of
respiration inhibited 5y 10" °M ouabain did not differ
significantly between muscle'from warm and .cold exposed
mice, Incfeasea Nd:,K'~ATPase activity»aécbdnted for 20% bf;

\

the cold-induced muscle thermogenesis.

B.’Iﬁ;roduction

| in'previous étudies of active Na’fK‘,transport
.conducted with intact mouse soleus muséle, Na* ,K*-ATPase (EC
3.6.1.3) activi;y accounted,for'14 to 33% of muscle O,
consumption (Gregg & Milligan, 1980a,b).

Cold exposure.was shown to incfeasq 0, consumﬁtion in
sliced prepafations of mouse skeletal muscle (Stevgns &
Kido, 19743} and rat pectorél and diaphragh muscles (Guernsey
& Stevens, 1922). Increased energy expenditure ét the level
of the.Na‘;K‘-ATPase accbunted for 31-83% of the
cold-induced mﬁsclé thermogenesis.:However, the éell damage
resulting from slicing has been shown to cause a decrease in

- O, consumption and tended to cause an increase in the

‘proportion of respiration inhibited by ouabain for soleus

c21
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and diaphragm muscles from mice (Gregg & Milligan, 1980a).
Therefore, the use of sliced preparations may ovérestimate
the role of the Na*® ,K*-ATPase in.cold-induced muscle
thermdgénesis!

In this experjment, the effect of coid exposure on O,

consumption and Na* ,K*-ATPase activity was studied with

intact soleus muscle preparations from mice.

C. Ex?erimental
Adult male mice, in the weight range of 20—259,’wefe
housed individually in plastic cages without bedding at
either 24°C (warm) or 5°C (cold) for 3 weéks. Standard
Purina'laboratory chow and water wéré available ad libitum.‘
‘ V .
_Measuremenf of O, consumption and Qé*,K*—ATPage activity
Mice were stunned by a blow td the head and bled from
‘the neck. Intact soleus muscles>were removed following_the
procedure of Kohn and Clausen (1971).
| The buffer used as the incubation medium éontained
(mM): NaCl, 116.0; Kc1,.5.9}‘cac1,, 1.0; NaH,PO,, 1.2;
MgSO,, 1.2; NaHCO,, 10.0; HEPES |
(N—Z*hydroxyethylpipérazihe-N'—2—ethanesulfonic acid), 20.0
(pH 7.4); giﬁcose,‘10.0.-Musc;es were equilibrated and .
incﬁbated individually in 600 ml'beakers'c;ntainiﬁg 25 ml of
‘buffer in a shakihé water bath at 37°C. Muscles were

‘equilibrated in buffer for 5 min and then transferred to the

d, electrode chamber. O, consumption was measured with a YSI.
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O, electrode for 10-15 min. The O, contenr of the buffer did
not fall below 85% of the initial air-saturated level during
the period of measurement. Muscles were then incubated in
buffer containing 10-°M ouabain for 45 min and 0,
consumption was again measured. Percent inhibition of
respiration by ouabain was calculated usi;g the ratio of the
difference between initial and post-incubation respiration

rates to the initial respiration rate.

Statistical énalysis

Results are expressed as rhe mean values and their
srandard errors. An unpaired Student's t'test was used.to
‘establish sigoifioance of differences betwéén the means for
muscle O; consumption rate, percent iﬁhibition of .
respiration by ouabain, and Na‘,Kf—ATPase-dependent angd

independent respiration. _ . '

D. Results and Discussion

Cold-exposure increased (p<0.001) muscle O, consumption
by 23% (Table I11.1). This result is consistént with the
‘9.2—55%.increases in O, consumption of sliced skeletal
muscle preparations from mice angd rats when subjected to
cold exposﬁre (Stevens & Kido,_f974; Guernsey & Stevens,
1977; Guernsey & Whittow,'1981).

The proportion (13.0-14.1%) of respirarion inhibited by
ouabain did not differ signifrcantly botween treatment |

groups (Table III.1). This is at the lower end.of the
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14.3-21,6% inhibition range reported previously ﬁor.intact
mouse soleus muscle (Gregg & Milligan, 1980) and for sliced
skeletal muscle prepafations from warm and cold exposed mice
(Stevens & Kido, 1974). u |
Muscle from’cold exposed mjce had a
Na® ,K’'~-ATPase-dependent respiration yqlue 32% greater
_?p<0;001), and a Né’,K‘—ATPase—independent value 20% greater
(p<0.001) than those of warm exposed mice (Table ITI.1).
Increased énergy expenditure.at the level of the
Na*,K*-ATPase accounted for 20% of the increased muscle O,
consumption from cold exposed mice. This value is similar to
that_repé?ted for S}iced mouse skelétal mUScie preparations
(stevens &'Kido, 1974) but iower‘thaﬁ the 54-83% values
.estimated for the proportion of cold-induced thermogenesis
accounted for by Na*,K*-ATPase activity for sliced muscle
‘preparations ‘from cold exposed rats (Guernsey & Stevens,
1977; Guernsey &_whitfow, 1981) . We are not able to conclude
that thé role;of the Na‘,K’—ATPase‘in the increased muscle )
respiratioh induced by cold expoéure differs for mice and
rats because the extent to which Na*-K* transport was
acfually inhibited in thé intacg soleus muscle preparation
under our experimental‘conditions is not kﬁown. The
inﬁibiti&h of respiration by ouabain is a fUnction‘éf bbth
enzyme availability to ouabain and the equilibrium reached
between forﬁatibn and dissociation of the inhibitor-enzyme
complex (Tobin & Brody, 1972) as well as the éctivity of

Na*,K*-ATPase. Incomplete inhibition of the Na*',K*'-ATPase
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woyll@-underestimate the contribution of the Na®,K'-ATPase to
the increased O, consumption observed in the muséle of cold
exbosed mice. Although our Eurrent results indicate that a
significant proportion (20%) of the increasF in mouse muscle
0, consumption‘iﬁducéd by cold exposure was in support of
energy expenditure and heat production at the level of the
Na*®,K*-ATPase, we are not able to support the suggestion of
Guernsey & Stevens (1977) that this is the méjor mechanism
of increased thermogenesis. “ ; |

K

In conclusion, cold exposure was shown to increase

total O, consumption of intact soleus muscle preparations

from mice. Increased energy expenditure at the level of the
Na*,K*-ATPase accounted for 20% of the cold-induced increase

of muscle O, consumption. It is not known how much of the

-Na* ,K*-ATPase-independent respiration is due to incomplete

inhibition of active Na'-K* transport in the intact mouse

‘soleus muscle preparation or to as yet quantitatively

unidentified energy expending metabolic processes.
E. Acknowledgements
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IV. ROLE OF NA",K'-ATPASE .IN MUSCULAR ENERGY EXPENDITURE OF
WARM AND COLD EXPOSED SHEEP

: 4
" A, Abstract

The role f'Na*,K*/ATPase in the energy.exéendituré df
sheep skelet;;ima;ale/gz;’the influence of exposure to cold
on -this role was studied. An in vftro breparation of muscle
was developed whiéh achieved Oz'availability and a

functional membrane potential. A 10-* M concentration of

. ouabain yielded a maximum inhibition of respiration of

+ 1.8% using muscle preparatips from a random group of"
sheep. Whole body and muscle O, ‘pnsumptions and
ouabain-sensitive muscle respiraiidn were measured for warm
and cold exposed sheep fed at maintenance or 1150 g alfalfa
'pellets/d.'Céld.ekposﬁre increased whole body and muscle O;
consumption,'Inhibition of reéﬁiration by.oﬁabéin was 37.6 =
1.2% and 41.0 % 3.6%-for.warm and cold exposed sheep fed at
maintenance, ana_28.5fi 4.0% and 45.0t 4.0% for warm and
cold exp@sed sheep fed 1150 g alfalfa"pelféts/day. The
increase in the ouabain-sensitive component of :espiration
accdunted for 48-79% of- the increésed O, consumption of
muscle.from.chd‘exposéd sheep. It was concluded that the
Na*,K*-ATPase of sheep muscle is a major means of enérgy_
expenditure and has an important role‘in the inc;eased

thermogenesis, resulting from cold expoSh:e.

28
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B. Introduction
The activity of Na*',K'ATPase (Na‘, K'-dependent

-

',adenosine'triphOSphatase EC 3.6.1.3) in counteracting the

I

transmembrane movement of Na* and K* along thei:
concentration gradients has been identified as an important,
compqnént of cellular energy expehditﬁré, céusing 20-45% of
the O; uptéke of resting cells (Whittam, 1961). Activation‘
"of Na*,K*-ATPase has also been éugéestea to.be an important
mechanism‘for heat production in the cold induced“
thermogenesié of small mémmals (Guernsey & Stevens, 1977).
The capécixy of the Na’,K;-ATPase in basal energy

" expenditures and heat genération in cold induced
thermogenesis,has‘initially studied in slicéd tissues from
small mammals (see Himms-Hagen, 1976). Concern that damaged
céils'iq the sliced tissue preparations may have yiélded
| 'bhysiologiéaily,unreglistic impressions of in vivg
Na*,K*-ATPase activity brompfed the use of intact orgén
preparations ihcluding rat liver (Folke & Seépoft, T&§7), }
isolated rat soleus éuscle and adipose tissue (Chinet et |
al., 1972),’and mouse soleus and diaphraém muscles (Biron et
al., 1979; Gregg and Milligan, 1980). With the intent of
ashievingﬁfurther definition off the metabolic components of
restin9 e£ergy éxpendiﬁure and of engrgy ekpenditufé in- the
cold, thé.objectives of thi& study were to measure 0.
consumption énd Na§§R3—ATPase activity in functibnally
intact sheep muécie preparations andﬁto‘ascertain~the

influence of cold expoépre of the donor animal, and the
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consequent increase in metabolic rate, on these
‘measurements., To achieve these objectives, an ih vitro
preparation of skeletal muscle was developed in which a
‘funétional membrane potehtial was maintained and there wes

availability of O, to all sites of cellular utilization.

Ce- Experimeh"tal
Muscle preparat1on
Sheep were anesthetlzed w1th 2 0-2. 5% halothane gas. A
lengthwise 1nc1s1 n was made eigﬂg«the.neck exposing the

sternomandibulari;

muscle. A longitudinal section of musecle, -
apptoximately 5 m%ﬁ' diameter and 3C mm in length, was tied
at each end with 5-0 braided silk suture and bluntly .
dissected loose in such a way as to prevent leakage from the
tied muscle flbets when a. cut was made distal to‘each tie.
The muscle sectien,was removed from the animal and placed in
ice-cold buffer solution. With the uif a dissee\tin'g '

microscope, the interjacent fascia w removed and the

section re-tied into up to six muscle preparations varying
in length from 10-25 mm and less than 0.5 mm in thickness;
the approiimatevbalculated thickness at which the rate of 0,

diffusion becomes limiting to respiration (Kleiber, 1961).

Electrophysiological studies

The muscle preparations were held on the stage of a

flxed stage mlcroscope. Medlum was contlnuously changed by a

~flow through system supplylng Krebs—Rlnger bicarbonate

L4 .
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o
buffer oxyoenated with 95%0,:5%CO, at 37°C (Bonkowski &
.Runion, 1976). The'recording microelectrode was mounted on a
‘Ptior micromenipulator and cells were penetrated under
direct observation. The‘glass microelectrodes were filled
w1th 3M KC1 and- connected through a chlorided Ag wire to a
WP1 M750 electrometer Electrode resistances were.-20-40 M,
The D.q. potentlals were.observed on a Gould DigitalfStorage

N

" Oscilloscope 0S4000.

- Muscle characterization

Preparations, of the sternomandibularis were
characterized according_to fiber type (Guth and Samaha}ﬁ
1970). This method identifies muscle fiber types on. the
basis of qualitative differenceé in actomyosin ATPase

4

content.

Measurement of .sheep muscle respiration and response to'
ouabain

¢ AMuscleApreparations were obtained from'a‘random gronp
~of eight Suffolk crossbred sheep: four 3-5 year old |
‘non-pregnant,-non—lact ting ewes, two 3-4 year old nethers,
and one 2 year old rams One or two sections were taken per
animal perAsurgery'qnd two to four surgeries were performed .
per animaf} The HEPES buffer used as the incubation medium
contained (mM): NaCl, 116.8; KCl, 5.9; NaHCO,A,_10.Q; Méso4,
1.2; NaH,PO,, 1.2; CaCl,, 1.0; HEPES | |

(erfhydroxyethylpiperazine:N'—2—ethanesulfonic acid), 20.0
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(pH 7.3-7.4); acetate, 5.0; glucose, 10.0. To achieve
thorough oxygenation, muscle ‘preparations wére equilibrated
and later individually incubated in 600 ml beakers \
containing 25 ml buffer in a shaking water bath‘ét 37°C.
Muscle preparations were transferr;d from the equilibration
beaker to the electrode chamber and O, consumption measured
with a YSI O, electrode. Each»mUécle’preparation wés |
incubated for 45 min in one concentragion of'ouabainywijggh
the range of 0 to 10° °*M, .The rate of O, consumption was
measured at the end of the incubation period, followihg
which the preparations werebdried 6vernight at 80°C for
ti §uebdry weight d;termination. Percent inhibition of
-respiration 5y ouabain was calculafed using the ratio of the
difference between initial and that after incubation to the
initial respiratioh rate. Mean percent inhibition of
respiration by ouabain was calculated for each concentration
of ouabain in which muscie preparations were incubatéd. A
dose rééponse curve was constructed expressing inhibitioh as
a percentage of'thé.maximum inhibition.
. ) . .

Trial 1. Respiratioﬁ and ouabaip-sensftive respiration of
muscle preparations’fkom warm énd cold exposed sheep fed at
maintenance . ‘ ~ |

Eight'Suffolkigrggsbrgg female sheep, in the weight
‘range of 33—t7 kg}'were‘;horh‘and randomly divided into two

1 were individually housed in metabélié crates

groups. Shee

at either 1°C (cold exposed) or 25°C (warm exposed) for 5
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.weeks prior to muscle sampling.- Warm and cold eXposedhsheep
were fed to maintain body weight. Feeding levels were 950
aﬁd 1450 g alfalfa pellets/d for sheep exposed to 25°C and
1°C, respectively; Whole animal O, consumption Qes measured
using the respiratory'gaseous exchange analysis system‘
described by Young et al.“(1975).'02 consumption was
measured at 25° C and 1°C for warm and ‘cold exposed sheep,
respectlvely, for a 30 min period 24 h after feedlng Three
measurements were made per animal before, durlng, and after
the week of muscle sampling. Respired gases were collected.
by ventillated hood. Surgery was performed.on'the cold
. exposed sheep under warm (25°C)-and cold (1°C) conditions.
One surgery was performed per animal yielding tissue used te
obtain five observations of muscle O, consumption ahd one
observation of ihhibition of respiration by ?uabain>a£ each
concentratlon of inhibitor. Values for percent inhibition of
muscle resplratlon by ouabain were determlned as descrlbed
Muscle preparations were exposed to ouabain in the range of
0 to 10°°*M since ouabéin concentratiohs of 10;‘M or gfeaéer»
were shown to yleld maximum inhibition: of resplratlon for
exc1sed sheep mgsele (Fig. 1). Dose response curves were

constructed for each animal.
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Trial 2. Respiration and ouabain-sensitive respiration of
muscle preparations from warm and cold exposed sheep fed at
the same level of feed intake

The same experimental outline was followed as in Trial
1 with‘ihe same experimeﬁtal animals except that all sheep
were given 1150g/day of the pelleted alfalfa diet and all
surgeries wefe performed under warm (25°C) conditiqﬁs.

a‘,K'-ATPase Assay /

The Na*,K*-ATPase activity of muscle homogenates was
measured for sheep of trials 1 and 2 aécording to al
modification of the method of Lo et al.(1976). Samples of
the sternomandibularis muscle, approx1mately 30 mg in
weight, were taken from animals during surgery and ‘
immediately frozen -in liquid N,. Frozen muscle samples were
hpmoéenized in 10 volumeé of the homogeﬁizing medium with a
Tekmar homogenizer. Crude homogenate (0.1 ml) was added to
0.9 ml of the reaction mixture in the presence and absence
of 0.02 M KC1. Aféer'incubation, the inorganic phosphate
(Pi) content of the>reaction'mixture was determined by the
method of Figké & Subbarow (1925). Na*,K'-ATPase activity
was measured as the differeﬁce between Pi generated in the
bresence and absence of K*. The protein doncempratidn of the

muscles wak determined by the method of Lowry et al.(1951).
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Statistical analysis

Values for Ki,”the.concentration of ouabain giving
one-half maximal inhibition of Na*,K‘—ATPase;dependent
respiration, were calculated from a least-squares regression'
line fitfed through the linear portion of the individual
dose responsé‘curves for the ouabain effect'on muscle
respiration. Values for Ki and ﬁeans and their standard
errors for total, ouabain-sensitive.and bUaBain—insensitive
:espiration, and Na*,K*-ATPase activities were evaluated for
\statistical differences by £he unpaired.Student‘s t-tést

(Steel & Torrie, 1960).

D. Results

Halothane gas was used as the surgical anaesthetic
since it has been shbwn in isolated nefve-muscle
preparations that membraﬁe potentials regéin pre—exposure
status shortly after removal-o% the vbiatile gas (MadGregor,
1978) . Membrane potentials, measured dur;ng development of
the intact muscle technigue, were -50 mV, or more negative.
The sternomandibularis of sheep is a prédominantly red tybe
muscle and contained 66% red and 33% white fibers;
igtermediate type fibers yeré not present.

'
i

Response of sheep muscle respiration to ouabain
During the course of a day's~mea$urements, some of the
muscle preparétions were held in the equilibration beaker

for up to 3. h before measurement of initial rate of 0O,

“*
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consumption. No consistent decreasé in the rate of Oz' K\\
cdnsumption oécurred during this period. The mean initial
respiration rate of the sheep muscle preparations was 2.65 +
0.11 vl O0,/mg dry wt/h kn=34). The dose response curvé
constructed for ouabain inhibition of respiration of sheep
muscle is shown in Fig. IV.1. The rate of 0O, consumpfion of
control musc1e>preparations incubated in buffer without
ouabain for 45 min did not change (P>0.05) ffom the initial
rétes of respiration. The lowest concentration of ouébain/
resﬁlting in maximum inhibition of respiration was 10" M,
Values for inhibition of respirationvat greater
concentrations of ouabain‘were not different (P>0.05) from
those obtained with 107 °M ouabain. Inhibition by 10-¢ M
ouabain was 38.9 111.8% of the total respiratiof of ﬁﬂé

muscle. The calculated Ki value was 0.25 UM.

Trial 1. Respiration and ouabain-sensitive respiration of
muscle preparat%ons from warmAand cold exposed sheep fed at
méintenance |

The body weights of bofh the warmﬁand cold exposed
sheep were maintained throughout thé experimentﬁl pefiod.

Whole animal O, consumption rates were 8.9 = 1.0 and 12.6 *
1.0 1 0,/h, f;r warm and cold expésed sheep, réspectively
(Table iv;1); The increased metabolic rate of the.cold
exposed sheep was reflected in the initial_fespiration rates

of their muscle preparations; the respiration rates were

1.82 + 0.11 and 2.69 + 0.16 Ul O, /mg dry wt/h for the
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preparations from warm and cold exposed sheep, respectively.
Ouabaip—sensitive respiration was 37.6 + 1.2% and 41.0 %
3.6% of total reSpiration in the muscles of warm and cold
exposed sheep,, respectively. Both the ouabain-sensitive and
ouabain-insensitive components of respiration of muscle
preparations weré significantly increased (P<.001) by cold
exposure of sheep fed at maintenanée; there was an increase
of 69% in the ouabain-sensitive component, wﬁile the
~ouabain-insensitive e6mponent increased 39% (Fig. IV.2). The
increase in ouabain-sensitive respiration accournted for 48%
of the cold induced increase in muscle respiration. The dose
fesponse curves for the warm and cold exposed groups are
shown in Fig. IV.3. Ki'va;ues wvere calculated for each
animal;'the'mean Ki did not differ significantly (p>0.05)
bétween treatment groups. The overall mean Ki for.thé

ouabain inhibition of muscle respiration for preparations.

from the warm and cold exposedisheep was 0.19 = 0.06 uM.

Trial 2. Respiration and ouabain-sensitive respiration of’
muscle.preparationﬁ.from ‘warm and cold exposed sheep fed at
the same level of intake |

The ﬁéfm exposed sheep gained an average of 37 g/d and
the cold exposed sheeﬁ lost an average of 33 g/d during the
experimental period while receiving 1150g alfalfa pellets
per day. Whole animal respiration rates were 11.1 % 1.0 and
i3.8 + 1.0 1 0,/h, for warm and cold exposed sheep,

respectively (Table 1V.2). Surgeries were performed under

i



warm (25°C) conditions since in two instances of doing
surgery in the cold in Trial 1, difficulties of sufgery were
increased and no effect of surgery‘room temperature on
initial and ouabain-sensitive respiration was observed.
Initial respiration rates were 2.09 + 0.17 and 3.09 # 0.19
ul O,/mg dry wt/h for the muscle preparations from the warm
and cold exposed sheep, respeétively. Ouabain—-sensitive
respiration was 28;5 * 4,0% of total respiration in the warm
exposed sheep and 45.0 + 4.0% in the cold exposed sheep.‘The
ouabain-sensitive component of respiraﬁion of muscle
preparations was ‘increased 132% in cold exposed sheep,
accounting for 79% of the total.ihcrease in muscle
respirétion due to cold exbosure (Fig. IVi2). The
puabain—insensitive éomponent éf respiratién did not differ
(P>0.05) between:warm and cold exposed sheep fed.aﬁ the same
‘.£;vel of intake. The meén dose response curves for the warm
and cold exposed groups are shown in Fig 1V.4. Ki values did
not\differ‘(P>0.05) between treatment groups; the overall

A

mean Ki value of warm and cold exposed sheep fed at the same
. \, .

R ) N
level of intake was 0.20 = 0.03 uM.

Na‘',K'-ATPase asséy- : -

In animals fed at.maintenahce and at the same level of
intake; the mean Na',K*'-ATPase a;tiviﬁy of muscle from warm
exposed sheep (1.31 * 0.26 umole Pi/mg protein/h) did not
differ (P>0.05) from that of muscle from cold exposed sheep

(1.48 + 0.26 umole Pi/mg protein/h).
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E. Diécussibn

The diffigﬁlty of obtaining tissue slice®preparétions
of muscles from large animals which would not contain a
large proportion of damaged cells prompted the development
of a preparation that more closely resembled the in vivo
muscle state, for example, by maintaining a functional
membrane potential. The small size of this muscle
preparation allowed repeated sampling of each animal and
avoided problems associatedwwith ouabain perfusion of whole
organ preparations, such as loss of vascular integrity and
oxygenation (Folke & Sestoft, 1977).

OQuabain, the épecific inhibitor of Na®*,K*-ATPase,
inhibited 40% of the respiration of excised sheep muscle,
stporting the role of Na*',K'-ATPase as a major component of
cellular energy expenditure. This measurement is in
agreement with values reported for the ouabain—sénsitive
respiration of rat diaphragm (Asano et al. 1976; .
ISmgil—Beigi & Bdelman, 1970) and mouse soleus and'diaphragm
muscles (Gregg & Milligan, 1980).-The sigmoidal dose
response curves obtained for ouabain inhibition of the
Na®,K*'—ATPase-dependent respiration of sheep muscle (figs.
Iv.3, 1V.4), are similar to the pattern reported for
pﬁrified»Na‘,K*—ATPase-preparations from other mammals
(Charnock & Simonson, 1977, 1978).The Ki valﬁe.of 0.25 UM
calculated for ocuabain inhibition of respiration of muscle

from a random group of sheep is within the range of -

0.11-2.50 UM reported for purified Na',K'-ATPase



preparations for several mammalian tissues (Charnock &
Simonson, 1977, 1978; Tobin & Brody, 1972).

Cold induced thermbgenesis, as studied in small
mammals, is thought to be a consequence of increased heat
production by brown adipose tissue (Horwitz, 1979). The
increased thermogenesis induced by cold exposure appears to
be mediated by a complex interaction involving neural and
hormonal factors and ihcludes increased thyroid activity.
(Horwitz, 1979). In larger animals containing little, if
- any, brown adipose tissue, muscle becomes an important site
of heat production when an increased thermal d%ggpd is

imposed (Jansky, 1973). Indeed, we found that the rate of O,

uptake of muscle eparations from cold exposed sheep was

greatér than Upga by preparations from warm exposed sheep.

¥

It is then of i nce to ascertain the mechanisms within

éhe tissue by which the ipcreasqg metabolic rate is
'aéhieved. The results obtaineq using functionally intact
preparations indngte thatA48—79% of the increased 0,
consumption observea in muscle preparations from cold
exposed sheep is attributable to increased Na*, K’-ATPase
activity. In principle, this is in agreement with the
evidence derived with damaged muscle preparations that a
major portion of the increased O, consumption of muscle
tissue from cold exposed animals results from increased

energy expenditure by means of Na*,K*-ATPase activity

(Guernsey & Stevens, 1977; Stevens & Kido, 1974).

-
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The mechanism oﬁ_enhahcement of Na*,K*'—-ATPase activity
of muscie‘fsem cold exposed animals is not clear at this
time. Stimulatioh.of the activity of pre-existing enzyme\or
hormenel_jnduétion‘of increased enzYme synthesis or of the
synthesis;qf a more active ensyme are possible ways of
 achiev§ng the obsegﬁed increase of the Na‘;K*—ATPasef
: . TR
activity of muscle from cold exposed animals. There is
“ev1dence of increased thyr01d activity in sheep subjected to
cold stress (Westra &.Chr;stopherson, 1976) and *H-ouabain
~ binding studies have‘ind&céted increased amounts of

a‘;Kf—ATPase in the"musclesIOf rats‘upon treatment with
thyroid‘hormone (Lin & Akera, 1978), thus one might expec:
increased amounts of Na;,K*—ATPase~id the skeletal muscle of
cold‘exposed“sheep‘ However, overall ﬁa* K*-ATPase
~act1v1t1es, measured 1n thls‘study as an index of the
max1mum capac1ty of the enzyme system, did not differ
is;gnaf1cantly (p>0505) betweenﬁwarm and cold exposed;sheep{
TheTpresent study does not ptovide conclusive evidence for
resolution of the_pessibilitieskoflincreésed activity of

’ 4

existent enzyme versus an increased amount of enzyme as the

cause of the increase in Na',K*-ATPase-dependent respiration
. @ AT : .

i

in the muscle of cold exppsed"sheep.

The kinetic constant Ki, a measure of enzyme
. 1 % .

.sensitivity(to ihhibitos,lmay be a useful tool in the
assessment of changes in enzymelchaéécteristicsfoccuring

with differeht.physiological stresses. The lack of

difference between calculated Ki values from warm and cold

X -/
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s

exposed sheep fed at mainterfince or at the same level of

N

1ntake may indicate a lack of change in the nature of the
enzyme in the ¢old exposed animals, ' g

In designing a study of effects of cold stress on.
animals,'an inyestigator is faced with the dilemma of
, providing additgonalfdietary energy intake to'the cold
exposed animals to offset the 1mposed thermal demand or of -
s1mply prov1d1ng the same amount of feed to the two
experimental groups. The former ch01ce results in warm and
'cold exposed groups at differing levels of intake, as in
Trial 1, whlle the latter choice results in warm and ®olad
exposed groups that dlffer quantitatively in the energy they
can expend on metabolic processes other than those expressly'

R 15
for heat production, as in Tri#1%2, in which the cold

t.

exposed group lost wei Thus, to arrive at a reliable
conclusion,. it is.of~i portance to have examined effects
under both .of thé fore oing experimental'circumstances.

'Con51derable confidence arises upon having obtained 51m11ar

~“7f1nd1ngs regardlng Na*, K*~- ATPase activity under both

experlmental c1rcumstances. It is concluded that expendlture
'?of energy by Na* K*-ATPase oatalyzed transport of Na* and K*
across the plasma membrane, has a hlghly s1gn1f1cant
~involvement . un the basal energy expenditure of sheep muscle
and that a major part of the increased respiration, and

presumably heat generation, of muscle from cold exposed

sheep was due to increased Na*,K*-ATPase activity.
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Table IV.1 Whole animal and muscle respiration from sheep
fed at maintenance',

Whole animal Muscle O, % Inhibition by
. Treatment O, consumption consumpt ion ouabain of muscle
(1 0,/h) - (ul 0,/mg/h) 0, consumption?
Warm 8.9 + 1.0 1.82 = 0.11 37.6 + 1.2
Cold 12.6 + 1.0%x 2,69 + 0.16%%  41.0 + 3.6

' Maintenance feed intakes were 950 and 1450 g alfalfa
-pellets/d for warm and cold adapted sheep, respectlvely

? ouabain=10"°¢M, . .

x P<0.05 .

%% P<0.001
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Table IV.2 Whole animal and muscle respiration from sheep
fed at the same level of intake’,

Whole animal ”:Muscle O; % Inhibition by

Treatment O, consumption consumption - ouabain of muscle
(1 0./h) (ul 0,/mg/h) O, consumption?
Warm 11.1 % 1.0 2.09"% 0.17 . 28.5 % 4.0
Cold 13.8 £ 1.0 3.09 £ 0.19%x 45.0 + 4.0%x

-
.~
o

' 1150 g alfalfa pellets/d
2 ouabain=10"*M, .
¥*x P<0.001
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V. ENERGY COSTS OF NA® K*ATPase ACTIVITY AND PROTEIN

SYNTHESIS IN MUSCLE FROM CALVES DIFFERING IN AGE AND BREED

A. Abstract -

An in vit;o preparation vas used to measure rates of q'*
" consumption, Na*,K‘—ATPase-depend?nt respiration,
'‘C-phenylalanine incotporation and tyrosine releasé of
'skeletal*(sternomandibularis) muscle from 10-21d and 7 month
idaify’calvéﬁ, and éontroi and extreme double-muscled (DM)
calves., Ratg\of O, consumption was greatest (p<0.001) for
muscle from 10-214 dairy calyes and lowest (p<d.05) forﬁﬁ
control DM caﬂves. Ouabain (10‘5M) caused a 40% inhibitién‘v
of muscle respiration. Na',K*-ATPase-dependent respiratioﬁ
was similar for muscle from all calf~qroupé except 10-21d
déiry calves which had a value 26% greater (p<0.001) than

that of older dairy calves. Na’,K'-ATPase-independent g

respiration was 16% greater (p<0.001) for muscle frqm}

Ll

than that of older dairy calves while muscle from\extreme DM
calves had a value 11% greater than that of control DM
‘calves. The rate of “C-phenylalanine incorporation was
greater (p<0.05) for muscle from 10-21d dairy than from
older dairy calves, simiLar between older dairy and control
DM calves, and decreased (p<0.05) for extreme DM calves.
Rate of tyrdsine release was greatest (p<0.05) for muscle
from éontrol and extreme DM Calvés; both dairy groups had

similarly low rates of muscle tyrosine release. Thewgnergy

estimated to be required for peptide bond synthesis

52
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accounted for 2.0 to 3.3% of the O, consumption of the

muscle preparations.

B. Introduction

In order to more fully unaerstand whole animal energy
expenditure it is necessary first tc 1dent1fy the causes of
metabolic energy expend1ture, and then to determine their
quantitative importance under a variety.of physiological
conditions. 2

Active Na‘'-K*' transport, tha£’is, the activity of the
plasma membrane Na' ,K'-ATPase (EC 3.6.1.3) in counteracting
transmembrane movement of Na‘' and K* along their
concentration gradients, has been suggested to be a major
componenﬁ of the energy expenditure of animals and has been
estimated to account for 20-45% of the O, uptake of restihg’
cells (Whittam, 1961). Protein synthesis has also been
suggested to bé a major energ& cost~of animals, accounting

for up to 30% of the heat productlon of cattle (Lobley et

al. 1980). ‘The extent to which energy eprﬂded;bysproce;;esf“

.4\\{! B

“ ¥

1v).

%
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The objectives of this experiment were to obtain

physiologically realistic estimates of the magnitudes of the’

energy costs of active Na'-K' transport and protein
synthesis in skeletal:muscle from calves and to examine the
effects of breed and age upon the relative costs of t;ese
two processes as components of background or maintenance

energy expenditure of the tissue.

C. Experimental \ 1 | - \
Animals
Muscle samples were obtaihed from six 7 month old male
calves from a geef crossbred population selected for a high

incidence of double-muscling (DM), two calves exhibited

normal muscling (control DM) and four calves exhibited overt

muscular hyperplesiar(extreme DM); three 10-21d old male
dairy (Holstein) calves; a;d th;ee 7 month old male dairy
calves. All animaks were housed indoors in heafed barns
(approxlmately 20°C) for at least 4 weeks prior to surgery
The 10-21d dairy’ calves ﬂere fed a m1lk replacer diet; 7
month calves were fed ;ood quality grass hay free choice and
a ration of ba;;ey—oat concentrate mix containing minerals.
Water was available ad libitum. Animals were fasted

overnight prior to surgery.

Respiration and Na“ K‘-ATPase—dependent respiration
A sectlon of the sternomand1bularls muscle was taken

from each anxmal and preparations made following the method

LY
A}
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| o _ | |
of Gregg & Milligan (Chapter IV). One suggery was performed
) per‘%nimal yielding tissue used to obtain four observations
of muscle 0. consumptlon and one observatlon of 1nh1b1t10n
by ouabaln at each concentrat1on of inhibitor. Immedlately
upon‘removal from the animal, ‘muscle sect1ons were placed in -
cooled 215°C) HEPES buffer conta1n1ng 10‘mM glucose and 5 mM
‘acetate as substrates, and the small t1ed fibre bundles
p(approx1mately 20 0 x 0 5 mm) yere prepared at room
temperature with the a1d of a dissecting microscope.
Following measurement of initial resplratlon rates (Chapter
PIV) in an Oz electrode system, the muscle preparat1ons were
incubated in buffer containing 0 to 10-*M ouabain.
ReSpfratlon rates were then measured‘again. Percent

inhibition of respiration by ouabain was calculated usin§
. @ ) ) ‘
the ratio of the difference between initial and
post 1ncubat1on resplratlon rates to the 1n1t1al respiration

LR /\
~rate. o o

' Heasurement,of “C—phenylalanine incorporation

| Muscle sectlons were placed~in HEPES buffer to whlch:.,
the follow1ng add1t1ons had been made* essential and
non-essentlal am1no acids, except phenylalan1ne,kat the
concentratlons reported for sheep plasma’ (Bergman et al 9’
1974); gpenylalanlne, 500 uM, 1nsu11n, 0. 1 unit per ml- |
j»chloramphenlcol, 0.3 mg per 1. Four muscle preparatlons from
deach animal were 1ncubated in 3 ml of the complete HEPES ~

buf fer conta1n1ng»approx1mately 0.28 uCi of L—(U-*‘C)-
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it

‘phenylaianihe'(Amersham-Corp., Ontario) per ml, two

preparations were incubated for 1.0 h and two for 2.5 h iq a
shaking water bath att37@C Preliminary studies established

the rate of '*C- phenylalanlne 1ncorporatlon to be linear for

!

1ncubat10ns periods of up to 3

incubation period the muscle *”“9 PPations were rinsed,

Y2 4

blotted and weighed. They were then homogenlzed in ‘1 ml of
cold 50% (w/v) trlchloroacetlc acid, centrifuged, and the
precipitate washed»atcording to the method of Fuiks et al.
(19755. Aqid-ptecipitated pellets were combusted in a
Béckman bialogidal matérial ogidizer and '*‘CO, collected in
10 mls of CO,-trapping tqéktail (50%, v/v,,toiuene, 30%
methyl cellosolve, 20% monoethanolamine, 5.0 g PPO, 0.2 g
POPOP). Radioactivity was measured with a Searle Ma;k LiI

liquid scintillation counter and counting efficiency

determined with the channels-ratio method.

In a‘Separate experiment, acid—precipitated material
from muscle preparations incubated 2.5 h was dried,
hydrolyzed and chvomatoéraphed apcording to the method of
McBride et al. (1979). Sections of the thin iayerb

chromatography plates were scraped into separate countlng

'vials and counted as described above. Rad10act1v1ty was

Ar

found to be present only at the position correspondlng to'

the phenylalanlne standard : . /
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MeaSuremént of tyrosine“releége
. The rate of tyrosine release from muscleinas méasured
in thé:HEPES buffer uséégior the study of “C—phénylalanine
1ncorporat10n, in which was“;ncluded 0. 5 mM cyclohex1m1de
and from whlch tyr051ne wag’;mm1tted according ‘to the .
method of Fulks et al. (1975). Two muscle prebarations from
~each animal were pré-i@cunated in 2'ml of buffer in a
shaking water bath at 37°C for 0.5 h then transferred to
similar flasks; one pr%paration was incunated‘for 0.5 h and
the other f?; .5 h. At the end of the incubation perlod”
muscle preparatlons were blotted and weighed. The amount of
'tyros1ne in the buffer was measured fluorometrlcally by the
method of Waalkgs & Udenfriend (1957). Preliminéry_sfndies

AN

established the rate of tyrosine release from muscle

preparations into bufféi to be.linear "for incubation periods~

of up to 2.5 h after a 0.5 h pre-incubation period.

¥y

Statistical analysis'

<

Results are exgxessed as the mean values and their = —

for muscle O, Consumption! percent 1nh1b1t10n of resp1rat1on

by 10-*M ousgbain, énd Na*,K’—ATPase-dspendent-and
independent‘r.sbiration. The rafes of “C-phénylalanine
-incorpofatibn aqd tyrosine release were determined. by ieast
squéres analysis. Diffe;enées between groups*WeEe located gy

the Student-Newman—-Kuel rangé.test (Steel & Torrie, 196Q).
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D. Results

0, consumpfion';nd Na® ,K'-ATPase activity

Total muscle O, consumption.and'the proportion of
respiration\ihhibited by 10°*M ouabain are shown in Table
V.1, 5

The rate of muscle O, consumption was greatest (p<0. 05)
for 10- 21d ‘dairy calves and was reduced by 16% in the muscle
from the older dairy calves. ‘Among calves of similar age,
dairy calves had a muscle O,Aconsumpt;on rate‘greater
(pQO.OS) than control DM calves.

Dose-response curves constructed for each calf group
differed in absolute values for percent 1nh1b1t10n of
resplratlon observed at each concentrat1on of inhibitor but
had a s1m11ar 51gmoldal shape and a similar value for the
lowest concentration of inhibitor yiélding»maximum |
inhibition\(10‘5M ouabain).

The proportion of'respiration inhibited’by ouabain
ranged from 39.4 % 2.9% for‘older dairy to 42.7 * 1.4% for
controerM calves. Na’;K*-ATPaSe—dependent respiration, the
amount of O, calculated to have been consumed to'supporr the,
ouaba1n inhibitable portlon of Na*,K*-ATPase act1v1tyz was
statlstlcally similar for muscle from all calf gfouos eXcept
10-21d dairy calves Whlch had a value 26% greater (p<0 001)
than that of older dairy calves.

K’—ATPase-lndependent respiration " the residual
~portion of muscle 0, conﬂ%mp¢1on not accounted for by

activity of the Na* K‘-ATPase, was greatest for muscle from

PR
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10-214 dairy cal€es. The value for musq;e from 10-21d dairy

. Ty, BN
calves was 16% greater (p<0.001) than that of older dairy

~calves. Foy calves of similar age, Na‘',K’'-ATPase-independent

respiration was measured to be 11% greater (p<0.05) for
‘muscle from extreme than that of controllDM,calves and 19%
greater,(p<0.005) for muscle from older dairy than that of

control DM calves.

Rates of ' ‘C-phenylalanine incorporation and tyrosine
release
Rates for '*C-phenylalanine incorporation into muscle

_protein are shown in Table V.2. The rate of

le’c phenylalanine incorporation into muscle d1ffered

j(p<0 05) between all groups except between older dairy ‘and

\cont:ol DM,calves. Ks values ranged from 0.7 to 1.5%/d
(Table V.2); muscle preparations from 10-21d dairy calves
had a Ks value 50% greater than those from older da1ry

calves, and muscle preparations from control DM calves had a

" Ks value 54% higher than those from extreme DM calves. The

Ks values for muscle preparatlons from older ddqry and
control DM calves were similar. The estimated cost of
ihcorporation of amino acids intb growingvpeptide chains
‘ranged from 2.0 to 3.3% of the total 1n v1tro 0, consumptlon
of the muscle preparatlons (Table Vv.2).

Rates of release of tyrosine from muscle preparatlons
are shown-in Table V.3. The rate of»tyrosine‘release from

muscle differed (p<0.05) between all calf groups except
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tbetween 10-214 and older aairy calves; Both dairy groups had
tyr051ne release rates which were too low to allow accurate
' measurement. Muscle preparatlons from extreme DM calves had
a greaterr(p<0.05) rate of tyros;ne release (Table V.3) than
those from control DM calves. | |

" The fraction of muscle protein degraded per-aay (Ka)
was calculated‘asSuﬁing a muscle tyrosine content of 2.8
mole % (Chang & Goldberg, 1978). Kd values thus caleulated\
were 0.1%/d for 10-21d and older dairy calves, 0.8%/d for
control DM calves, and 5.4%/d for extreme DM calves. It was
assumed thet tyrosine released frqm»huscle orf;inated from
muscle:protein since Fglks et al.‘}1975) have shown tﬁat
under similar experimental conditionekmuscle‘free tyresine

content did not change‘duriné 3 h of incubation.

E. Discussion
_Exposure of muscle to 10°°M ouabain resulted in an
average of 40% for inhibition of respiration..This value is

in agreement with Qalues for inhibition of respiration by
-ouabaln reported for skeletal muscle from sheep (Chapter
Iv), m;ce (Gregg & M1111gan, 1980a), and rats (Asano et al.,
1976; Ismail-Beigi & Edelman, 1970),

The rates of O, consumption measured for calf muscle
~prepareti0ns wvere similar to those previously measUred-Qith
like preparations of the same muscle for adult sheep |

-

(Chapter V). A decrease of -metabolic rate with agﬁihas been
.

~prev1ously observed for- cattle (Webster et al. 1974). The

AN
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greater rate of muscle O, éonsumption measured for 10-21d
than for older dairy calves resulted from increqség’in both‘
the Na*,K*-ATPase—-dependent and independgnt components of
respiration.‘For'calvés_of sihilar agé, the'differenCes

JWSFaSUred forAtot;l 0., consumption'bengen;extremg and

‘g@%ntrol DM calves and between dairy and control DM calves
were due to an increased amount of O, consumed in the
Na’,K‘—ATPase—independenf’c&mponent of respiration. |

The use of ouabainm$o determine Na’;K‘fAT?ase-dependent
respiration was criticized (Himms-Hagen, 1976) primérily on
~ the basis that the decreased O, éonsumption observed in thei 

. presence of ouabéin may be due to altered ihtracéiluar Na‘  
and K* concentrations and may, therefore, be secondary to =
the inhibition of ‘the Na*,K'-ATPase. However, ASaho et al.

- (1976) found'measureménts of the ouabain-inhibitable O;
conéumption'of rat skeletal muscle to be independent“ofbav
wide range of experimentally induced chahges in
intraceilular Na* ana K?,concentiétions. Also, inhibition'by

odabain_of‘the rate of qucolyt{c subétrate-ie&el

phdéphorylation in ascites tumor éells was shown to have

resul£ed.from direct inhibi}ion'of ﬁa‘,K‘—ATPase rather than
from a disturbance of glycolygié enzyme funcpion through |
alterations of intracellular K* cOncentgations (Scholnick et
al. 1973). A second objection (Chinet et al; 1977) éoncerﬁed

the use of sliced tissue preparations for measurement of

fNai,K‘-ATPase-dependent'respirétio&: rapid leakage of Néf

into the ééﬁ%gatwsites of membrane damage may haVechcurred

4
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- and caused a non-physiological stimulatioﬁ of the
yK*~ATPase leading fo the large values measured for

ﬁeh,x‘;ATPase-depen"kt respiration. Investigations -

conducted with }ntact or an‘perfusions have measured Na“,
K*—ATPaee—depehdent resﬁzration or heat production to

~account for less than.6% of‘total tissue O, consumption or
. heat productlon (thlnet et al., 1977; Félke & Sestoft,
1977). In contradiction to this criticism, Gregg & Milligdn®
v(ﬁgébb) have presented evidence that at least part of the

- low response to ouabain obtaihed in the microcalorimetrie
stcdies of perfueed organs was due to prior idhibition of
tﬁe enzyme by the experimental con itions.

The importance of ﬁiésue preparation and condition in
achieving‘meaSUrements indicative of physiological O;
consumption and Na‘,K‘;ATﬁase activity cannot Be.ignored.
The muécle preparation used in th&s experihent was developed
spec1f1cally -to study the metapollsm of muscle from large
mammals under condltloﬁe which ﬁi nimize cellular damage and
maintain- phys1ologlcal characteristics such as- membrane

potential and oxygenat;on (Chapter IV)t The inhibition of

s ‘reSpiration induced by ouabain is a functign of both enzyme
. - .\\ N

availability to ouabain and the equilibrium reached between

formation and dissociation of the inhibitor-enz e complex
l(Tqbih & Brody, 1972). The proportion of Na*,K*-
ectivity actually inhibited in the muscle preparetion
our experimental conditiohs ie'nof known. Therefore, our

meaeurements of the proportibn of muscle O, consumption - \\\\
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required for support of Na‘,K‘—AfRase activity must be
considered as minimum estimates. |
' Aecurate Calculatioh of rates of protein synthesis from
incorpotation of '*‘C-phenylalanine into m&scle protein

requires that the specific activity of phenylalanine-tRNA bev

known. McKee et al. (1978). have shown for perfused rat heart

that the specific actiyities of extracellular,

intracellular, and tRNA—b und phenylalanine are‘the same
when the perfusate phenylalahine concentration was 0.4 mM or
greater. It.was'assumed‘that protein degradation that méy

have occurred during the period of cubation did not

significantly influence the estimate ofN\synthesis by causing

cleavage of newly added'bhenylalanine'frOm eptide chains.
The calculated Qaers for the fractionQ:} uscle
protein synthesized*per day (Ks)(Table V.2) are ingood
agreement with Ks values reported for heifer and cowimuscle
(0.8-2.0%/d) by Lobley et al. (1980, 1978) as determlned by
in vivo cdnstant infﬁsion of\ *H- tyros1ne.cThe greater rate
of muscle protein synthesis méasured for 10-21d dairy than
from older dairy calves is consistent with the higher Ks

LY
values for protein synthesis measured for immature in

.contrast to adult animals (see Gari'ck, 1980). %@& 3
_Although‘the.rate of protein synthesis was 50%'greater

in muscle of 10-214 dairy,cal&es than at of older dairy

calves, the increased rate of peptide bo syntheeis would
%

account for only 9% of the dlfferencéﬁq? ti al muscle O,

consumptlon measured between the twg 51ry groups. It is not

)




known how much of the greater Na*,K*—ATPase—dependént
respiration might have been in support of, or association
with, the increased rate of protein synthesis as suggested
by Reeds et.al. (1980). Older dairy and control DM calf
muscle did yield similar values for both the amount of 0,
consumed in direct support.of protein synthesis and
Na*,K*-ATPase-dependent respiration. However- among 7 m;nth
old calves, the rate of protein synthesis in the muscle of
control DM calves was 55% greater than in muscle of extreme

'\\ngcalves while no difference wis measured for |
Na™,K*~-ATPase-dependent reepiratioh berween the two calf
groups. These results do not appear to support a clese
assoc1at10n of increased rate of protein’ synthe51s and of
Na ,K‘—ATPase act1v1ty However the extent to whlch

. Na‘,K‘—ATPase dependent respiration is underestlmated and .
the extent to whlch-dlfferences in protein degradation may
have affected muecle 0. coasumption are not known.
Therefore, it is not p0551b1e to reach a conclu51on
regardlng a relationship between rate of protein synthe51s
and Na* +K*-ATPase activity.

Rates of protein turnover should not be calculated from
our results since the rates of 'tC- phenylalanine
incorporation_and of tyrosine release -were measured under
different experimental conditions, the latter in a medium
with tyrosine omitted and cycloheximide added. Nonetheless,
estimated rates of protein degradation (Table V.3) were less,

'

than, or similar to, rates of protein synthesis (Table V.ZZ
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for muscle preparations froﬁ all calf groups except extreme
DM calves. The DM muscle preparations exhibited an enhanced
rate of tyrosine release which ié certainly suggestive of an
increased capacity for protein degradation.

DM cattle appear to paftition energy in a way that is
different from non-double musclgd cattle iﬁcluding alifred
potentials for protein - and fat deposition (Holmes & Ashmore,
1972). The $étabolic cause.of these changes is not known.
One might spe;uléte, on the basis of the péssibility of
increased protein degradation, that muscles of extreme DM.

" calves may expend more energy for protein turnover than
those of control DM calves and this might account for the
tendency for increased total muscle O; consumption. In the
animal, increaséd energy expenditure for such\a maintenance
function coula result in a redﬁction of enefgy'available for
fat deposition. A

The available evidence supports the importahce éf
activity of Na‘,K‘-ATPase as a caﬁsé of cellular eqergf
exé;hditure in muscle. While it would be invalid to conclude
that the role of Na*,K*-ATPase is of the idéntiéal magnitude
in vivo as measured in vitro, the comparison of in vitro and
in vivo estimates for rate of protein syntheéis does pfovide
some confidence that at fe;;t what is measured for these
muscle preparations is indicative of what occurs in the

\gnimal. |
In conclusion, activity of the Na*,K*-ATPase accounted

- for a mihimum\of 40% of musc1e O,'consumption. The_enérgy
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required for peptide bond synthesis was estimated to account
for less than 4% of muscle 0, consumption. The amount of
muscle O, consumption due to activity of the Na',K*-ATPase
was similar for 7 mon;h 0ld calves of different breed
backgrounds, and was increased for>10—21d old dairy calves.
The amount of O, calculated to have been expended on peptide
bond synthesis was increased 50% or greater for muscle from
10-21d dairy over that of older dairy calves, and from
control DM ovef that of extreme DM calves. The increased
~amount of O,,conshmption expended in direct support of
protein synthesis would not account for the difference in
muscle O; consumption measured between the dairy grouﬁs.
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' Table V.2 Rate of ‘*C-phenylalanine incorporation into
proteir of calf muscle preparations.

, Rate of '*C-. % O, consumption
Group - phenylalanine Ks? _expended by
. ‘incorporation (%/4d) protein synthesis?
: 2 {nmole/mg/h) " : :

;410-21d dairy 0.023 o.oéza 1.5 3.3 L
7 month dairy 0.015 £ 0.002b 1.0 2.5
‘¢ontrol DM 0.017 .+ 0.002b 1.1 3.1

extreme DM 0.011 i‘0.00JC 0.7 | - 2.0

ﬁ.’i“ T

Y

.B.‘j‘ i R 1-
o g: 3

' Values expressed as mean°+ S E.
* Values for the fraction of muscle protein synthesized per
’ day (Ks) were calculated assuming an average muscle
~ amino acid molecular weight of 130 g/mole and a
phenglalanlne content of - 3 0 mole % (Chang & Goldberg,
1978 -
* The calculatlon of the fractlon of muscle O2 consumptlon
expended for’ proteln synthe51s assumed 5 mole ATP to be
required for incorporation of 1 mole of amino acid into
~a peptide chain and 1 mole O, to be required for
synthesis of 5 mole ATP.
a,b,c Means within a column followed by dlfferent letters
daffer s1gn1f1cantly (P<0.05): - i

%.\ . ) . A . w . &

Ty
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Table V.3 Rate of tyr051ne releasé from calf muscle«
preparations. -

@

N S

"
Group | 3 _ nmole tyfosine/mg/h‘
10-214d dairy ’"iv | | o 0.002 + 0.009a
7 mopth dairy | 10.002 ¢ 0.011a
‘control DM . ©0.016 & 0.008b,
: extreme DM Ry © 0.078 + 0.008c

! Values expressed as mean * S,E. o i .
a,b,c Means within a column followed by différenti letters
differ 51gn1f1Cantly (P<0. 05)

N
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I.. O, CONSUMPTION AND Na‘, K*'-ATPase-DEPENDENT RESPIRATYON

IN MUSCLE OF LAMBS AND LACTATING AND NON-LACTATING EWES

A, Abstract

o The in vitro rate.of O, consumption and é%ebportion of
reepirationvinhibited by ouabain were determined for. .
sternonandibularie pteparations from lambs, their lactating
dams, and non—pregnant; non-lactating (control) ewes.

Measurements Were repeated after a 5 week interval at which

time lambs had been weaned for 2 weeks and thelr dams were,

'no longer lactatlng (dry)

. Muscle from lambs at 2 weeks of age had an 0,

consumption rate 25% greater (p<0 001) than at 7 weeks of

age and 49%% ter (p<0. Q01) than that of control ewes; at

”lamb muscle O, consumption was 21% greater

thatwof control ewes. Muscle preparatlons

7 weeks of agg

fron%lactwvlng ewes had an O, consumptlon rate 35% greater

| than dry and control ewes. The O2 conigmpt1on rate
of mus le preparatlons from control .ewes d1d not dlffer
vlcantly between saftpling perlods.

10-*M ouabain'inhibited muscle O, consumption by:39%.
Increased energy'expenditure at the level of Na',K*—ATPase
accounted for 40i'of the inereaeed 0. cbnsnmption rate of
muscle from lambs of 2. weeks ae contrasted to 7 weeks of

age, and 60% of the 1ncreased 0, consumption of muscle due

to 1actat1on.t

,72
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B. Introductign
To understand the factors which affect maintenance
energy reQuirementg at the metabolic level, it is. necessary

to identify specific components of background or maintenance

. N ,
"~ energy expenditure and to quantify their relative

contribution under a variety of different physiological
conditions. e |

‘The activity of Na*,K*-ATPase in counteracting the
transmembrane movement‘of Na* and K* along their

concentration gradients has.been identified to be a major

v. source of energy expendigﬁre in the mu5cle of sheep and

,‘calves (Chapters IV.& V). The extent to which phy51olg91cal

wgenetic‘and‘env1ronmental factors influence Na*,K*‘-ATPase

'9)aétiv1ﬁﬁ haStnot béen established but up‘to 80%»of the

‘1ncreased v& v1tro 0, consumption for muscle grom cold

e

exposed sheep is due to %Pcreased energy expenditure at the'

&

level o% the Na* K‘-ngpase%(Chaptegllv)

This study ‘was undertaken to exﬁmlne the efféct of agﬁe &

and lactation on total in vitro muscle'oz-utilization and

the proportion of respiration used in slpport of the * &
activity of Na‘,K*-ATPase, ¥ A ' St : ‘qij

_ g R 4

C. Experimental

. Muscle'samples wereiobtained from four 2 week old
nursing male lambs; their four lactating dams, 2-4 years of
age; and four non-pregnant, non-lactating (control) ewes,

2-5 years of age. These sheep were all sampled 5 weeks *later

ey .
NP i
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after the lambs had been weaned for 2 weeks and thelr dams
were no longer lactating. Anlmals were brought in from
pasture 3-5 4 priorﬂto surgery’and housed in a heated barn

i

'(approx1mately 20°C) where they were fed good quallt!?grass
hay free choice. Water was available at all times. Lactatlng

<, : : ' -
and control ewjé\were;fasted and nursing lambs separated

from their dams,overnight prior to surgery.

Measurement of espiration and Na-, K’-ATPase dependent

respiration %

A~section of the sternoma

it g

,from each anlmal and Preparatlo‘
R
method descrlbﬁ

apter IVT Innediately upon removal
from the anima " «

¢ (15°C) HEPES:hutg'chontalnlng 10,0 liglucose and 5.0 mM
acetate ‘as substrates. Two to three small tied muscle fiber,

”bundles were prepared (20.0 x 0. 5 mm) at room temperature
with the aid of a dlssectln m;croscope; Inrtlal:resplratlon

rates were measured for eégigguscle f;ber=5hnd1e in an O,
electrode system (Chapter IV) ‘The muscle preparations were

‘1ncubated for 45 mlﬁgln buf fer contalnlng 10-*M ouabaln.

'Resplratlon rates were agaln measured Percent 1nh1b1t10n of
?ﬁ“gﬁ%$%sp1ratlon by ouabaln was calculated using the ratio of bhe
dlfference between 1n1t1a1 and that after incubation to the

C 1n1t1al regpiration rate. _ SR

» e o
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Statistical analysis

Rate of muscle O, consumption, portion of respiration

N

inhibited by ouabain, and Na’ K‘-ATPase—dependent-and
-{1ndependent resplratlon were analysed u51ng a one- way

analy51s of variance w1th groups as flxed effects.

D. Results

2

In the first perlod muscle from lambs at 2 weeks of
o

age had an O2 qbnsumptlon rate greater (p<0 001) than tha@\'.
of lactating ‘and control ewes (Table VI.1). The rate of O,
consumptlon for muscle from lactating ewes was 32% greater
(p<0.001) than. that of ;ontrol ewes. Inhlbltlon of
‘resplratlon by ouabalneiphged from 35 8 to 45.8% and was

greatest (p<0.001)-for ﬂ%scle from lactating ewves.
Q ., .
In the second period, muscle from lambs at 7 weeks of

93

age had an O, consumpt1on rate greater (p<0 001) than that
o-dry and control ewes (Table‘VI.iﬁE?The 0, .consumption

rates. of muscle from'dry.and control ewes did not differ

o

significantly. Inhibitign of respiration by ouabain ranged

from 35.2 t0‘41.7% and was lowest (p<0.001) for muscle from

pest (<0 g01) & "

lambs at 7 weeks of age, "

Na* ,K*-ATPase- dependent resplrateon ‘the amount of 0,
calculated to havexbeen exPended by the muscle through
Na“*, K’—ATPase act1v1ty, was~greater (p<0.001) for lambs at 2
veeks of age ‘than’ lactatlng and control ewes (Table VI.2).

G

K*-ATPase- dependent resplratlon for muscle from

lactdting ewes was 67% greater (p<0.001) than that of '

] . - i 3
! ¢ . o N
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control ewes, Na',K*'-ATPase- 1ndependent resplratlon the

re51dual portion of muscle O, consdhptlon not accounted for

. l

by act1v1ty of the Na‘*,K*-ATPase, was greater (p<O0. 001) for

TN

muscle from lambs at 2 weeks of age than that of lactatlng

and control eves. K* ATPaQe 1ndependent respiration for

musale from lactatlng ewes ' was 13% greater (p<0.005) than

o

that of control éwes.
Na‘,Kf—ATPa§e—dependent respiration did not differ

significantly between lambs at 7 weeks ‘of age and'dryhand

‘_cdntrol ewes. Na',K*-ATPase-indepéndent respiration was

gfeater (p<0 001) for muscle from lambs at 7 weeks of age

than from dry and control eves. Muscl from dry and control

<

ewes had s1m1lar values for Na**K* ATPase 1ndependent

b

‘resplratlon. o

» ‘ } ,

Comparisons of measurements during lactation 'and after
t

weaning

Muscle from lambs at 2 wéeks had an O, consumption rate
e . R

. 25% greater (p<0.001) rhan at 7 weeks of age. The'proportion

of resplratlon inhibited by ouabaln was similar for lambs at
A

'“both ages. Muscle from lambs at. 2 weeks of age had a 28%

greater (p<0.001) value for Na* ,K*-ATPase—dependent

respiration than at 7 weeks of age, and a 23% greater

Na* K*—ATPase—indepéndent respiration than at 7 weeks of

‘_age. Muscle from one of the lambs differed fr&n samples from

the-o%%er lambs wlth ‘a greater (p<0 05) proportlon of

resplratlon 1nh1b1ted by ouabaln at 2 and 7 weeks of age, '
: - . , s
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and a greater (p<0.05) muscle O, consumption rate at 7 weeks
of age. C | | | =

The O, eonsumption‘rate of muscle from lactating_fwes
was 35% greater:(p<0.001) than when the ewes were dry. The
probbrtion of respiration inhibited by ouabain was also
greater (p<0 05) for muscle taken from ewes when lactatlngﬂp.
than when dry. Muscle from lactatlng ewes had )
Na‘,Kf—ATPase—depenQent and independent respiration values
50% (p<0 001) and 24% greater'(p<0 001) respeetively, than
: 'Vhen dry. Muscle O, consumption and the pro%g:tlon of

%w@@%ﬁplratlon_l

ibited by ouabain did not differ

3 \ . N . . . .
51gnT¥1canﬁm 'ween animals within groups in sampling

&j‘perlods.

f@¢{ The Oz consumpt1on rate of muscle from control ewes
.
“ remalned constant between sampllng periods. Inhibition of B

f

n

' muscle resplratlon by ouabain 1ncreased (p<0.05) from 36.8,
‘ to 39,8% for the second sampllng period. As a result,

‘Na‘,K*-ATPase-dependent\and independent resplratlon differed

- -

by 8% (p<0 05) for muscle from control ewes between sampllng_

’

‘perlods. Muscle O2 consumptlon and ‘the proportlon of

respiration 1nh1b1ted~by_ouaba1n aia

differ between

anima1§ within groups in sampling €tiods. Coo

]



2

and weaning. ' 5

E. Discussion

~ Skeletal muscle is an important site of energy

L

expenditure, estimated to account for.26—62% of the whole
body O, consumption of dogs and”smail‘mammals (Martinn&»
Fuhrman,¢1955), and firom measurements of cardiac‘outpnt to
body tissue% (Christopherson et al, 1980), can be calculated
Ed acecount for 37% of totel cardiac output. Both the age
related decrease in energy metabdlism of eheep (Graham, .

1967) and the increased'meinfenance energy requifements

associated' with lactation (Moe et al. 1972) were reflected

'

in the in vitro O, consumption rates of muscle from lambs
-and ewes., The decrease in muscle O, consumption measured for

" lambs at. 7 weeks as compared to 2 weeks of age,'was the

result of®approximately equal proportional decreases in both

the’Naf,K*—ATPase—dependent and independent components of
respiration. The effects of Weaning and aging are not

separated in the comparison of 7 and 2 week old lambs. The

lower muscle O, consumption of dry and #ontrol ewves than of

7 week lambs was due to a decrease pn

,K*-ATPase- 1ndependent rather than dependent respiration
suggesting that elther aging per se, or aging after 7 weeks
1nfluences muscle ehergy expenditure differently than- aglng

oA
Withinfghﬁbeks of weaning, the O, consumption rate,

portion ¢f respiratién inhibited by ouabain, and\

- Na* K*—ATPase dependent and 1ndependent respiration of

muscle from the eves ‘that had been lactating had decreased

|

\
~
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“activity.

79
to the values measured'for muscle from control ewes.
Lactating an1mals are knoww to have a greater feed intake

than when dry; greater feed 1ntake has been measured to

cause increased 0, conSUmpt1on as a reéult of a greater
emount of Na*,K*-ATPase-independent respiration in muscle
from sheep (Chapter‘IV). Since they were allerd volpntary
intake, i% is’lihely that lactating‘ewes hed a greateﬁ“feed
intake»than dry and control ewes-and.this may have |
contributed to the greater muscle O, consumpfion of

lactating than dry and control ewes. Nenethelg!s, of the

increased muscle O, consumptipn measured for ewes when

~lactatin@, 60% was accounted for bY'increaéed energy

expenditure at-the level of Na*,K'-ATPase. Of relevance is
the observation that cold exposure selectively increases

of sheep (Chapter 1V)

Na*,K*-ATPase activity in th'e f .
and ‘small mammals (Stevens~& 1974; Guernsey & Stevens

» M 13

‘1977) The mechan1§m for cold induced enhancement ®f anzyme

activity may be at least,partially achieved by inétreaged™ -’
enzyme synthesis as a result of enhanced thyroid activity

(Chapter 1IV). Clearly, the physiological objectixes of

lactation are different from cold exposure, the former being

LN

to achieve the synthesis of milk and theslatter to

3

‘counteract the heat dempnd of the env1ronment. However as

in cold exposure, it is concelvable that the very
. "‘\
considerable endocrine changes (Hart et al. 1978) thaﬁ/occur

during lactation may -cause the enhancement'of Na*,K*-ATPase
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a
Ouabain inhibited muscle O, conéumption_?y an average
of #9%, in agreement with values,pre&iously reported.for
muscle of sheep and cattle (Chapters IV & V). The magnitude
of inhibition of respiration by ouabain is a function of the
extent to which Na*-K* transport- does:in fact account for O,
consemption and also both ouabain accessibiliiy to the
enzyme and the equilibrium reached between formation and
dissociation of the inhibitor-enzyme comélex (Tobin & Brody, -
1872). The exact proportion of Na*,K*'-ATPase activity
ectually inhibited in our muscle preparations under the
N - . .
experimental-cohditions employed is not known. Therefore,
our,measufements of the proportion of muscle O,vconsumption
required for'support of Na‘,K*—ATPase activity must be -
~considered as minimum‘estimates. Underestimation of
K*-ATPase agiivity resultihg from incomplete inhibition
of the enzyme wbﬁid overestimate Ne‘ K‘-ATPase—independeht
resplratlon. The metabollc processes which would account for
the Na* ,K*=-ATPase- 1ndependent component of muscle O,
consumptlon have not been identified..From estimates of the
cost of protein synthesis in the ene@gy metabolism of muscle
from growing calves (Chapter V), the energy expended for /
peptide.bond syhtheéis would éppear ke account for only a/
minor portion of Na»wK*—ATPase 1ndependent re;plratlon.
‘

In conclu51on, lactatlon was shown to increase O,

COnéumptlon in muscle from eves and to cause increased

energy expenditure at the level of the Na* K‘—ATPase. The @ '\

mechamsm for 1ncreased Na ,K'-ATPase actxv1ty isiﬁ’

b
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.Aging to 7 weeks plus weaning decreased muscle O,a'

' R 181

consumptien and Na‘',K'-ATPase act1v1ty in lambs Theuamount~
of muscle O, consumption not explaxned by . Na* K‘*ATPase
act1v1ty is considerable and may be due to 1ncomplete enzyme
inhibition under the exper1mental cond1t10ns, orj!h@s yet
un1ndent1f1ed energy consuming metabolic proces .

F. Acknowledgements e

a v

Grateful acknowledgement is extended to the Natural
t &% ‘
Sciences and Englneerlng Research Council Cnngda for support

in part of this research.

\Q .

G. References -

Chr1stopherson, R. J., Gregory, N., Lister, D., & Wotton, S.
(1980) Can. J. Anim. Sci. 60,1058.

~

gn‘ ‘ " ’ ’
_ Graham, N. McC. (1967)Australian J. Agr. Res. 18, 127.

¥ . g

Guernsey, D. L. & Stevens, E. D. (1977) Science 196, 908.

Hart, I. C., Blnes, J. A., Morant S. V. & Ridley, J.-L,
‘ (1978) J. Endocr, 77, 333. . S

L3

' o - _
Martin, A. W, & Fuhrman, F. A. (1955) Physiol, Zool., 28, 18,

Moe, P. W., Flatt, W. P. & Tyrrell H. F. (1972) J. Dairy
Sci. 55, 945

s N &

Stevens E. D. & K1do, M. (1974) Comp. Biochem. Physiol,
| 47A,7395. | S |
't ». ‘.}; _’ .:}\ ’ . . : : ' *

+ PR B s N
4 . R M AN -



. - " 82

»

[

. 1
_ Tobin, T. & Brody, T. M. (1972) Biochem. Pharmac. 21, 1553.

»

)



Table VI.'

| | | )
_ . 8 ,
O, consumption and proportion of respiration
inhibited by ouabain for muscle from lambs and
lactatin¥ and non- 1actat1nd eves.,

‘Muscle % Inhibition

Group 0, consumption’ respiration
(ul 0,/mg/h)"’ ) by ouabain
. | 1
Period 1 T IR oo
2 week lambs 5.37 + 0.33a 35.8 +.2eda
lactating ewes ' 4.75 £ 0.25b 45.8 + 4.8b
» control rewes ~+ 3.61 % 0.20c ‘ 36.8 + 3\2a
Period II
7 week lambs . 4.31 £ 0.29a . 35.2 + 3.0a
dry ewes. : 3.53 + 0.20b . 41,7 £ 3.9b
control ewes = - = 3.56 % * 1.9

0.21b " 39.8:

[y

' Values expressed as mean’i S.E.
a,b,c Means within a column and within a measurement perlod
- followed with different letters differ 51gn1f1cantly
(p<0 05).

L]
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- General Discussion and Conclusions

Th&s.studyvconfirmed‘previonsgfindings in work
oonéhcted with sliced tissue preparations that active
transport of Na* and K*, oatalyZed‘by the pléema membrane
‘Na‘,K‘—ATPese,fis‘a ﬁajor component‘of.muscle energy
expendilure. While sliced muscle exnibited a* significant
decrease in O;-EOnsumption as compafed ‘to intact muscle,?
inhibition of respiration by ouabain was,not substantially
altered. The low response to ouabain of O;”consumption and
heat production obtained in investigafions conducted with
intact organ~preperaeions was.shown'to be due,'atAleast in.
part, to prior inhibition of ga’,K*—ATPase by use of a |
buffer with a high content of MgClz. Na*,K*-ATPase aegivityv
' >
accounted for 137y33% of mouse, and 29- 46% of sheep and
" cattle skeletalﬂauscle 0, consumptlon. The lower ouabain
inhibition,of respiraeion for mouse muscle than ruminant
-muscle may oe a function of the enzyme;inhibitor.interaction
rather than a realvdifference in the actual proporEion.of
'musole 0. qonsumption expended in snpport of active Na*-K*

transport. Species differences in enzyme SUCC&ptlblllty to
1nh1b1t10n by ouabaln have been shown to exist.

Na*,K*—-ATPase from rats has been measured to require a'
greater eoncentration of ouabain for naximal inhibition than
‘that.from dogs, pigs, sheep and guinea pige. The actuai ‘
'peoportion’of the total Na*-K* transport inhibited by'b
mouabain.-in~~the muscle preparations ehployeﬁxin fnis study is

t



In vitro estimates of protein synthesis for calf mds;le
preparations were in good'aéreement with measurements
obtained in vivo by other worker?k While the rate of protein
syﬁthesis was affécted by‘age and breed, the amount of
energy expended in supbort of peptide bond synthesis was_a{
minor component of total energy expenditure by the '
'.stggﬁ%manaibularié muscle. A |

Tyrogine‘reléase'from muscle has been'uséd Ey
investigatoré as a measd&e of protein degradation.
Significantly greater rates of tyrosine release were
measurea”for_muscle from control and‘extreme DM calves than

for dairy calves, which may reflect differences.in protein

degradative capacity.
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not known, but may not have béep compléte if the enzyme was

not fully accessible to ouabain. -
. » . %)
4 The amount of energy expended for Na®',K'-ATPase
activity was responsive to physiological and environmental

factors. Long term cold exposure was found té,result in
specific stimulation of Na‘,K*-ATPase actiVity in muscle
froﬁ sheep.- More rapid cycling of Na* énd K* betwéen the
.extra- and inﬁ;a-cellular spéce would be é futile cycle and .
yielg‘heaé production. Cold exposure of mice resulted in an
increased mﬁscle 0., consumption not due to specific
enhancement of Na*,K‘—ATPase'activity. This may be a result
bf‘resistahce of moﬁselNa*;K:;ATPése to»inhibition by *
Quabaiﬁ; or due to the presence of an alternate mechanism
‘for cold-induced muscle thermogenesis. The meéhanism of
.enhanéement of Né‘,Kf—ATPase activity is notiknqwn, but waé
specnlated’to be due to either an increased amount of enzyme

C)?s a‘result'of hormonal stimulation of protein synthesis, a
changed eniyﬁe’efficiency, or a changed membfane
permeability to Na® and K* resulting in\increased substrate

presenﬁation to“the enzyme. i ) ¢ ‘
Lactation‘was measured to result in greéﬁer muscle O,
cqnsumptioh'comﬁared to non-lactating ewes, éue to a
spécific eﬂhancement of Na‘,Kf—ATPésé aétivity. Young - lambs
and calves had a greéter rate ‘of muscléxogﬁcoﬂsumptipn'as
contrasted to older animals. This was due to‘incfééses;in

both Né‘,K’—ATPase-dependént and indepéndent components of-.

~

respiration,
Rt



