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PART I



Effects of Temperature on In Vitro Metabolic RaËes

of Tíssues from a Cold Cli¡nate RepËile,

Tþamnoph.íå _si rtal_í.s paríe ta1íF,

AbsËracË 1. Oxygen consumptíon

Ìi7as measured í.e, :¡Ltro from 34o to

acclimaËed to 26oc, I2LL2D; 4oc,

wínter"

of liver, heart, and muscl-e homogenaËes

ô
4"C Lor Tþamn_opþis siJt-alis- pqrieralís

LzLLzD and 4oC, OL24D in summer and.

2, In most cases, the relaËionship of metabol-ic rate

(irnroles or/nz protein/hr) to tenperature ín a semi-logarithmic plot

was biphasíc, with a low Q10 "Ë 
high temperatures and a high QrO at

1ow temperatures. All changes tr Qtg occurred between 24o and l-6oc"

rn some cases, the inerease tr Qro rn¡ÍËh decreasing temperat.ure vras

preceeded by a region of relative met,abolic stability.

3. Acclímation to 4ocu LLLL2D resulted in a decrease in the

meËabolic rate of liver homogenates and an íncrease ín the metabolíc

rate of heart hornogenal-es al- low tempere-u-res, relative to the 26oc,

L2LL2D group. These effecËs were mosË pronounced in tissues from snakes

acclimated during \..IinËer. The meËabolic rate of muscle homogenates Tras

increased by cold acclímation during the stmlmer, but was unaffected

during the wínËer.

4. Acclírnatíon to 4oC, Ot24D ín winter (simulated hibernating

conditions) resulted in an increase in the metabolic raËe of l-iver

homogenates and a decrease in the metabolic rate of heart homogenates

at l-orv ternperatures, relaËive to Ëhe Loc, L2LL2D group. The metabol-ic



rate of muscle honogenates r./as not affected at tempeïatures below L2oC.

5. Seasonal differences in metabolíc ïates \^/ere most

apparenË in tissues from snakes acclimated to 26oc , 72LL2D, Tissue

homogenates from snakes acclimated duríng the winter sholed higher

metabolic raËes rel-ative to those from snalces acclimated duríng the

srlrmer over mosÈ of the Ëernperature range sLudied.

' 6. Cold acclímaËion caused a decrease in the metabolic raÉe

of lÍver and muscle homogenaËes from Iþamnophí.s., gårtalg,go-nci_nngs¡

a Ìüatln t,emperate sub-species.



INTRODUCTION

Studies concerning the effecËs of ímmedíate Ëempeïature ehange

on Èhe meËabolic raLes of reptiles have been mainly directed toward the

resPonse of Ëhe rvhole airíilal . Standard oxygen constnnption ís a direct

exponentía1 function of temperature in a nr¡nber of reptiJ-ian species

(Bartholomew gf g!., 1965; Dawson, 1960; Dawson ancj Bartholomew, 195s;

Dawson and Templeton, L9663 Robertsr l-968; and others). rn others,

Ëhere are specífíc tenperature regions in which the rate of sËanclard

oxygen consumptíon ís relatively índependenË of t.emperature change

(Aleksíuk, L97ra; Buikema and ÄrmíËage, L9693 Fít,zparrick 
ç=g_ al., l97L;

and others) . As a result, the organísm is said to achíeve a degree of

metabolic independence from variations ín the the-rmal environment.

Aleksiuk (197ra) demonstraLed an actual increase in the standard

metabol:l-c rate of Thamn-ophi-s sirtalí.s p.ari.etalí.s_ with clecreasíng

temperature over a líroired temperature range. The presence of this

effeci: ín i_rÌ. vjtr.o heari: rar,es of T._ gir;ali.?. H.l.e_gCiíS. (Aleksiuk,

f970) suggests íËs exisËence ín aspecËs of metabolism at the cellular

or sub-cellular 1evel of organízatÍon.

The purpose of thís study üras Ëo determine the effecËs of

Ëemperature change on Ëhe oxygen eonsumptíon of Ëíssue homogenates from

cool temperate representatives of r. qirt.al_i.g- parietalis, wít.h

particular reference to lorn' tenperaËuïes " Three Ëypes of temporal

responses, under two photoperíodic regimes, \,rere investigated: (1)

responses of metabolic rat.e to immediaËe teilìperature change; (2)

responses of metabol-ic raËe t.o long-ter¡n cold acclimation; and (3)
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possible inherenË seasonal. cl-ranges ín ímmedíate and long-term responses.

The effect of cold acclímal-íon r¡/as deemed ïì.ecessary, since metabolic

changes índuced by thermal acclinaËíon have been commonly observed ín

poikilotlier:ms at the i,¡hole organism (Dawson and Bartholomew, 1956;

Fítzpatrích e.t a1-., L97L; Gelineo and Gelíneo, 1955; Murrísh and vance,

1-968; and others), cellular (Evans et al., L962; Peiss¡ 1950) and sub-

cellular ler¡els (Ekberg, 1958; Hochachka and Hayes, Lg62; Kanungo and

Prosser, l959arb). Season has rarely been included Ín the:rnal

adaptation studíes, æd constiËutes an r¡nknown variable. Límited

comparative data r¿ere obtained for vrarn temperate representatives of

T_hannophis. sirtalis. concínnus to determíne the possible effects of

clímate on thermal adaptation.

The life hístcry of L sr-tLel:g p,gri-etalis- aÈ northeïn

IaËítudes is outlined by Aleksíuk and Ster¡¡arË (197f).
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}ÍATERIALS A}ID METHODS

Expe_riment-al anÍmals

Adult represenratives of Thamnophjå sllrsliq palieral is,
collected from a híbernaculun 50 mil-es north of lrrinnipeg, Manitoba,

Canada, were divíded randomly rvith respect to body rveíght and sex into
three acclimation groups 26oc, LzLLzD (L = líght, D = daric); 4oc,

L2LLZD; and 4oc, or.z4n, The hibernacula and the environmental

temperature condiÈíons for thís population of I: sírtal.ip. Þarietal_í,s-

have been descríbed by Aleksiuk and Stev¡art (Lg7L) and by Gregory (Lg7I).

Food (ocean perch) and rvater r,'iere provided gd l.i-b.rtug to snakes in the

26oC group untíl one r¿eek prior to experimenËation. NeiËher food nor

r^raËer was gíven Ëo either of Ëhe groups held at 4oc, as T. qí-rtaljF.
parieta-lis does not feed aË Èhis temperaËure. The acelímation period

extended from 5 to 6 rveeks"

Adult representatives of I@nErhig girtalie c.oncínnus-, a sub-

specíes from a v¡al:Tn tempe::ate clímaËe, r,;ere obtaineC frorn Oregcn in the

spring of L97L" They were divided randoinly wíth respect to body weight

and sex into two acclimaËion gïoups 3 26oc, r2Lr2Ð and 10oc , 1ILL2D.

The acclímation period and the feedíng conditions were si-milar Ëo those

for T. -Aíëelis paríeraliå.

Pfeparation of tissue homogenatgs

Th::ee Ëo six snakes of simílar body weights (25-35 grams) r,rere

selected froin a given acclimation gïoup for each t.Íssue preparation.

GravÍd females were excl-uded. Liver, hearË or skel_etal musele r¿as

rapidly excised from decapítated snakes and immediately immersed in
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íce-cold l(rebrs phosphate buffer, pH 7.4. snakes from the 4ocr 0t24n

group ¡vere decapitated ín the darh prior to tíssue removal to avoid

any exposure of the intact anínal- to light. Liver at a concentratíon

of 0"40g/n! of Krebts phosphate buffer, and heart at a concentration of

0.15g/ml, \4/ere homogenized in an íce-jacketed potter-Elvejhem

homogenizer employing a Ëeflon pestle. skeletal muscle was roinced

príor Ëo homogenizatíon. The concentration of skelet,al muscl-e varied

from 0.20 to 0.35 g/ml of K::eb's phosphate buffer.

. oxygen consr:inpËion of tissue homogenates \,ras measured at 20c

ínterval-s from 34o to 4oc usÍ.ng a clark oxygen electrode (l'fodel No.

YSl- 4004) r^ríth a Mode1 KM Gilson oxygraph (Gílson I'ledical ElecÈronícs,

I^Iisconsin, u.s.A.). The reaction ve-ssel conËaíned 0.5 ml of tissue

homogenate plus l-"2 mt of air-saturated Krebts phosphate buffer. The

Ëemperature of the reaction mixture v/as conÈrolled by a waËer jacket

connected Ëo a Neslal¡ círculaËíng temperaËure bath (t'iodel wo. 6SL 276).

Homogenate prepaïations we::e mainËained aË Ooc at all tjmes except

during oxygen consrmrption cleÈerminations. A complete metabolíc rate-

temperature curve was established for each homogenate betrveen 9:00 a.m.

and 4:00 p.m. of a given 4ay. At l-east three replicates of tissue

oxygen consumptÍon \¡Iere obtained over the temperature ïange índicated

above for each acclimation group, æd the mean value was used. as a

measure of the metabolic llate.

Proteín conÈent of Ëhe tissue homogenates rras estimated by the

Measurement of ín vitro tisbue en consumption
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Bíuret nethod (La1.ne3 1957) " Bovine serum albtmin (sigura chemical

co., Mo. u.s.A.) was used as a standard. Äll samples were digested

in a IM I(OH soluËion prior to protein deËe:mínation. The oxygen

consumption data \rere expressed as pmoles Or/me protein/hr.

The above experimental procedure was carried ouÈ duríng wínter,

January 28 to }larch 3, 197L, and duríng srlrmrer, July 28 to August 30,

1971, The purpose of performing Ëhis experiuent in Èhe winËer and in

the summer \das to d.etermíne possible seasonal effecËs on Èhe oxygen

consuurptíon of tissue homogenates from f. sirtalí_s parietalís_

mainËaíned under constanË temperature and photoperiod conditions.

S,tjrtis tj-cal alalyse.s

Semr'_-1 ogarj_thrnj_c plots Of mea_n oxygen consr_,¡1ptí on r.rererls

Ëemperature $rere constructed. Qrg values wel:e determíned from

regressíon lines fitted Ëo Ëhe data according Ëo the leasË squares

principle. Anal-ysis of variance was used to t.esË differences in the

slopes of the regression Iínes. Ðífferences in mean values aË specifie

ternperatures for a given Ëíssue ï,rere Êested with the SËudentts Ë-ËesË.
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RESULTS AND DISCUSSION

Effects of imirLediate eraËure change on ín vitro Ëissue ox

consumptíon

The Ín v.r..trg oxygen consr:mption of tissue homogenal-es from

34o to 4oc was a direct exponenÈial funetíon of temperature in only

three sítuaËions (rigs. 1 - 6). Q1o values, representíng the slopes

of the metabolic rate-temperature cuïves., vrere used as a measure of

the sensitivity of oxygen consr:uLpÈíon to temperature change. The

met.abolic rate curves for muscle homogenaËes from snakes acclimaÈed

to 26oc, L}LL2D ín sr¡nmer (Fig. 6) and liver homogenate from snakes

acclimated to 26oc, L2LLLD and 4oc , oL24D in srromer (Fíg. 4) possessed

QrO values of 3.40, 4"21 and 4.00, respectively, over the eni-íre

teüpeïature rarige studied. siioilar cùnstarrt Qrots r.¡eïe obtained by

f'reeman (f950) for brain breis from goldfish (eleg5i.qs- 
_e.gr.+ju_.s.)

acclimaËed to 20o anð, 27oc and by Peiss (1950) for braín mince and

liver slices from the arcËic-adapred Potar cod (Þgfggædgg- S-*gd-.
Peiss (1950) suggested that ühe constant Qr6, especially in the lor,¡

temperature regíon, \¡/-as índicatíve of a metabolíc adaptaÈion t,o arcËic

Ëemperature condj-tions.

There rüas a distinct change tr Qtg betv¡een 24o and, 16oC in
most of the metabolic rate curves obLained in Ëhe present study. The

temperature aL whích the change ín QrO occurred was dependent upon Ëhe

Èype of tissue examinecl and Ëhe acclimat.ion ståt.e of the organism.

Statistically signifícant íncreases tr QtO wíth decreasing temperature

were observed ín the metabolíc rate curves for the follor^'iug tissues
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(table t): muscle from snakes acclimaÈed to 26oc, rzLrzD and 4oc,

LzLLzD in rvinrer (rie. s) and 4oc, L2LLID ir-r summer (rig. 6), hearr

from snakes acclimated to Aoc, ot24D in wínter (nig. t) and.4oc,

LzLLzD and 26oc, l2L1-2D in summer (Fig. z), ancl liver from snakes

acclímared to 4oc , rzLLzD and 4oc, oL24Ð in wj-nter (Fig. 3) and 4oc,

LZLLZD ín sr:mmer (Fig. 4) . A símilar type of metabolic raËe curve

has also been demonstrated for Ëhe oxygen constrnptíon of brain mince

and liver slices from r¿arm-adapted Gol-den orfe (.rdus melan-o,tus)

(reiss, 1-950) and for the oxygen consumption of epaxíal muscle

homogenates from warm an<l cold acclimaËed brook trouË (Salvelinus

fontipalis) (Hochachka and Hayes , Lg62).

This temperature-dependent change ir Qt' suggests the exisËence

of a meciranism ¡r¡hich atlows a r:api.d cje-cïease in me.tabol-j-c rate r¡ith

decreasing Ëemperature belo\^r a êertain temperature, or conversely, a

rapíd increase in metabolic rate Ëo a specific temperature level. A

change in the Qro value in a símiJ-ar temperature regíon ís also

characËeristic of the standard metabolic rate cuïve for Ëhe ínËact

organism (Aleksiuk, L97La). A general meËabolic depression for the
I

conservation of energy was said to be of adaptíve value during the

exÈended hibernatíon períod of T. sirtal.ig pgrieta]-ig (Aleksiuk and

stewart, L97L); such a depressíon is refrecËed by a high Q1g aË low

temperat,ures. Furthermore, a hígh Qro in Ëhe low temperature range

reflects a rapíd íncrease ín metabolic raËes during emergence from

hibernaËion or during temperature increases experienced in normal

actJ-viËy períods 
"
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Regions of metabolic sËabílity, as índicar-ed by portions of

Èhe metabolic rate curves r¡here the Qro approaches a value of 1.0, were

apparent in several of the metabolic rate-Ëemperature curves for
tÍssue homogenates from I- sirta]-ie p_erae.talis_ (tabte 2; Figs. l-, 3 and

5) . such Ëemperatu.re regions, in which the raËe of oxygen consr:mpt.ion

varies lítt1e or not aË. all, are not uncomrnon in Ëhe stanciard. metabolic

rate-Ëemperature curves of intact poíkilothenns (Aleksiuk u ]rgT].a;

Buikema and Arnitage, L969; Dawson and Bartholomerv, L9563 Jacobson

and LIhÍËford, L970, L97L' Newell and Northcroft, L967; prieto and

h4:itford " L97L; and others). Si¡uilar regions have also been observed

ín the oxygen consumpl-ion of cell-free homogenates and mitochondria

from the r¡ínk1e (Li*tto-rÍrne, .lj_tt-orea) (Newell and. pye , L97La,b) and in

the oxygen consu$ptj-on cf rec and -"¡hite nuscl-e iniaces fron ti:aa

(å+9""*glgå ÆIlanr.:.å and fhunnub ob:es.ug) (Gordon, t96B).

The adaptive value of a region of metabolic stabílity ís

believed Ëo be that Ít represents a degree of physiological independ.ence

of the organism from varíations in Ëhe Éhermal envíronmenË (Bullock,

1955). In the present sËudy, the location of the meËabolic plaËeaus in

the metabolíc rate-temperature curves, gerrerally in Ëhe normal body

temperaËure range for acËívity, would appear to be in accordance rvith

thís type of adaptíve value. However, the plateaus aïe only presenË in
Ëhe metabolic rate curves of homogenal-es from snakes acclímated during

the wínter. rn Íts natural habitat, T..- qirraL!å p.ari.egalíg hibernares

from November to April (Aleksiuk and stewart, 1971) and. does not

encounter temperaiures neär the regions of the ruetabolic plateaus"



Rather than representing a meÈabo1Íc adapt.ation Ëo

populatÍon of I_. si::talíe p?JÍeLal¡s, the regions

ma5r þ¿y" been of major adapËive value in ancestral

p?rÍetal-is- l-iving in a rsarm clÍmate r¿here actÍvitv
ouË Ëhe wínter.

temperature

of metabolíc

roÌtns oï '1 .

11.

in this

s tab iJ-i ty

sirtalis

Ís possible through-

rn Ëhís sludy, a shift Ín the metabolic rate curve has been

used to designat.e a límíted temperaËure regíon in whích oxygen

consumptíon íncreased or remained constant with clec::easing temperature.

Such a region was subsequently followed by a lateral clisplacement of

the metabolic rate curve. A síngle shift region r{as present from 2Bo

ta 24oc ín Ëhe metabolic rate cuïve for heart homogenates from T.

sirÇaliå pgríeralig accl-imared ro 4oc , oL24D ín sr¡mrer (r'ie. 2) , T\oo

shrft reglons \,Jere, evj.clent in the me-tabolÍc l:ate cur\res for hea::t

homogenaËes from snakes acclimat,ed to 4oc, L2LLID in wínter (from 20o

to 160 and 10o to 6oc) and muscle homogenaËes from snakes accrímated.

to 4oc, 0Lz4D ín su¡rmer (from 20o to 16oc and l4o to 10oc) (Table 3;

FÍgs" 1 and 6). similar shift regíons have been observed in the

standard oxygen constunpËion cuxves for adui-Ë Tharnnophi.s q,írtar_ig

p"a+eta1"i-:. (Aleksiuk, L97La), hibernaring Djpso.sa-ugus- fursalis (Moberly,

1963) , and warm acclimaËed Thamnopþj-q pro:<im"rå (Jacobson and I^Ihítf ordo

r.970).

ït has been suggested that Ëhe activation of isoenzymes wíth

different thermäl optima is the basis for Ëhe sÈabllization or an

ínerease ín metabolíc rate with decreasing temperature (Aleksiuk,

197larb). According to Ëhís suggesËion, Ëhe activation of specific
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Í'soenz¡rmes with decreasing temperaLure resulËs Ín an off-settíng of the

depressíve effecEs of loi.' temperature on catalysís. The multiple shift
regioDs observed in several of the metabolic rate culîves ín the presenu

sËudy may reflect the acÈival-ion of cerl-aín isoenz¡¡rûes betLe:l sui'ed
for catalysis at low temperatures. rn fact, the elevations of the

lower portions of the rnetabolic rate curves fo11or¿ing the shift regions,
may be indicative of a nechanísrn which has lessened the depressÍve

effects of decreased. temperature on oxygen consunpËion. The presence

of shift regions in the metabolic râËe cuïves of tissues only from cold

accl-imated snaltes suggests that cold acclírnation may be ínvolved Ín
Ëhe stimulation of specific enzyme adjustmenÈs. The possible role of
this type of mechanism in the immediate or long-term metabolíc

adjustment of r.* giriai.i-s ær1g.r - ro remperatur:e has been exa.uined

(Part II of rhis rhesis).

Effects of Ëgmperattrre acclímatíot--g.-in viËro tissue oxygen consumption

The effects of long-term photoperiodic a¡rd thermal acclimation
on Ëíssue homogenate oxygen consrmrption are complicated by the different
responses of the various tíssues as well as by the seasonal dífferences

in the resPonse of a gJ.ven Ëissue. Since the rnajor in¡erests of thís
paper are in cold adaptation, Ëhe discussíon wíll be orient.ed towards

the effect of cold, rather than v¡arm, acclirnation on oxygen consrmrpËÍon.

The effect of cold acclimation on the metabolíc rate of heart
homogenates from snakes acclimated during the winteï \Á/as reflected by

a sright clock-r,¡ise roËation of the 4oc, LILL2D curve, such that the

metabolic rate r¡as decreasecl in the cold group at 22o and. ?_aoc (p>0.1)
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and increased ar 60 and 4oc (I'>0.025) (Fíg. l). rn the summer

experimenLs, the only sígnifícant effect of c.old accliuration on the

meËabolic rate of heart homogenates r^/as an íncrease ín the oxygen

consumption of rhe 4oc, LLLL2D gïoup aË Bo a¡d 4oc (p>*0.025) (Fíg. 2).
Álthough the two cuïves r¿ere oËhen¡ise símilar at all Lemperatuïes,

the 4oc, L2LL2Ð curve \4ras translated above t.,,e 26oc, r2LLzD curve

over mcsË of the temperature range. thl sígnífícant increase in
oxygen consumptíon at 4oC for heart homogenates from snakes acclÍmated.

to 4oc * L2LL2D Ín both wÍnte:: and stmrner represents partial comperrsation

of metabolic rates for J-oru temperatures.

Cold accl-ímaËion llas accompanied by a clorvni{ard translation of
Ëhe rnetabolic rate cuïve for 1Íver homogenate from snakes acclimaËed

during the \^rínter, ín combination wíËh a slight counter-clock¡¿ise

rotation (Fig. 3). as a result, the oxygeÍr consumption cf the 4oc,

IZLLZD group was sígnificantly depressed relative Ëo the 26oc, L1LL¡_D

group from 1Bo to 4oc (pì 0.05). The on.ly significant effecË of cold

acclímation on the oxygen consumption of líver homogenat.e f::om snakes

acclímated during Ëhe suomer r¡ras a d.ecrease in the oxygen consunption

of rlre 4oC, J.2LLLD group at 34oC (p>0.05).

Cold acclimatíon had no significanË effect on the metabolic

Tate of muscl-e homogenates from snakes acclj¡rat,ed ciuring the rvinter
(Fíg. 5). rn the surmeï experiments, however, the enËire 4oc, LàLLLD

curve Ì,ras translaterl above the 260c " L2LL2D curve (Fig. 6) " The

dífferences ín uetabolic rate between the two groups Ì^/ere significant
at all temperatures r¿ith the exception of 4oc (pto.05). simple upward

translatíon of the meËabol-íc rate cul:ve rn¡íËh cold acclimation has also
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been observed in the ín vjtrq oxygen consumptÍon of goldfísh (,Carassíu.s.

au.ratus) gi11s (trkberg, 1958) and in the rate of protein synthesis l_n

goldfish muscle (Das and prosser, 1967).

The greatesË response to col-d acclimatí-on, of a1l tissues

sËudied, r"-as observed in the uLetabolic rate of muscle homogenaËes from

snakes acclímaËed during the suruner. This response of muscle tissue to
continued cold exposure may represent an important mechanism for the

mâíntenance of Ëhe metabolíc rat.e of skel_etal muscle, and possibly

Ëhe actual actívity of r." sirËalis pa_ríeËalie. during cold periods in

sunmer monËhs "

I{íth the exceptÍon of muscle, eold acclÍmaËion effecËs were

most pronounced in the meÈabolic rates of tissues from snakes

acclinaled. durino rho t.rin*a- rn the neËurel envircnnen*,, hcriever,

T. sårtalig- p*?Jíetali¿ híbernaräs from November to April (Aleksiuk

and SËewatt, L971) under concliËions of complete darkness. Therefore,

íË ís more appropriate to consider Ëhe combined effects of acclímation

Ëo cold and complete darkness rvhen assessíng the metabolic rates of

tissues wíthin T*. Tirtalig parieËal.is. duríng the ùinter.

At low temperatures, presurably similar to Ëhose experienced

by hibernating snakes, cold acclimation caused a decrease in the

metabolic rate of liver homogenates and an Íncrease in the metabolic

rate of hearË homogenates" These effecËs r{ere most pronounced in

tÍssues from snakes cold acclímated during the wínter. The meÈabolíc

rate of muscle homogenates \4/as not affected bv col-d acclimaËion ín

the winter, but was íncreased in srltureï over most of the teüpeïature

range studied. opposite metabolic responses of tíssues to cold
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acclimaÈion, of the type observed in heart and liver homogenates

especially at l-ow Èemperatures, may be the reason why Ëhe stanclard.

metabol.ic rate of Íntact ,T.* q.irtalis. parietalíg is unaffected by cold

acclimaËion (Aleksiuk, unpublíshecl results). If the oxygen consumption

of some Ëissues is increased, while that of oËhers is decreasecl, the

neË result may be the apparent absence of an effect of cold accl-imation

on the standard oxygen conswrption of the íntact animal.

Effects of phot riodi c acclimation on ín vitro t,issue oxvsen

consr-unotion

The cliscussion of the effect.s of photoperíoclic acclimation.

on Ëissue oxygen consrmrptÍon wíl-l involve a comparison of the metabolic

rate curves for Ëissues from snakes acclirnated Ëo 4oc, L2LL2D ¡,títh

those f,or tíssues from snakes acclimated to 4oc, oLz4D" The purpose

of the comparison is Ëo attempt to assess t.he role of photoperiod. in

ínfluencíng metabolic changes in snakes exístíng under símulated

hibernarín5 conditions (4oC, CL12D).

Acclimation Ëo complete darkness r,/as accompanied by a

sÍgnificanË depression of metabolíc rates, frou 12o to 4oc (p>0.05) 
o

of hearË homogenates from snakes acclímaËed during the vrínter, and a

simultaneous íncrease in Qro (Fig. 1). partial co1_d compensation of

the oxygen consumption of hearË homogenaËes from snakes acclimated to

4oC, L?.LLZD was earlier attríbuted to some form of enzyrnic alteration;

perhaps exposrrre of Ëhe intacË animal Ëo light in addítion to cold

is necessary to induce thís enzymic response. The major decrease in
metaïrolíc rate at lor,r temperatures for heart tissue from snakes
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acclinated to 4oc, 0L24D duríng the rvinter may be of adaptíve value

duríng the extencied períod. of hibernation, sÍnce a metabolic reduct.ion

ís cond.ucive to energy conservaLion.

Cardiac muscle responded to accl-ínatj-on of the inËact organÍsm

Ëo compleËe darkness aË Lhe tissue as well as at the sub-cellular

level. I.r], l¡itro heart raLes of L sirta_l_Íg paríetalís acclímated to

5oc, Oi24D rvere depressed belorv about 22oC as compared iuíËh Èhose of

snakes acclímated to 5oC, BLI_6,Di 3ZoC, BLI6D; and 32oC, OL24D (Aleksiuk,

1970). The fact that acclimation of the intacË snake to complete

darkness and reduced Lemperature ís necessary to induce thís depressíon

stïesses the jmporË.ance of considering both thermal and photoperioclic

factors in assessing metabolic rate changes ín the híbernaLing snake.

Uomplete ciarkness, ín conjuncËion rrríth I or.r tenperature, haC.

líttle effect on the metabolic rate of muscle homogenates from snakes

acclímated during the winter. oxygen consmrpÈion of the 4oc, 0Lz4D

gïoup was slighrly higher than thar of the 4oc, LILLLD group from 34o

to LOoc, but only significantly so at 34.o, 32o, z}o and zzoc (p:0.05).

From loo to 4oe , the curves ï¡/ere similar (Fíg. 5). The predo:ninant

effecË of acclimatíon of the íntact snakes to 4oC, OL24D ín r¡inËer on

Ëhe metabolic rate of liver homogenates \,ras an elevation, relative to

the 4oc, LILLLD group, of rhe metabolic rare at 4oc çrtO.oz5) (rtg. 4).

Proteín has been shovm to be an imporËant energy source for híbernatíng

T. g\rtalis_ p.a.rietal.is (Aleksiulc and stewart, L?TL). The absence of a

meÈabolic depression ín líver tj-ssue from snakes acclimated to 4oc,

0L24D may relaËe to the importanË role of the liver in proËeín

catabolism in hibernating snakes.
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Acclímation of the ínËact snakes to 4oc, oL24D during the

suiümer resulted in a decrease in the oxygen consumption of muscle

homogenates from 34o to t4oc (p>o.os) and. heart homogenates at 3oo, 2Bo

anð. ?-4oc (P>0.05) (rigs. 2 and 6). The presence of a series of small

shifts resulted ín the el-evatíon of the lor¿er portions of the metabolíc

rate curves, such that the 4oc, 0L24D and the 4oc, L2LLLD cuïves k'ere

idenËieal from 20o to 4oC for heart homogenate oxygen consurnptÍon ancl

Bo to 4oc for muscle homogenat,e oxygen consumption. The presence of

these shifts and the absence of a meËabolic depression at lor¿ tempera-

tures suggests that enz5rmic cold compensatory mechanisms may be actíve.

Therefore, Ëhe inducËíon of normal hibernation responses may noE be

possible ín snalces acclimated duiing the stuuner. I{owever, the metabolíc

rate of 1íver honcgenates fron snakes acclinaËed tc 4cC , 0L2/+D during

the summer showed an elevat,íon aË 4oc similar to that of liver
homogenates from snakes accliroat.ed to 4oc, oL24D during the winter.

Prevíous studies of photoperíodic effects in reptíles have

been concerned wíth resístance adaptaËíons at the whole organísm level

(Lichto l-968; Ballínger, L969). Vincent (1971) denoonsËrared rhar rhe

presence of lighÈ reduced cold tolerance in cold acclimaLed Tr. gj!rtal-ís

parietalis.. víncenËrs results arrd Ëhe observatíons of this sËudy

suggest that boËh temperature reducËion and the absence of light are

essential for the activation of cellular responses which may be

conducive to survivai of T. sírtalis p,-arietglis in prolonged hibernation.

Seasonal variation_ ínJítro. tissue oxygen consump.tio_n

Few studies with poikilotherms have conside::ed inherent

seasonal patÉerns in the metabolíc rates of arrimals maintained under
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consËant thermal and photoperiodic condiËions. The significanË

seasonal dífferences in the met,abolic rates of tissue homogenates

observed ín this sLudy emphasize the importance of consíde.ring season

as a variable r¿hen perfonning met.abolic studies"

Seasonal effects on meËabolíc rat.es r^¡e::e observed to be mosc

pronounced in tíssues from warm acclimated snalces. The entire metabolíc

raËe curve for muscl-e homogenaËe froin snakes acclimated <luring the

wínÈer was translated above that for muscle from snakes acclímated.

during Ëhe sruomer (fig. 7a). Metabolic raËes deËermined ín the sunìaer

and ín the winter $/ere sígnificanÈly dífferent at each experímental

temperature (p>_0,AZ5) r¿ith the exceptíon of 60 and 4oC" The metabolic

rate of 1íver hoqogenates from snakes acclimated during the winter r¡ras

grea,ter than that of the surruner group from 20o to goc (p>0.05,ì þu¿,.g¿s

less aË 34oc (r>0.005) (¡ig" Ba). The inerabolíc rare orìurrt

homogenaËes frorn snakes acclimaËed duríng the winter $ras slightry
greater than that of the srlnmeï group over the entíre temperaiure range

studÍed, but sÍgnífícantly so onl-y at 22o to 160, go and 4oc (p>0.1)

(Fis. 9a).

The most pronounced clifference in Ëhe metabolic rates of

tissues from snakes acclímated to 4oC, 0t24D in winter and summer \ùas

an increase ín the oxygen corLsumption of muscle homogenates from snakes

acclimated during the wínrer from 34o to 22oC (p>0.05) (Fíg. 7c).

MeËabolic raËe òurves establishect in the winter and the srmimer for
1íver homogenates Þrere simílar wiËh the exceptíon of a significant

elevation in metabolic rares at 34o,32o (e10.01) 60 and 4oc (p>0.05)

in the sunmer experimenËs (Fig. Bc) . IleËabolic rate curves for heart
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homogenates h,ere similar from 34o to 22oC, but shoirred. an increase in

Q,^ and a decrea.se in absolute values from l2o to 4oC (p>0.01) ín the-IU

wínËer experíments (Fig. 9c) .

Frou these resulËs, ÍË appears that acclimation to 4oC, 0L241)

(simulated hibernat.ing condíLions) ma¡z n6¡ have the same effect on the

metal¡olic rates of tissues v'iLhín anímals acclimatecl duríng the sunmer

as Ín those acclínat,ed during the winter. Mayhew (1965) demonstrated

Ëhat r¿ínter dor-mancy and metabol-íc depressíon Ín the horned Lízard

(åhfyggEgpg r0.:.g1Ð r¿ere índuced by a combination of reduced phoËo-

period and decreased Ëemperature. This, howevere occurred only íf the

temperat.ure and photoperíod change rvere in conjunction v¡íth a specific

tÍme of year.

In conËrast, metabolic rate eurves for' l-ive-¡, hea-::t and rnuscle

homogenates from snakes acclímat.ed to 4oC , L2L72D rvere simil-ar in the

r,rinËer and suuuoer experiments (Figs. 7b, Bb and 9b). Signifícant

differences ín absoluËe values included a decrease in oxygen consumption

at 40C (P>0.025) for liver homogenates from snalces accl-ímated during

Ëhe r¿inÈer and at 60 and 4oc (P>0.025) for heart homogenates from snakes

acclimated durir:g the summer.

Seasonal differences ín metabolíc rates at sub-cellular and

cel-1u1ar levels have been observed previously. For example, the

temperature regíon ín which the oxygen consumpËion of the intact wínkle

(L.ittqr.ina líttorea) , as well as that of cel-l-f ree homogenates and

isolated mit.ochondria, shorued no signifícarrt fluctuations, \,ras

dependent upon season (Newell and Pye, L970). MeËabolÍc rates of sí1l
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tissue from war,m and cold acclimated goldfish (c.arassíyq" g-atus)
showed seasonal variatj-on rvíth a gradual decrease in oxygen consrm.ption

from July to February (Ekberg, r95B). The rnajor dífference betr.¡een

seasonal variation in the rnetabol-ic rates of tissue homogenates from

Tt g.írtalís pqrietali"g and the limíted nr¡rber of other poikilotherms

studied in thís respect- is that seasonal varíati-on ir L S.irtalíg_

.æLlglgþg is dependår,t .tpon the thermal hisËory of the in¡act snake.

That is, variations in metaboiic rates due Ëo season are not- constant

for tissue homogenates from warm and cold acclimated anjmals. Rather

than attributing seasonal va::iations ín the metabolic rates of tíssues

frorn år_ girtalíe p"eJietali-s sLrictly to an inherent fhythrn, it may be

more appropriate to suggesL ËhaE Ëhís organism possesses an ínherent

¡¡-.¡¡{ l:r f n --ll.'a? +^ Â.-^ ^: c: ^ - ^.-,1 :caPacrEy to a,f,just Eo SPecl-Î1-c te-rùpelatu-re ColrdiLi<rirs orrly duriirg i;ire

season rvhen these temperature conditions are typical.

rn vitrq oxygen consurnption of tissues fro¡o T. sj-rtalis concínnus

Ilannophi-q sirtali.q conginnus, Ëhe red-spotted garter snake,

ís restríct.ed in range to north-wesË Oregon and is subjected Ëo a warm

temperate climate. Álthough íË ís generally dormant from October to

April, it is not uncommon to find male snakes basking on the mildest

days of even the coldest months (Stervart, 1965).

The effects of low iemperature on the oxygen consumption of

Lissue homogenates from T. :,irtalis. c_o.lcinnus \¡Jere examined to deteruine

possible effects of clírnate on Ëhe capabíliËy of agiven population to

adjust to cold.
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The forms of the metabolíc rate curves for muscle ald lír'er

homogenates from T. ,-sirtalig,qgncinnuq rn¡e::e similar to Èhose of r.,

sírtali-s pariet-alis" The slopes of the metabolic rate curves for

muscle and líver homogenates from snakes acclímaËed to 26oc, L2L1"2D

and 10oCo L2LL2.D íncreased. r^¡íËh decreasing temperature at Z4o , ZOo 
"

22o arrd 24oC respectlvely (Table 1; F'igs. l0 ancl 1l). As ín T.

åirtalå: pariet.alig, the híSh QrO values in the low temperature region

denote a rapid decrease in metabolic rates wíËh decreasing tempeïature

and a rapid increase in metabolic rates with í-ncreasÍng Lemperature

to a specific temperature ler¡el.

Cold acclímation r¡ras accompanied by a translaËion of the

metabolic rate curve bel-ow that of tissues frour warm acclimated

índivídual-s for the oxygen cons-Lttrptioi-. of both nuscle ar.,j. 1íver

homogenaËes (Figs. 10 and 11). Differences ín metabolÍc rates of uuscle

homogenaËes fror¿ snakes acclimated to 26oC, LzLi-,zD and lOoC, LzLLzD

were significant (Pì0.025) at all temperatures r+ith the exception of

34o, 16oo 14o and 10oc. In Ëhe case of liver homogenates, the metabolíc

rates were significantly different (P>0.05) at a1l temperatures r,riËh

Ëhe exception of 34o, 26o, L4o , L2o, and. 10oc. SËewart (1965)

demonstrated the reverse situat.íon at the level of the rvhole animal.

The meËabolic rate of rvarm acclimatea (:zoc) T. ,Értalís c_o+glnnu..s rüas

signífícantly lovrer ax 25oC than Ëhe meLabolic rate of colci acclímated

(g"c) Tr- s.irta.li.å go-ncinr.ru-s. This effect may be the result of systemic

rather than sub-cellular or cellular control- mechanisms.
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CONCLUDING REI"IARI(S

The metabolíc response of Ëissue homogenates from T. gírta.lip

P.#gtat+" to íuunediate temperature change was frequently characterízed

by an increase ir Qtg with decreasíng temperature. rn all cases, the

change ín Q,^ occurïed betr¿een 24o and 16oC" A rapid change ín metabolic" 'lu
rates wiËh changing t,emperaËure, as Í.ndicated by a high Qro in the 1or¡

temperature range, is clearly of adaptíve val-ue ín cold climates, where

large Èernperature fluctuaËions are frequent and irregular. lË

facj-1iËaËes a rapid íncrease ín uet.abolic rate wiËh íncreasíng

temperature to a specifÍc Ëemperature- level, whích is particularly

adapt.ive in a behavioural thermoregulaËor. rn some insËances, the

increase ín O- ^ ruit-h <ie.cre-asins f emner.âtrrre w¡q nreceoderì hr¡ e rpoinn'l_u -o----

of relative meËabolic stabiiitv"

The form of the metabolic rate curve for a specific tissue

homogenate as well as Ëhe actual level of oxygen consurptíon was

dependent upon the thermal and photoperiodíc history of the intact

snake, and upon season. In general, cold acclimaËíon v/as accompanied

by an increase ín the metabolíc rate of heart hornogenaËes and a

decrease in Ëhe metabolic raËe of lÍver homogenates at 1o\^/ temperatures.

The effecL r¿as ¡nost pronounced in tíssue homogenates from snakes

acclímated to cold during the winter. The metabôi-ic rate of muscle

homogenates vias unaffected by cold acclimatÍon ín winter, but was

íncreased in the summer over most of the temperature range studied..

The importance of photoperiod as an environmental factor r¡hich

may influence meËabolic raËes is emphasized by the observations of thís
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study. IIeart a¡rd liver homogenaËes from snakes acclimated to 4oc. 0L240

(símulated hibernatíng conditions) cluríng Ëhe ¡,¡ínÉer and sunmer,

respectively, showed metabolic responses at 1ow temperatures completely

opposíte to those from snakes aeclimated Ëo 4oc, L2LL2D" ¡¡íth respecu

to heart t.issue, the cold compe-nsatory effects present in homogerrates

from snakes acclÍmated to 4oC, LzLJ.zD were absent in homogenaËes from

snalces acclimated to 4oc,0L24D" rn fact, the metabolic ïate of heart

homogenates r'rom snakes acclimated to 4oC , OL24D during the wínter r^/as

significantly less than that of homogenates from snakes acclimated to
n.o^¿b çt at lor¿ temperatures. The depression of the metabolic rate of

liver homogenates from snak,es acclimated to 4oC* OL24D in v¡i.nter r¿as

lesser than that of homogenates from the 4oc, LzLLzD group, as compared.

--!,-1 nrOn 'lv-LLrr ¿u u rev(jJ-s. rnl-s may De l-IDporEarlt l_n reraË1on co orotein

catabolism during hibernation.

An ímportant variable, season, is often neglecËed in studies of

the effecËs of thermal- and phoËoperiodic acclimatÍon on metabolic raLes.

Metabolic adjusûnents to im¡nediaËe Ëemperature change were not only

most apparent in tissues from cold acclimated snakes, buË particularly

from those acclímated to cold duríng røinter. Long-term cold acclimation

ín sunmer v/as accompaníed by símple translation of the metaþolic raËe

curves. More complex rotaÈional- and ËranslaËionar results were

apparent in the metabolíc rate cur-ves of tissues from snakes cold

acclímated duríng the vrinter. rË is suggested that lr. sjJtal-is

parie.talis possesses an Ínherent capacíty for physíological adjustnents

to Ëemperature change duri-ng the season for which the temperature
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condit.ions are typicat. A rnore complefe analysis of the metabolic

basis for the observations in this study can be obtaÍned only through

furl-her studie.s at the sub-cellular leveI.

The metabolic resperlses of tissue homogenates from T.* girl-alis..

go..ncinnrls. Ëo iinmedíaËe temperature change v¡ere simílar t.o those of

most of the tissues from,T-* giJ:talís paríetali.s-. That is, the metabolic

rate curves hrer:e characterized by a lor,¡ Qto "t high temperatures and a

hígli Qro at low temperatures. cold acclímation rras accompanied by a

siniple decrease ín the metabolic rates of tissue homogenates from T.

sirtaliq, g_oncinnug at most of the experímental temperaËuïes. A more

complete study involving seasonal- and photoperíodic aspects ís

necessary to a]-low any major conclusions as Ëo the role of clímate j-n

coi<i aciaptaLÍcln.
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Table 1. Statistically signíficant (Pl0.0f) changes tr QrO iri rhe

metabolíc rate-l-emperaËure curves of various tissues from

trvo sub-species of Ttrar'.rnophig "lg!_glig" (l = p.g:iera.tigi

c = concinnus) 
"

Tissue
Acclimation

sËafe

Temperature

range (oc) Qro

Heart

Heart

HearË

Liver

Líver

Líver

Muscle

Muscle

Muscle

Líver

Liver

Muscle

Muscle

trtrínËer;

Summer;

Sr:uuner;

I{inter;

ülinter;

Stmmer;

llinter;

Winter;

Summer;

Summer;

Sunmer;

Sr.:umer;

Sr.rinroe r ;

4o c, ot z4n

) 60 ¡ 1)T.1 ?'r\

, O 
^ r ôY i ôñ.+ v e L¿LL¿J)

/,o¡ 1tr1rña vt LLULLU

4oc, ot-z4D

/,on 't,r 1tr-ra v9 LLDLLD

26oc, L2LLLD

4oc, 0tr24D

4oc, Lzt:.2n

26oc, L}LL2D

26oc, LzLLzD

z6oc, LILL2D

looc, LLLL2D

34-24
24-4

34-20
20-4

34-24
24-4

34-22
22-/+

34-20
20-4

34-20
20-4

34-18
1B-4

34-24
24-/+

34-18
1B-4

34-22
22-4

34-22
22-4

34-24
24-4

34-20
20-4

2.79
6. 10

¿. tt
6,04

2.33
4. 90

3.4L
Áo<

) 11,

5.27

3.2L
5"4r
3. 38
6.08

2,t9
6.40
ta^
4 "67
LãJ)

4,99

2.69
5.63

2,07
s "4s
2.84
5 "20



Table 2. Temperat.ure ranges and QrO values of

metabolic rate-tetrìÞeraËure eurves for

Thamnophis- gi*rt-_al"rq Erf eËaþg. The

case denotes the QrO at temperatures

st.al¡Ie region.

stable regions in the

varíous Ëissues from

second fígure in each

iminediately belorv the

Tissue
Acclimation

s tate

TemperaLure
0

range (oc) -10

Líver

HearË

Mus c-1-e

Itlinrer; 260C, L¿LI2D

l,zLT2D

OLz4D

32-18

t_B-4

32-20
2ñ-/,

e,, -)?
22-4

1 /,O

6"50

1 10

,an

L,47

4.73

I'Iínter; 260C,

I,{inter;4oC,



))vj

Table 3 Temperatut:e ranges of actual increases

consumption v¡ith decreasing temperature

rate-tenperature curves of tissues from

parietalis.

or shiits ín oxygen

Ín the metabolíc

Tiramnophís sirtalis

Tissue Acclimation stat.e

Temperature

range (og¡

Heart

Heart

Muscle

Sumner;

I{inter;

Sunmer;

4oc, oLz4D

4oc, L2LL2D

4oc, oL24n

28-22

28-24

IU_O

20-L6

14-10



Fj-gure 1. The effecË of temperature on Ëhe oxygen consumptíon

of hear:t homogenates from T.=,sjrtnlis p.aïj:l:Jí:_ acc,li¡iated to

26oc, L2LrzD (a); 4oc, i-2L12D (6); and 4oc, oL24D (0) in winrer.

Each poínt representa a mean of a l-east Ëhree values.
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Figure 2. The effect of temperature on the oxygen consumption

of hearË homogenates from T" sirtalí.s pgriet.alís acclimated to

26oco.lzLrzD (a); 4oc, Lzt-L2D (g); and 4oc, 0t24D (0) in summer"

Bach point represents a mean of at leasË i-hree values.
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Figure 3. The effect of Ëemperature on the oxygen consrmpËion

of live-r homogenates f rom T. sirt,alíg paríet-?.lis. acclimated to

26oc, LLLI:D (a); 4oc" 12L12D (6); and 4oc, 0L24D (O) in winrer.

Each point represenËs a mean of aË least Ëhree values.
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Figure 4. The ef fect of t.emperature

of líver homogenates from T. sírËa1is

on the oxygen constrmpËion

pgrietalis_. acclirnated to

and 4oC, OL24D (0) in winter,

least three values.

z6oc, 12L120 (a); 4oc,

Each poinË represents

r2L12D (@);

a mean of at
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Fígure 5. The effect

of muscle homogenaËes

26ec, 12L12D (á); 4oc,

Each poínt repïesenÈs

of t.emperature on the oxygen consumption

from T- sirtali.s p,erie.t-al_is acclímaËed to

12LI2D (@); and 4oC, 0L24D (0) in wínrer.

a mean of aË l_easL three values"
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Figure 6. The effect

of muscle homogenates

z6oc, 12L12D (,å); 4oc,

Each poÍ.nt represents

of temperature on the oxygen consumptíon

from T. sirtalis perj-.e.tâliå acclimaEed to

LLLL2D (8); and 4oC, 0L24D (O) in surnmer"

a meaÐ. of at least three values.
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Figure

muscle

^ -o-¿o u,

7, The effect of season on Ëhe oxygen consrnnptíon UI

homogenates from

LZLL2D (a); 4oC,

T. sírtalis p*arie t.a.lig acc limated

I2LLZD (b); and 4oC, 0LZ4D (c) .



/^
'^

-^
/-

"'

c

"t
t

,-
@

/

M
U

S
C

LÊ
 
4.

C
, 

O
L2

40
@

 S
U

M
M

E
R

Â
 

W
IN

T
E

R

@
-O

I I T
I I ,o ] 

f 
-,

'
/l

n/
/"

- 
o-

rl

/o

^-
^-

à/

o7
2L

o/
^/

 u'
/"

'
ot

o 
/

t/ l@ //
^r

o-
â,

,'
/"

-"
1

/:/ :/

M
U

S
C

LE
 4

'C
, 

12
L1

2D

o 
su

M
r\

4E
R

Á
 W

IN
IE

R

M
U

S
C

LE
 2

6"
C

, 
t2

Lt
2D

o 
S

U
ill

i\4
E

R

¿
, 

W
IN

T
E

R



Figure B. The effect

lirzer honogenates from

26oc, L2LL2D (a); 4uc,

the oxygen con.sunption

p.a]:ietalig accliuated

and 4oc, aLz4D (c).

ofs

T.

eason on

sÍrtalis

of

to

r2L12D (b);
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Figure 9" The effecË

heart homogenates from

)^ar, 1rr1?n /-ì. /,cr-ev v, \q/ t - v9

of season on

T. sirtalis

19r1?n /L\.¿4Dr--u \u,/ I

the oxygen consumption of

p*a.ríetal.iå accl-ímated to

and 4oc, ot2-4D (c).
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Figure 10" The effect of temperature

of liver homogenates from T-.. sirËal-:-l"q.

26oc,12L12D (e) and tOoc, LzLrzD (a).

a mean of three values.

on the oxygen consumpt.íon

concinnus acclirnated to

Each point represents
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Figure 11. The effecË of

of nuscl.e homogenates from

Ëemperature on the oxygen constmpt,ion

T. sirtalis concinnus acclimated to

Each point represents26oc, 12L12D (0) and tooc, 12L12D (a).

a Eean of three values.
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PART II



Bnzl'rnÍc Adaptatíon to Temperature :

Malate Dehydrogenase in a Cold ClimaËe

Rep tÍ le, Tlamn ophi q s_í r r alis p.a gi e!a.l-is:

AbstracË. 1. Líver supernatant malate dehydrogenase (s-¡tnn) from

T.h,annophi.q. sÍrtali.s_ p.arietalis_ consÍsts of tr.¡o electrophoretícally

dístinguíshable forms. These ísoenzymes were observed Ëo be equally

acËíve at 35oC, vrhereas one was strongly d.ominant at 5oC.

2" Long-Ëeun acclímarion of T, S3gt ".lig_ 
psIiet-a1¿s, ro

26oc and 4oc h"d no effect on the electrophoretic pattern of S-MDH or

on several of its temperature-dependent kinetic propert.ies.

3. The Krn of NAÐH for s-MDH was relatíve1y Èe'peraËure-

índependent from 40o to 5oC.

4, The Km of oxaloacetate for S-ÞÍDH shor¡ed a major

decrease fron 40o to 20oC" Reaction velocítíes for S-MDH at Ifui levels

of oxaloacetate a¡rd NAÐH possessed Q1o values of 0.91 to l.83 over the

same temperature range.

5. The pH optímrm of S-l,fDH r¿as 7.4 and 8.5 at 35o and l-gog

respecËively. The increase ín pH opÈimua and a high enzyme-substrate

affinity at l-ow Ëemperatures Ìrere correlated with a decrease ín Qro

from 10o to 5oC at Km concentrations of substrates.

6, It is hypothesízed thaË dífferent vei ocity-temperature

relatíonships of the two S-MDH isoenz¡roies play an important role in
the stal¡ílization of enzSrme activíty duríng shorË-term body temperature

flucËuations i-n T. sírtalis pai:íetalis.
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INTRODUCTION

rn comnorr r"ith certaín oËher poikílothermic specíes, i.g villg.
tíssue oxygen consunption in the red-síded garter snake (&ruÉfg

sirqalig. pg¡¡s!g!!":") can be quanriÈatively alËered by rherrnal a'd

photoperíodic accliuation (Part r of this thesis). Moreover, the

metabolic rate cur:ves of cert.ain tíssues from T. å-irtali.s p,arietalj.s

are usually characterized bV (f) a biphasíc relationship of metabolic

rate to j-urmediate tølperaËure change, with QrO values of approximately

1.0 to 3.5 at temperatures above 20oc and 4.5 to 7.0 beloi,¡ zooco and.

l-ess commonly, bv Q) temperature regions ín which oxygen consumptíon

shows no sígnificant fluctuations, These metabolíc responses Ëo

ímmediate tenperature change are considered to be an adaptaËíon Ëo

a cool temperate climate, where temperature fluctuatíons are 1arge,

frequent and irregular. Àleksiuk (L97L) postulated the molecular basis

of such responses to be isoenzymíc ín nature, uritlr. various isoenz)nnes

of a given enzy-me systen possessing clífferent velocity-tempe::ature

eurves.

The purpose of the presenÈ study was to explore further aspects

of enzyrníc adaptation to temperaiure ín cold clirnate representatives

of L síqtalí.s p.a_ríetalis. Liver slrpernaLanË malate dehydrogenase

(L-malate: NA-D oxj-doreductase EC 1.1-.1.37) vras chosen because it consists

of a two-ísoenz¡rme system in ihis species (Aleksíu1c, unpublished

resul-ts).
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MATERIALS AND }IETI.IODS

Fxperímen tal. anjmal-s

Adult ,T1i.amn-ophig -ga_Etalaj- pali.eta-lis r^¡ere accrimaied to 4oc,

L1LL}D (L = lighr, D = dark) anð.26oc, L2LL2Ð for fÍve ro síx r,reeks.

Food (ocean perch) ancl water r{ere pïovided ?jl li}itug ro rhe z6oc,

L2LL?-D group. Neither food nor r^rater was made available to the 4oc,

L2LL?D snakes, Líver samples rrere removed only from males and non-

gravíd females in the 25-35 grarn body weíght range.

Preparatíon of S-MPJJ,

For each enzyme preparaËion, liver tíssue from three snakes

røas homogenízed ín four vol¡nes of 0.01M tris-HCl buffer, pI{ 7.4,

eonËaining 2ñt EDTA. in an ice-iacketed Potter Elveihem homosenjzer.

The hornogenate was centïifuged for 20 mÍnutes at r2r000g and 4oc, æd

the resulting pellet díscarded. The supernatant was brought to 40%

saturation with solid (NH4),SOO and stirred for a minírnuo of t hour at

4oc. The suspension r.¡as cenLrifuged for 20 minutes ât 12r000g and 4oc,

Ëhe pellet díscarded, and the supeïnatanË brought xo 757" saturatíon

wíËh solid (NH/.)nSOr." Folloviing sËírríng for t hour aË 4oC, the4¿ 4 -

precípitate r,{as collected ín a mÍnimal voh¡ne of 0.0lM Ëris-HCl bufferu

pH 7.4. The preparatíon rnas díalysed. against 500 mr of 0.01M Ëris-HCl

buffer, pH 7,4, for 6'7 hours at 4oc wíth three changes of buffer.

This resulted in a two-foId purifícation of the enz)¡me. The final
extract r¿as frozen in 0.5 rn1 alíquots for a Lwo week period. No loss

of supernatant malate dehydrogenase (s-unH) actÍvíty occurred during

this inier:val .
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Determinatíon of S-MDH actívÍtv

Supernatant l'ÍDH actívity \,;as assayecl by follor,ring the oxídation

of NAÐH at 340 m¡.r ín an Unicam SPB00 recorcling spectrophotometeï fitted
with an aecessory ""ri" expander. The cur¡etËes¡ of l-cm light paËh,

contained enz)¡me, varying levels of oxal-oacetate and NADH, and

sufficient 0"IM phosphate buffer t,o make a final voluue of 3.0 in1s. For

the deËerminatíon of pH optima, the pH of the buffer was altered by the

additíon of HCI or NaOH. The ËemperaËure of the reaction míxt.ure r¿as

controlled by a Neslab circulating temperature bath (t'todel No. 68¡; 276),

Condensation on Ëhe cuvetËe rqal-ls at 1o¡¿ temperatures \^ras prevented by

a steady flow of dry gaseous nitrogen through the cellul-ar compartment.

Initíal reaction rates vrere determíned by measuring the rate of NAÐH

oxídation ín a 30 Ëo 90 second inËerval fortowíng the addition of

enz)mle to the reaction.mixture. changes in absorbance were usually

linear for more Èhan trvo minutes.

Flectrophoresis-

The enzyme preparation rvas subjected Ëo standard vertical
acrylarnide ge1 electrophoresis (Davis , L96h) usíng a 4,5% sËackíng

gel (prepared ín 0.75 M tris-H so buffer, pH 8.4), a 67" separating ger

(prepared as above) and a 0.065 M Ëris-borate Ëank buffer pH 8.4.

The source of acryla¡ride was the J. T, Baker Chemical Co., Phíl1ipsburg,

New Jersey, u"s.A" samples contaíning 30% sucrose lrere run aË 1.0

míl1iamps per Ëube for t hour followed by 2.0 milliamps peï tube for
2 hours. The s-MDll bands were sLained rvíth a solul-íon contaíning

0.05. g NA), 0"002 g phenazine methsulphate, 0,O2 e nitro blue
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Ëel-razolít¡n and 0.115 g L-malate in 50 ml of 0"1I1 phosphate buffer,

pIì 7.4 (a rnodÍfícation of the meLhod used by Gol<lberg, 1963),

StainÍng was carried out under condítions of complete darkness at

incubaËíon tenperaËures between 50 and 45oC, usíng two different

procedures. One procedure invol-ved Lhe incubation of ge1-s from a gi-ven

run at lOoC íntervals (from 50 to 4SoC) for a constant tÍme period

(approxÍmaÈely 45 rninuËes). The relative staining of the ísoenzymes

\,74s quantifíed by means of a Gel-scan autonatic recording an<l integrating

scanner (Ifodel No. 39365; Gelscan Instru¡nent Co., Ann Arbor, Michigan),

and used as a ueasure of relative acËiviLy. The other procedure

involved íncubating one set of gels from a given run at 35oC for 45

mínutes, and another set of gels froin the same ïun at 5oC until at

least one band. was as dark as the darkest band at 35oC.



RESULTS AND DISCUSSION

{soglrz}'mes jrj liver supernaiant" lvlDH

Líver S-IIDH from garter snakes acclimate,l to 26oC consists of

trro electrophoreEically distinguishable forms, designated 1 and 2 ín

Fig. l-4. Smaller ba¡rds r.+ere also discernible but were ínsígnificant

relative to the ti¡o maior bands. The two j-soenzynes, MDH-I and IÍDH-2,

were both prominent at a staini-ng temperature of 35oC (Fig. I A); only

one major Ísoenzlrme, I{DH-I, lras appaïent at 5oC (Fig. I B)"

The relaËive acti-vity of each isoerrzyme ín relatíon to toLal

enz)rme activíty rvas esËimated from densitometer t.racíngs of staíned

electrophoreËic gels and r,¡as found Ëo valîy wiËh temperature (Fig. 2).

From 45o to 25oC, the activities of the truo isoenz)rmes T,{ere rrearly

equal i+iËh MDH-2 being slightly dominanÈ. Below 25oC, the relatíve

acÊívity of MDH-2 decreased r,ríth decreasíng tenperature until ít rvas

essentially inactive at 5oC. M)H-1 follciured an opposite pattern and

rrTas st.rongly domínant at ]-ow Ëernperatures.

The effecË of Ëemperature on the activiËy of each isoenzyme

relatÍve to maximal activiËy at 45oC ís gi-ven ín Table 1. The lesser

effecE of decreasing temperature on MDII-I activiËy ís clearly apparent.

At 15o and 5oC3 MDH-I retained 347" arrd.167" of. its total activíty ar

45oC, whereas MDH-2 retained onJy L67" anð,27., respecËively.

In all cases, Ëhe results obËaíned for liver S-MDH from T.

fron Ir-sirtalis p,grietalj-s- acclimated to 4oC were sjmilar to those

sirtalis pari-eLalis acclimal-ed to 26oC"
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Tþe -effect of e}-cess subglrate o_n lirzer S_-IÍDH .?c!ivity-

Ifammalían mitochondrial- and cytoplasmic forms of l,{DH differ

not only in theír specific elect,rophoreËic, chromat.ographic,

irnmunological and catalytic properties (Englard gL gI., 1960; Grimm

and Doherty, 1961; Síegel and Englard, L9629 Sílversteín and Sulebel-1e,

1969; Thorne, 1960; Thorne and Cooper, L964; and others), but also in

their response to excess substrate. l{íËochondrial }lDH is inhibited by

excess oxaloacetate, whereas cytoplasmic MDI{ is j-nhíbíted by excess

malate (Grimnr and Doherty, 196f; Síege1 and Englard, 1960; Thorne and

Cooper, L964; and others). ûxal-oacetate saturation curves for liver

S-MDH from T. gg:lgli:- paEletjrlis acclimateð, to 26oC and 4oC were

observed to be hyperbolíc at temperatures. from 40o to 5oC (unpublíshed

results). There was little subst,rate inhibítion at any Ëemperature to

a- concentraËÍon of 1.5 x t0-3 M oxaloaceËat,e.

EffecË .of teurpe::eËure op actlva_tj-on energJ_

It has been suggested ËhaË cerËain enzymes from cold-adapËed

organísms characteristically possess lov¡er actívatíon energies relat,ive

to Ëhose from warm-adapted organisms (Somero and Hochachka, 1968; Vroman

and Bror,¡n¡ 1963). The overall resul-Ë of such an effect would be an

increase ín catalytic rates at low temperatures in the cold-adapted

form. However, there üIas no apparent corlelatíon betrnreen acclirnation

temperatu:e and-activatíon energy for S-MDH frorn I. åirta1i"s_ p-a,rietalis-.

Arrhenius p1-ots for S-ì,il)ll fro¡r- r.zar¡¿ and cold acclÍmated f_." Sii:tqlÞ
parietalis rsere linear and essentially sinílar from 40o to 5oC (nig. 3).
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Bf.fect o-f temp.e:ratur-e o-n the ap_paJent Km of oxaloacetak

There t{as a major decrease in the apparenË Km of oxaloaceËate

for liver s-MDl'i from 40o to 2ooc (Fig. 4 anrl Table 2). As temperarure

decreased from 20o to 5oc, the Km values increase.d slightly to l5oc

then decreased t.o 5oc. This Km-Ëemperat.ure relationshíp in the 20o

t.o 5oC region may be the resulË of different kinetic propertíes of the

tr^ro ísoenz)¡rnes of liver S-MDH (ìfDH-l and l'1DH-2) at 1ow tempeïatures.

From the electrophoretograms (rig. 1 and 2), it r¡as apparent that MDH*I,

the llow tenperature isoenz¡ruoe", gradually assuoed most of the total

S-MDH activit.y at low temperatures. In fact, Ëhe activity of MDli-2,

the t'high temperaË.ure isoenzlzme", was negligibl-e at 5oc. The apparent

increase in K¡n from 20o Ëo 15oc may represent a transitional sLage,

r,rhere the activíty of MDH-Z decreases rapidly and the acËivity of

MDH-1 increases or is mainËaíned. The increased. actÍvity of MDH-I,

relaËive to MDH-2, at low temperatures ís correlated with a high enzJrme-

subsËrate affinÍty over the same temperature range (fig. 4).

"Inductíont' of isoenzymes in conjunction r,rith long-ter¡n cold

acclimatíon has been demonsÉrated for a numbe:: of enz¡rmes, íncluding

l-íver isocj-Ërate dehydrogenase (Moon and Hochachka, L97L), brain

acetylcholinesterase (Baldwin and Hochachka, 1970), and liver citrate

synthetase (Hochachka and Lewis, 1970) from lgh Ê.?,rrdner: and muscl-e

lacËate dehydrogenases from S.a"lm-o namayc_ush and Salvelinug f_ontinali.t

(Hochachka and Somero, 1968). Ilowever, prolonged cold acclímaËion

of L sirtalis paríeteli.s" had no apparent effect on S-MDI{ isoenz)¡mes

or on Ëhe catalytic properties of S-l'fDIl exaníned. There úras no



sígnificant dÍfference beËween the

from Ëhe two acclitration groups at.

(ta¡fe Z). Thís similaritv in rhe

9,

Km values of oxalcacetate for S-IÍDH

any of the experimental temperatures

Ifur values of l,¡arm and cold acclimated

snakes may índicate a purel-y Ëeroperature-dependent (time-índependent)

mechanisur of enz¡rmic adjustment to temperature ín T* sirtal_þ gArigta_li.s*.

Aleksiuk (197L) ob{:ained sjmilar resurËs for skeletal muscle LDH's

from this specíes. Inmediate acËÍvation of isoenzSnnes with diverse

velociËy-ternperature cur!'es may represent an ímportant mechanism for

the stabiLization of enzlrme reaction rates ir L ,:,írta.l_íS- p-arietalis-

during exposure Ëo flucËuating temperatures.

PosiËive modulatíon of enz¡nne activity by decreasíng temperature

ís thought to off-set the depressive effects of 1or+ terÊperaLuïe on

catalysis (somero, L969). This is considered to be highly adaptive ín

poíkilotherrtrs. The major decrease ín I(m for S-MDH from 40o to 20oc

r.ras correlated wíËh a low QrO at Km concentrations of substrates

(fa¡te g) . The jncrease in enz)¡me-substrate a.ffinity j-n this temperatuj:e

range apparently compensaËes for the reduction in therinal energy suci1

that reaction rates are relatíveIy stable (Fíg. 5) 
"tra Q10 values vary

from 0.91 to I'83 (raute ¡). only at Km levels of oxaloacetate \nias

there a degree of sËabilízation in reaction raËes over a broad

temperaËure range (Table 3).

The Kur values of oxaloacetate at 10o and 5oC r¡rere nearly equal-

to the Ifui value at 20oc. rn spite of this, the Qt' .t Km concentrations

of substrates was reduced to a value of 1.57 between lOo and 5oC

(Fíg. 5 and Table 3). Consequently, Ëhe effecÈ of ternperature on

regulatory factors other than enzyrne-substrate affÍnity rnusË also be
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consiclered.

The possíbl-e role of therrnally modulated changes ín Ehe Km

of NA-DH in controrring s-Mlll catalysis ü7ere examined. Tn agreemenË

wj-Ëh the results obtained for monotreme S-MDH by Baldi,rÍn and Aleksiuk

(in press), the l{m of NA)H for s-MDII r¿as relatívery tenpeïatuïe

independent from 40o to 5oC in Ëhe present study and. was unaffected by

temperature acclímation (Table 4). rn addition, variatíons in NAÐH

concentratíon from I(m values to saturating'levels had little effect

on the velocíty-Ëemperature curves for s-IfDH, especíally at Km levels

of oxaloaceËate (Fig. 5).

Figule. 6 sho"ss lH o,¡tina of lir¡er S-ì,lDll "t 35o end 10oC. The

pH optímr-ur shifted f.xom 7,4 at 35oc to 8.5 at 10oc, This may mean

that the two isoenz)mes, MDH-1 and MDH-2, have dífferent pH opËirna.

MDH-I and MDH-2 rsere about equally active at 35oc, whereas MDH-I uras

predomÍnant at 10oc (Fig. 2), consequent-ly, MDH*I may possess a hígher

pH optimr-m than MDH-2.

Thís shift in pH optimr:rn with temperatuïe change not only

reÍnforces the suggestion Ëhat the two í-soenzymes har¡e different

temperature-dependent caËalytic pïoperties, but also implícates pH in

the regulaËion of reaction rates" An increase ín intracellular and

blood pH wiËh a.decrease in envíronmental temperaLure has been observed

for a nmber of poikilothermíc species (ÌIowell gL gl, L97o; Reeves

and tr^Iílson' 1969) " rf the inÈracellular pII of f. girtqtíå p.*ri.etalis

behaves similarly, lhe íncrease ín pI{ at low temperaËures r.¡ould favor
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MDH-1 actÍvíËy (assi-uníng EhaË IÍDH-I actuall-y does have a higher pH

optírnum Ëhan MDII-2). Although the increase ín enz)¡me-substrate affinity
with decreasing temperature is sufficient to account for the stable

Q1o values ín the 40o to 20oc region, iË is not adequaÈe to explain

the lor¿ Qro from loo to 5oc" A high enz¡rme-substrate affinity xoay act

synergistícally with an increase ín pl{ opËimun, to raise reaction ïaËes

and lower Q1O values in this t,emperature regÍon.
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CONCLUDING REI'ÍARKS

Liver S-IíDH from I*- *$aiig_ paríetaliq exisrs ín rwo

electrophoretj-cally distinguishable forms. Both ísoenz)¡mes (t'tlH-l and

MDH-2) are equally acËive at 35oc, whereas MDH-I is strongly domínant

aË 5oC" The electrophoretic daËa, in addÍtion to the lkn-temperature

rel-ationship observed and the absence of an acclímation effect,

suggests a temperature-dependent, but Ëime-índependent transition of

activiËy from one ísoenzyme to the othe-r. This apparently represenis

a mechanísm of adaptaLion to short-term fluctuations of body tenperaEure

ío L g:Ftalís p.a.rígtalis.

As temperature decreases from 40o to 20oC, an increase in

enz)rue-substrate affíníËy eompensaLes for. the effect of reduction of

thermal energy on MDI{ reaction rates. QfO values at Lm levels of

substrates are relatively loru, varying from 0.91 to l.B3 over the same

temperat.ure range. Regions in the metabol-ic rat.e-temperature curves

of cert.ain tíssues from T. sírtalis parietalís, in rvhích oxygen

consunptíon shorvs ,raar.îr." -I""r.r t" .a sinilar temperaËure

range (Pa::t I of thís thesis). IË appears that the moleeular basis for

stable metabolic rates may be parË1y due to the positíve modul.ation

of enz¡rme activity by decreasíng temperature.

A reduction observed in QrO of S-MDH acËivíty at low tenperatures

(tOo-Soc), in absence of a change in Km of oxaloaceËate¡ måy be explained

by an increase ín pH optimtnn acËíng ín conjunction \,riËh high enzJrure-

substrate affínitv.
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Figure 1.

sirtal is

ElectrophoreËic paËterns

parietali.g. Temperatures

of liver S-MDH from T.

(35o and 5oc) ::efer Ëo

staíning Ëemperatures. The ge1 at

least one of the bands was as dark

T¡ras stained unËil at

Ëhe darkesË band at 35oC.

5oc

AS
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Figure 2. The effect of íncubaÉion temperature on the relative

acLiviËy of the tiüo supernatant. isoenz¡mes, MDH-I and I'fDH-2,

expressed as a percentage of total MDH activity at each particular

têmperat.ure. Relative acËivíty rvas deËermined from densítometríc

tracings of electrophoretic gels stained at various temperat,ures

for a constant time interval.
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Figure 3. Arrhenius plots of

(@) a¡d 4oc (0) acclimated T.

Iínes l¿ere fíited Ëo the data

principle. Vmax vä1ues were

ploËs.

liver S-IÍDH activíËy from 26oC

sir!aIís p*aríetalrís_. Regression

-^-^..li-- &^ !l-- 1^--La(:Lt(JlurttB L(J Llrs luaÞ L üqud'rcS

detennined f rom Liner,,reaver-Burk
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Figure 4. The Miehaelis-Menton consËant (Krn) of oxaloacetate

for S-l"tDiI enz)'mes from 26oC (e) and 4oC (O) acclímaLed T. sírtalis

-^-j^È^1i^ ^ €..-^åj ^.. ^c ^- ar* --- a--^- -----^,dr!eLd¿!Þ @> d !urluLrulr u! dÞÞd_v Lg4_uEId.LLl,Lg" aull v¿1ILteÞi wejI.c

determined from Lineweaver-Burk plots. Each poínË represents a

mean of three values. The assay mixture contained, ín a final

vol-ume of 3.0 ml: S-IYDH, 0.187 mM NADH, 0.022 to 0.095 üIl

oxaloacetate and 0.Iùf phosphate buffer, pH 7.4.
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Figure 5. The effect of temperaËure on Lhe reaction velocities

for liver S-l"fDH from 26oC acclimated T. sírtalis Psgielelis with

varíous combinatíons of saËuratin, 
"";* 

,.".* of oxaloacetate

and NA-DH. Ifu and saturatiftg l-evels of oxaloaceËaËe are 0.0138 nT'{

and 0.379 ûM respectively. Comparable figures for NADH are

O .027 B uM and 0. lB8 rnM.
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Fj-gure 6. The effect of pH on liver S-MDH actívity frorn 26oC

acclimal-ed T. gí.rtaliå pg,er.a-l$ at 35oC (@) and 10oC (0). The

concenl-rations of oxaloacetaLe and NAIH were 0.187 n}'l and 0.265 m}f,

respectivelv.
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Table 1" The effect of temperature on the activíty of liver

S-MDH isoenz¡rmes from f. sírtalie paríeta.Lig relative

to theÍr maximum actíviËy at 45oC. Thís seË of data

Ís representatíve of six obtained.

o
% of ÃcLivity at 45 C

IÍDH-1

MDII-2

45oc a5oc 2so c l-5oc 5oc

100 79 51 34 1_5

100 78 44 t6 2



Table 3. Temperature coefficíents (QrO's) of the reaction

velocíties of liver S-MDH from T. -g.trt"1.t_g- Haet.a.US"

at saturating and Km levei-s of oxaloacet.ate and NADH.

Ifur aud saturating levels of oxaloacetate are 0.0318 ûùf

and 0.379 oM respectively; comparable figures for NADH

are 0.0278 mM and 0.1-BE nI'Í"

Assay Temperature

(oc)

Qro

Sat. Nê-DH

Kn ùx.

Sat. NADH

Sat. Ox.

IftO NADH

Sat" 0x.

Km NADH

Kn Ox.

¿r0-35

3s-30

30-2s

25-20

20-L5

l_5-10

10-5

l-.51_

1_. 87

2,06

3.04

l_. B1

2,77

2.39

1. 02

L,26

L.25

L"97

1. s9

3. l_0

L"73

!"5A

L,49

2.?2

2.37

2,0L

2.69

2.00

0.91

L,69

7,29

l. 83

2.r2

2.32

L,57



Tab1e 4 
" The effect of

accl-imatinn on

S-MDH"

temperaLure and

the Km of NADH

temperature

for liver

Assay Temperature

(oc)

Km x tO-2 m¡¿

Warm Q6o q Acclimated Col-d (4oC) Accl-imated

40

35

30

25

20

15

10

5

2.2I

1. 5s

2 "24

2.40

1.38

L.7I

1. 59

2 .00

2. 47

2.03

2 "16

2 "70

L "26

2 "I7
3 "02

3"74



APPENÐIX

Table 1. In vitro metabolic rai_esAPPENDIX

hearË homogenates

during the r¿inËer.

(plf Or/mg proteÍn/hr) of

accljmared to 26oC , LZLLZDfrom T* s_írtalig pjrrietalig

Temperature

("c) Metabolic RaËes x t S.D"

34

J¿

30

¿ó

26

24

22

20

1B

16

L4

L2

1_0

B

6

4

0.2420

0.1440

0.1580

0. 1320

0. 1070

0. 1260

0. l_070

0.0720

0.0s75

o.0322

0.0322

0.0197

0.0L24

0.0079

0. 0054

0.0036

0.1200

0,7022

0. 1rB0

0. il41

0. 1070

0.0814

0 .1090

0.0870

0.0141

0.0185

0 
" 
0141

0. 0123

0.0079

0.00s8

0.0022

0 
" 
0013

0. 0710

0.0530

0.0364

0. 0390

0.0324

0. 0314

0.0300

0.0200

0.0346

0.0157

0. 0116

0.01_17

0. 0077

0. 0062

0.0037

0.0027

0.0s63

0. 0382

0.0315

0.0285

0 .0540

0. 0 465

0.0s20

0.0330

0 .0336

0.0284

0.0250

0.0150

0.0099

0.0023

0.0034

0.0030

0,L220

0. 0843

0.0860

0.0784

0 .07s1

0. 0713

0 ,07 4s

0.0530

0. 0350

0,0237

0,0207

0.0147

0.009s

0.0cs5

0.0037

0.0026

r 0.0843

! 0,0482

t 0.0623

! 0,0522

r 0.0379

! 0.0420

t 0.0397

t 0.0317

t 0.0178

r 0.0079

r 0.0096

r 0"0036

! 0 "0022

! 0 "0024

r 0"0016

1 0.0019
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APPENDIX Table 2. In vitro metabol_ic raLes (Ul"l 0r/urg protei-rr/hr)

of heart homogenates from T.

LZI,J2D duriug Ëhe r,¡inter.

sirtalis p.arie.tali_å acclímated. to 4oC,

Temperaf:ure

(oc) Metabolíc Rates x + S.D"

s4

32

30

2B

26

22

20

1B

l_6

L4

12

10

B

6

4

0.l_610

0. 1820

0, 1300

0. 0610

0 .o7 45

0.0348

0 .0340

4.0278

o,0202

0. 0094

0 
" 
0130

0 
" 
0090

0. 0092

0. 009 I

0.0052

0.0620

0.0650

0.0680

u. ulo¿

0.0500

rJ.UJ7J

0 
" 
03s0

0 .0150

0,0275

0.0280

o.0224

0,0L46

0.007s

0. 0084

0.0084

0.0057

0 
" 
0820

0. 0812

0.0820

0.0820

0"0812

u. vo¡+u

0.0520

0 "0420

0. 0480

0.0440

0.0380

0. 0200

0.01s0

0.0140

0.0040

0.0047

0.0802

0.0680

0.0560

0.0440

0.0160

u. u¿ou

0.0300

0 .0180

0.01_70

0.0125

0.0096

0.0078

0.0043

0.0048

0.0049

0. 0049

0.0963

0.0990

0,0840

0. 0608

0. 0ss4

0. û550

0.0380

0,0273

0 .030r

0.0261

0.0199

0.0139

0.0090

0 
" 
0091

0.0081

0.0051_

f 0.0441

I 0"0558

! 0.0325

t 0.0159

! 0 "0295

! v.vL I

r 0.0097

t 0. 0l-29

r 0.0130

t 0 
" 
0l_32

r 0"0135

t 0.0050

t 0.0045

t 0.0033

t 0,0020

r 0"00053



c

APPE}IDIX

of hearË

0L24D.

Tabi-e 3. fn vitro metabolic rates (uM 0r/rng prof:ein/hr)

homogenates from T. sírtalis pa-ri-eta.li.s- acclimated to 4oC,

TemperaËure

(oc) MeÈabol-íc Rates ã t s.n"

34

32

30

2B

26

,¡,

22

20

LB

L6

L4

t2

1_0

B

6

4

0. 1190

0.101-1

0. 0900

0.0770

0.0572

^ ^tr.)^

0 .0378

0.030s

0,0226

0.0186

0.0132

0.0041

0.0026

0 
" 
0028

0.0016

0.0009

0.1510

o,0944

0.04s1

0 
" 
0600

0.0456

^ ^1ta ^

0.0112

0.0150

0.0119

0.0084

0.0077

0.0058

0.0038

0.0032

0.0017

0.0010

0 
" 1150

0.0902

0.0560

0.04s0

0.0526

o,0446

0.024

0. 0148

0.0150

0.0091

0 .0097

0.0043

0.002s

0.0012

0.0027

0.0010

0. 1280

0.0952

0.0637

0"0607

0.0517

0.0442

0,0243

0.0201

0.0165

0 
" 
0120

0 
" 
0102

0. 0047

0.0030

0.0024

0.0020

0 
" 
0010

t 0.0197

r 0.0054

t 0.0235

r 0.0160

t 0.0052

-i- 
^ ^40^¿ vóvuou

t 0.01_33

t 0.0090

I 0"0055

r 0.0057

t 0.0029

! 0"0009

t 0.0008

I 0.0010

r 0.0006

r 0.0001



APPENDIX

¿t

Table 4. Th vitr-o. metabolic rares (pM O"/mg proÈein/hr) of¿-'
hearL homogenates fr:om T. siltalie pg.ieralfg acclinatect to 26oc , L}LL2D

duríng Èhe summer.

Temperature

(oc) MeËabo1íc RaËes ir t s.D.

J1+

32

30

2B

26

24

22

20

1B

76

74

aoJ.L

10

B

6

4

0. 1020

0.0950

0.0852

0 
" 
1151

0.0640

() 
" 
u6t0

0 
" 
0480

0.0350

0.0210

0. 0150

0.0180

0.0100

0.0088

0.0025

0.0049

0.0015

0.1070

0.0820

0.0716

0,0501

0.0314

0.0340

0.0210

0.0238

0.0167

0.0094

0.0083

0.0051

0.0040

0.0026

0.0032

0 
" 
0015

0. 0B0B

0.0790

0. 0605

0.0470

0.0465

0.0360

0.0360

0,0202

0.0145

o "0220

0.0160

0. 0078

0.0090

0.0042

0.0077

0.0013

0.0959

0.0853

0,0724

0.0 70 7

0 "0473

0.0437

0. 03s0

0. 0263

0,oL7 4

0 
" 
015s

0.0141

0. 0076

0.0073

0.0031

0.0053

0.0014

r 0.0139

r 0.0084

i 0.0125

t 0.0384

r 0.0163

+ n n1 qrì

t 0,0135

t 0.0077

t 0.0033

t 0.0063

t 0.0051

r 0.0025

t 0.0028

! 0.001_0

t 0.0023

r 0"0001



A?PENDIX Table 5. In vítro metabolíc rates (uM

of heart homogenaÈes from T. sirlqg!þ paq-letalís

LZLLZD duríng the sunrmer.

0^/mg proËein/hr)¿-'
' ,oacclimaËed to 4-C,

Temperature

(oc) Metabol-íc RaËes F t s.D.

34

32

30

2B

26

z4

22

20

l-B

L6

14

L2

10

B

6

4

0. 1310

0.07s0

0.0830

0,0644

0.0560

v.v)Lv

0,0380

0. 0210

0.0200

0.01_70

0. 0150

0.0091

0.0065

0.0046

0.0033

0.0028

0 .l_000

0.0920

0.0980

0. 0620

0. 0550

0 .05 30

0.05ls

0 .0400

0.0330

0 .0260

0 
" 
0130

0.007 B

0.0078

0.0078

0 
" 
0051

0 
" 
0017

o.L620

0.L4L2

0. 1-430

0. 1100

0.0941

U.U/OU

0.0510

0,0475

0.0325

0.0230

0 
" 
0185

0.01_37

0 
" 
0r-16

0.008s

0. 0047

0.0034

0.1310 r

0,1030 I

0.1080 t

0.0788 t

0.0683 !

U.UOIU =

0.0468 t

0.0362 t

0.0285 !

0.0220 t

0.0155 r

0.0102 r

0.0086 r

0.0068 r

0.0044 t

o,0026 !

0.0310

0.0343

0.0312

0,0270

0.0222

0,aL4i

0 .0077

0 .0137

0.0074

0.0046

0.0028

0.0031

0.0027

0.0020

0.0010

0 
" 
0008



APPENDIX Table 6. In vitro met,abol_ic raLes (ÌrM 0r/rng proËeín/hr)

of heart homogenaües from T.

0L24D during the su¡mer.

sirtalis perlg.üglfg accl-ímared ro 4oC,

Temperature

(oc) MeËabo1íc RaËes I t s.D.

34

32

30

2B

26

24

22

20

1B

L6

L4

T2

t_0

B

6

4

0.1500

0.0790

0.0655

0 - 0600

0.0600

o - 048.5

0. 0380

0. 0400

0.0350

0.0210

0,0L62

0.0085

0.0096

0.006s

0.0055

o.0024

0.081_0

0.076s

0.0550

0.0575

0"0700

o.06?,0

0 .0370

0.0440

0.0202

0.0180

0.0132

0.0084

0.0071

0.0060

0 .0043

4.0042

0.088s

0.0600

0.0s60

0,0322

0,0426

0 .0370

0.0173

0.01_73

0. 0168

0.01_28

0.0080

0.0080

0.0063

0.0037

0.0028

0.0026

0. 1070

0.0718

0 .05 BB

0"0498

0. 0575

0. 0492

0.0308

0.0338

0,0239

0.0173

0.0125

0.0083

0.0077

0.0054

0,0042

0.0031

r 0.0379

r 0.0103

t 0.0058

t 0"0155

r 0"0139

t 0.012_s

t 0.0117

r 0.0144

t 0.0097

r 0.0042

! o.0042

r 0.0003

r 0.0017

r 0.0015

t 0.0014

t 0.0010
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A?PENDIX Table 7.

of líver houogenaËes

L2LLZD during the rvinter.

Iir vitro metabolic rates (UM 0r/ne proteín/hr)

fron T"- sirtalís parietali-s- acclimated to 26oC,

Temperature

(oc) Itetabolíc Rates F I S.D.

54

32

30

28

¿o

24

22

20

-Lð

L6

T4

L2

10

B

6

0.0669

0,0449

0 .0410

0 
" 
03s1

0.0334

v "v¿> L

0,0294

0.0230

0.039 B

0.0332

0.0218

0 
" 
0149

0 
" 
0083

0.0068

0,0039

'0.0027

0.0604

0.0460

0.0504

0.035 7

0.0333

U.UJJö

0. 0346

0.0290

0.0182

0 
" 
0l-52

0 
" 
0092

0. 0058

0.004s

0.0025

0.0017

0.0012

o.0649

0.0351

0.036s

0. 0289

0.0216

0. ûi9ó

0.0111

0 .011_4

0. 0150

0.0133

0.0074

0 
" 
0051

0.0045

0 
" 
0025

0,0022

0 
" 
0016

0.0485

0.0257

0.0168

0 "0248

0,0234

v.v¿L+

0.0160

0.0153

0.0197

0.011_8

0 .010s

0.0056

0.0044

0.0036

0.001-3

0.0007

0,0602

0 .0380

0.0362

0.031_L

0 "0279

U ê U¿O)

0,0228

0. 0194

0,0232

0 .0184

o.oL22

0 
" 
0078

0.00s4

0. 0038

0.0023

0.0016

0.0082

0 .009 7

0,0L42

0 
" 
0052

0 
" 
0063

û.0075

0. 0i10

0.0075

0.0113

0.0i_00

0.0065

0.0047

0,0019

0.0020

0. 0012

0.0009

t

+

+

t

!
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APPENDIX Table 8.

of liver homogenates

LZLL?D during the rvinËer"

In vitro metabolic rates (plf 0r/me protein/hr)

from T. sirtalis parietal.is acclimated Ëo 4oC,

Temperature

(oc) MeLabolic RaËes x + S"D.

Jq

J¿

30

2B

¿o

L+

22

20

l-B

16

L4

t2

10

B

6

4

0.0755

0. 086

0 .0696

0 .0404

0.0320

U. UJU)

0. 0r9 7

0.01_s6

0.0078

0.0068

0. 00s9

0.0028

0 "0022

0.0014

0.0010

0. 0007

0 .0840

0.0570

0.0470

0.0375

0.0380

U. UZOl.

o "0252

0. 0123

0.0108

0.0060

0.0064

0.0031

0 
" 
0021

0.0017

0.001_2

0.0005

0.0830

0.0661

0. 0s16

0.0302

0.0234

0.0192

0.0132

0.0092

0. 0076

0.0051

0.0035

0. 002 B

0 
" 
0025

0.0014

0.0006

0.0003

0.0808 r

0.0697 !

0.0559 r

0.0360 t

0.03110t

0.0253 t

0.0194 t

0.0L24 !

0.0087 r

0.0059 r

0.0053 r

0.0029 t

0"0023 f

0"0015 t

0"0092 r

0.0005 t

0.0047

0.0148

0.0121

0.00s3

0.0073

0.0057

0.0060

0.0032

0.0018

0 .0009

0. 0016

0.0c02

0.0002

0.0002

0.0003

0 " 0002



APPENDIX Tab le 9. In vítro metal¡olic rates (uM 0Zlmg proteín/hr)

of liver homogenates from T"

0L24D during the r,;'inËer.

sirtalis pa.ríetali.g acclímat,ed to 4oC,

Temperature

(oc) Metabol-ic Rates I t s.D.

34

32

30

2B

26

24

22

20

1B

76

T4

L2

l_0

B

6

4

0.0680

0.0602

0.0461

0 
" 
0364

o "0244

o -0222

0.0L72

0.01_19

0,0072

0.0047

0.003s

0,0027

0 "0022

0.0019

0. 0012

0. 0009

0.0781_

0 .07 44

0. 05 34

0 
" 
0370

0.04r4

0. 0_?l-l_

0,0229

0.019 7

0.0140

0.0095

0.0072

0.0048

0.0044

0 .0042

0.0014

0.0013

0. 0634

0.0572

0.0493

0.0362

0,0268

0.0r-92

0. 0201

0.0L62

0.0099

0.0091

0.0048

0.0044

0 "0027

0.0016

0.0013

0.0010

0.0698

0.0639

0.0496

0.036s

0.0309

0.0242

0.0201

0.0159

0.0104

0.0077 t

0.0052 I

0"004C r

0"0031 t

0.0026 t

0.0013 f

0.0010 t

0 .007s

0.0092

0 
" 
0037

0 
" 
0004

0 
" 
0092

0.4062

n nn?o

0.0039

0 
" 
0034

0.0027

0.0019

0.0011

0.0012

010014

0.0001

0. 0002

t

+

+



10.

APPENDIX Table 10. In vítro metabolic rates (uM 0, /mg protein/hr)

of liver homogenates from T. sírtalis

LZLI2D during the sr¡mmer 
"

p+r-íetalí.s acclimared to 26oC,

TemperaÈure

(oc) bfetabolíc RaËes F t s.¡"

7.t,

32

JU

2B

zo

z4

22

20

18

L6

L4

T2

10

B

6

4

0.0985

0.0640

0. 0495

0. 039 4

0.0220

C¡ n] Rô

0.0141

0. 0150

0.0083

0.0055

0. 0047

0.0030

0. 0028

0 "0022

0.0013

0.0011

0,0964

0.0s08

0.042

0.0314

0.0307

n n?a?

0. 0182

0.0t08

0. 0087

0.0063

0.0056

0.0030

0.0030

0.0021

0.0016

0.001-0

0 "0962

0.05s

0,047

0.0295

0.0235

n ñ)2

a .0L7 4

0.0L42

0 
" 
00Bt

0. 00s 7

0.0057

0.0033

0.0027

0.0021

0.0017

0.0010

0.09 70

0.0566

0,0462

0.0334

o,0254

n 
^?9A

0.0167

0.0133

0.0084

0 
" 
0059

0.0054

0.0031 t

0"0029 t

0.0022 !

0.0016 t

0.0011 t

0.0012

0. 006 7

0 
" 
0038

0.0053

0.0047

rì n^(t

o.0022

0,0022

0.0003

0.0004

0.0006

0. 0002

0.0001

0.000r

0 
" 
0002

0,0001

I

t

+



l_l_.

APPENDIX Table 11. In vitro netabolie rates (pt"t 0r/me protein/hr)

of liver homogenates from T. sirtalis pa.rie_tj]í_s- acclímared to 4oC,

LZLLZD during the summer.

Tem.perature

("c) MeLabolic Rates I t s.o"

34

32

30

2B

26

24

22

20

1_B

L6

L4

t2

t_0

B

6

4

0.0639

0.0347

0 
" 
0314

0.0190

0.0188

u. ûr7 r

0. 0113

0.0082

o "0072

0. 0045

0.0032

0.0023

0 
" 
0017

0.0011

0.0010

0.0007

0.0s40

0.0380

0 
" 
0328

0.0252

0,0234

u. 0 J.82

0 .0115

0.0110

0.0074

0.0060

0.0049

0.0027

0.0021

0.0019

0.0011

0 " 0009

0.094s

0,0722

0.0590

0,0476

0.0396

u.u272

0,0275

0.0233

0.0159

0.0115

0.0085

0.0063

0. 0046

0.0030

0. 0020

0.0011

0. 0708

0.0483

0 
" 

04l_1.

0.0306

o "0273

u, 02rû

0.0168

o.0L42

0.0102

0.0073 t

0.0055

0.0038

0.0028

0"0020 t

0.0014 r

0.0009 t

0. 02 11

0.0208

0.0156

0.0151

0.0109

0, uu55

0.0093

0 .0080

0.0050

0.0037

0.0027

a.ao22

0.001_6

0.0010

0.0006

0. 0002

!

+

f

f

+

+



APPENDIX Table 12. Ig
of liver homogerrates from

0L24D during Ëhe summer.

vitro metabolic raËes

L2.

(plf 0rlrng p::oteín/hr)

t"- :irta.l.ig paríetalis acclimared ro 4oC,

TemperaËure

(oc) MeËabolic Rates v*Qlì

34

32

30

2B

26

L+

22

20

1B

L6

L4

L2

10

B

6

4

0.1280

0.0905

0 
" 
0473

0.0314

0.0309

v.vLt¿

0.0161_

0.012s

0.0062

0.0073

0.0057

0 .0033

0. 0030

0.0024

0.0018

0.0024

0. 1370

0.0860

0.0580

0.0s4r

0. 0500

u "vz¿L

0,0254

0.0198

0.0140

0.01_25

0.0053

0.0049

0.0033

0.0023

0 .0018

0.0019

0. 1510

0,0872

0.055s

0.0560

0. 04r5

û. û3ii

0.0272

0.02s4

0.0193

0 .0125

0.0087

0.007s

0.0044

0 .003s

0.0034

0.0026

0. 1390

0. 0B 79

0. 0s 36

0.0472

0 
" 
0408

û.C)24i-

o "0229

0.0192

0.0132

0.0108

0.0066

0.0052

0.003s

0.0027

0.0023

0.0023

I 0.0116

t 0.0023

r 0.0056

I 0"0137

t 0"0096

* u.0u6z

t 0.0060

r 0.0065

! 0.0066

t 0.0030

r 0.0019

! 0.0021

t 0.0007

t 0"0007

t 0.0009

1 0.0004



13.

APPENDIX rable 13. rn vÍtro meËabol-ic raËes (plf 0r/mg protein/hr)

of muscle homogenaËes frorn l.
LZLL2D during the winter"

sirtalís RarietalÞ accl-imated to 26oC,

Temperature

(oc) Ifetabolic RaËes I o s.D.

a/,

32

30

2B

¿o

24

22

2A

1B

L6

11,

12

10

B

6

4

0.4800

0.2080

0.220a

0. 1510

0.1310

0 " 0920

0 " 0930

0.0515

0.0420

0,0425

0.0225

0. 0120

0.01_31

0.0107

0 
" 
0071-

0.0055

0. 1840

0. 1640

0.l_6s0

0.1390

0. 1120

0 " 0710

0.0690

0 
" 
0478

0.0390

0.0278

0. 0250

0.0140

0.0L42

0.0074

0. 0056

0.0028

0. 1990

0. r3B0

0 
" 
1340

0.0700

0.0580

0. 03BB

0.0490

0.0297

o,0282

o.0225

0.0102

0 
" 
0062

0.0060

0.0051

0.0017

0 
" 
0006

0. 1560

0. 1190

0.l_160

0.0540

0. 0495

0.042s

0.0360

0.0284

0.0230

0.0151

0.0114

0 .005 I

0.0046

0.0031

0.0014

0.0009

0. 2550

0. 1570

0. 1590

0.l-040

0 
" 
0876

0.0611

0. 0618

0.0394

0.0331

0.0270

0.0173

0. 009 3

0. 009s

0. 0066

0.0040

0.0025

0. 1510

0.038s

0 
" 
0456

0 
" 
0486

0.0400

0.025L

0.0249

0 
" 
0120

0.0089

0 
" 
0116

0 
" 
0076

0.0044

0. 0049

0.0033

0 .0028

0,0022

+

t



APPENDIX Table 14. In vi!_qo uretabolic rates (Ut't

of muscle homogenates from T. sírtalis parietalís

LZLLZD duríng the winter.

J_4 .

0., /rng proteín/hr)¿-'
acclímaËed to 4oC,

Temperature

(oc) Metabolic RaËes xt qn

34

32

30

2B

26

24

22

20

1B

L6

L4

L2

10

0. 1410

0.0992

0 
" 1140

0. 0865

0.0870

0. 0870

0.o44s

0.0410

0.0340

0.0260

o "0220

0 
" 
0083

0.0115

0.0068

0.0040

0.0027

0.1390

0. 0874

0.08ls

0.0780

0"0s40

0.0500

0.0392

0 .0210

0.0300

0,0200

0.0131_

0"0079

0.0068

0.0082

0.0031

0,0024

0.0810

0.0859

0,0716

0.0743

0. 0s 70

0. 0390

0.0225

0 .0283

0.0107

0.0089

0.0106

0 
" 
0069

0.0056

0.004s

0.0048

0.0021

0. l-200

0.0908

0. 0890

0,0796

0 
" 
0660

0.0-s87

0.03s4

0 
" 
0301

0.0249

0 .0183

0.01-52

0.007 7

0.0080

0.006s

0 
" 
0c40

0.o0?-4

r 0.0341

t 0.0073

! 0,0222

I 0.0063

t 0"0183

! 0,0252

t 0.0115

t 0.0101

t 0"0125

i 0.0087

t 0.0060

! 0.0007

r 0.0031

r 0.0019

r 0"0009

t 0,0003

B

6

T



APPENDIX Table 15" In viLro metabolic rates (uM 0r/rng protein/hr)

of muscle homogenat,es from

0L24D during Ëhe winter.

T. s_irtalis- p.aríetali_s acclj-inaLed to 4oC,

Temperature

(oc) MeËabolic Rates î t s.¡.

34

32

30

2B

26

24

22

20

l_B

L6

T4

L2

1_0

B

6

4

o.2340

0.1670

0. 1540

0. 1500

0.1310

0. 1540

0 
" 
1500

0.1170

0 
" 
0582

0. 0407

0.0430

0.0320

0.0099

0,0052

0 
" 
0081

0.00s5

0.1830

0,1_240

0. 1061

0. l-090

0.0640

0.o547

0,0766

0.0275

0. 0210

0.0L46

0 
" 
0131

0.0091

0"0064

0 
" 
0044

0.0035

0.0014

0. 1800

O,LL72

0.0826

0 
" 
1088

0.0500

0.0s68

0.0695

0.0209

0.0181

0.0149

0 
" 0149

0.0065

0 .0041

0.0033

0.0023

0.0012

0. 1990

0. 1360

0. 1140

0. 1230

0.0817

o 
= 0885

0.0987

0 " 05s1

0.0324

o.0234

0,0237 !

0.0159 t

0.0068 r

0.0043 t

0.0046 r

0.0027 !

0.0303

0.027t

0. 0364

0 "0237

0. 0433

0.0749

0 "0446

0.0537

o.0224

0. 0 r.50

0 
" 
0168

0.0140

0.0029

0.0010

0 
" 
0031

0,0024

t



APPENDIX Tal¡1e 16.

of muscle homogenaÊes

LZLL2D during Ëhe sr.urmer.

l-6 
"

In vítro meÈabolic rates (UM 0r/mg proËein/hr)

from T. sirtalis. pari.etalis acclimated to 26oC,

Temperature

(oc) Meta-bolic Rates x t S"D"

34

32

30

2B

26

¿4

22

20

1-B

1-6

L4

L2

10

B

6

4

0.0643

0.0s06

0.034s

0.0329

0.0314

U. UIOU

0,0150

0.0110

o "0L27

0.0092

0.0083

0 
" 
0048

0.0038

0.0032

0.0012

0.0006

v.vL+¿J

0.0358

0,0246

0.0206

0 
" 
0173

û.û093

0.0061

0.0062

0.0058

0.00s4

0.0029

0.0017

0 
" 
0014

0. 0020

0.001-4

0 
" 
001-0

0 .0348

0.0308

0.0247

0 .0190

0 
" 
0130

û. ûû9û

0.007r

0 .0044

0.0048

0 .0029

0.0024

0.0031

0.0023

0.0016

0 
" 

001_2

0.0020

0 
" 
0471

0.0391

o "0279

0.0242

0.0206

u. ur2l-

0.0094

0.00 72

0.0078

0.0058

0.0045

0 .0032

0 
" 
0025

0.0023

0.0013

0.0012

0. 0153

0 
" 
0103

0.0057

0 
" 
0076

0.0096

û. û05 i-

0.0049

0.0034

0.0043

0.0032

0.0033

0 
" 
0015

0.0012

0 
" 
0009

0.0001

0.0008

t



L7,

A.PPENDIX Table 17. In víLro met,abolic rates (pt"t 0r/mS protein/hr)

of muscle homogenates from T"

I2LI2Ð <iuríng the suuuner.

sirtalis parietalí.s_ accl-ímated to 4oC,

Tenperature

(oc) Ifetabolic Rates v*Qñ

34

32

30

)9.

¿a

24

22

20

1B

L6

L4

L2

l-0

B

6

4

0,L270

0.0900

0.0803

0.0554

0 
" 
0582

v "vL+)z

0.0500

0. 0423

0.0280

0.0I30

0.0092

0.0090

0,0076

0 "0077

0.0038

0 
" 
0033

0. 1-l-60

0.0844

0.0640

0.0632

0. 0s00

û. û3ó5

0.0364

0.021t-

0.0250

0.0140

0 
" 0089

0.0063

0.0041

0.0039

0 .0033

0 
" 
0015

0.0700

0.0680

0.0s12

0.0350

0.031_2

U. U¿öO

0 
" 
0281

0.0116

0.0103

0 .00 71

0.0062

0.0051

0 
" 
0032

0.0026

0,0022

0.0016

0. 1040

0.0808

0 
" 
0652

0.0512

0. 0465

U. UJOö

0.0382

0.0250

0 .0211

0. 0t_l-4

0.0081

0. 0068

0.0050

0 
" 
0047

0.0031

0. 002r

0.0302

0 .0 114

0.0146

0 "0L47

0.01-38

U. UUÕJ

0.0111

0.0157

0.0095

0 .0037

0.0017

0.0020

0.0023

0.0027

0.0008

0 
" 
0010

+

+

!

+



tB.

A??ENDIX Table 18. In vitro metabolic rates (pt"t 0r/mg protein/hr)

of muscle homogenates from T. sirtalis eerietalig acclimateci Éo 4oC,

0L24D during the sr¡nmer.

TemperaËure

(oc) Metabolic lìates r,+cT\
^ : U.U.

J4

32

30

2B

26

24

22

20

1B

L6

L4

72

1_0

B

6

4

0.0489

0.0437

0 
" 
0326

0.0307

0.0250

0. 0173

0 
" 
0187

0 
" 
0104

0.0075

0,0090

0.0045

0 
" 
0045

0.0065

0.0046

0 
" 
0030

0.0480

0,0426

0.0369

0.0341

0,0299

rJ.0190

0.0190

0.0071

0.0077

0.0087

0.0043

0 
" 
004s

0.0041

0 
" 
0036

0 
" 
0020

0. 0502

0.0441

0 " 0354

0.0330

0,027s

0 
" 
0184

0.0181

0.0088

0.0073

0 
" 
0085

0 
" 
0048

0.0046

0.0056

0 .0039

0.0022

0.0490

0.0435

0.0350

0,0326

0 "0275

o olR?

0. 0186

0 
" 
0088

0.0075

0 
" 
0087

0.0045

0.0045

0.005 4

0.0040 !

0 "0024 !

0 
" 

001_1

0.0008

0 "0022

0.0017

0 
" 
0025

o nnno

0 
" 
0005

0.0017

0. 001r

0.0002

0.0011

0.0005

0.0012

0 .0005

0,0005

T

+

+



APPENDIX

of 1íver

L2LLZD I

Table 19. In vitro metabolic rates

1q

(plf 0rlmg protein/hr)

acclímated to 26oC,homogenates from T.

during the suumer"

sírtal-is concinnus

Temperature

(oc) I'fetabolic RaÈes I r s"D.

s4

32

30

28

26

24

22

2ø

1B

16

14

72

10

I
6

t+

0 " 1820

0. 1700

0. 1233

0.0850

0. 05 73

0.0550

0.0631

0.0513

o.0244

0.0215

0. 0146

0.0119

0"006B

0. 00 73

0. 004 I
0.0028

o "2700

0.1532

0. 1330

0 
" 
0840

0,0752

0.06t:3

0 
" 
0591

0. 0337

0.0430

0,0275

0.01_63

0.0163

0 .0115

0.0096

0.0068

0.0026

0.1910

0.1870

0. 1450

0.0924

0.0913

A.075/t

0.0670

0 
" 
0448

0.0274

0.0195

0 .0118

0.011_B

0 
" 
0071

0.0066

0.0033

0 
" 
0023

0.2]-40

0. l-700

0. 1341

0.0871

0.07 46

0 .06 49

0.0631

0.0433

0.0316

0,0228

0.0142

0.0133

0.0085 !

0.0078 t

0.0047 t

0.0026 t

0.0484

0.0170

0 
" 
0110

0.0046

0.0170

n rì1rìt

0.0040

0 .0089

0 "0100

0.0042

0"0023

0.0003

0.0026

0 .0016

0.0018

0.0003

t



APPENDIX Table 20.

of muscl-e homogenates

LzLLzD duríng the sumner.

In vitro metabolÍc

frorn T. sirtalis

20,

rates (¡Llt 0rlrne protein/hr)

,p.grieteli-q. acclimaËed to 26oC,

Temperature

(oc) Metabolie RaÈes ir t s.D"

34

32

3G

2&

zo

LLà

22

0. 1350

0.L542

0 .1030

0.OBB5

0.08s0

v .v I L.+

0,o476

0.039 7

o.0264

0.0125

0.0096

0.01-30

0 
" 
0046

0.0071

0.0029

0.0026

0.1900

0. 1700

0. l-320

0"0980

0.0960

U " IU¿+U

0.0564

0.0490

0 
" 
0306

0.0363

0.0218

0. 0140

0.0083

0. 0066

0.0044

0.0039

0. 1BB0

0.L42r

0.1090

0.0870

0.0980

v"vót¿

0.0533

0 "0444

o.0276

0,0240

0.0150

0. 0118

0.0076

0 
" 
0051

0 
" 
0034

0. 0020

0. 1710

0. 1550

0.1150

0.0912

0.0930

u.uÕ/()

o "0524

0,0444

0,0282

0,0243

0.0155

o.oL29

0 .006 B

0 " 0063

0.0036

0 
" 
0028

0 
" 
0312

0 
" 
0141

0.0153

0 
" 
0060

0.0070

u " ul_)Õ

0.004s

0.0047

0.0022

0.01i9

0.0061

0. 0011

0.0020

0.0010

0 .0008

0.0010

zo

18

L6

L&

L2

1,0

I

6
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APPENDIX Table 21. I*
of lÍver homogenates from

LZLLZD during the stnruner.

vitro metabolic rates

T sírLalis concinnus

(r.,M 0Zlrng protein/hr)

acclimated to 10oC,

Temperature

(oc) l"let,abolíc Rates F t s.n.

34

32

30

2B

26

24

22

20

1B

76

L4

L2

l-0

B

6

4

0. 1390

0.1230

0 
" 
0875

o.07L7

0.0s44

c.04s5

0.0320

o.0270

0 
" 
0164

0.0108

0 .0078

0.0064

0.0036

0.0038

0.0020

0.00r1-

c. 1570

0. 1200

0. 0864

0.0601

0.0605

0.0320

0.0260

0.0190

0.01_38

0.0138

0.0L27

0.0066

0.0052

0.0017

0. 0015

0.1_760

0. 1530

0.0790

0. 0620

0.0s16

4.4273

0 .0316

0.0240

0.018s

0.0013

0.0012

0.0082

0.0040

0.00s4

0.0021

0.0016

0.1570

0. 1320

0.0843

0.0646

0 
" 
0555

0 .039 r_

0. 0319

0.0257

0.0180

0.0125 t

0"0111 r

0.0091 t

0.0047 t

0,0048 f

0.0019 t

0.0014 t

0.0185

0.0183

0.0046

0 "a062

0.0046

0.0c99

0.0002

0.0015

0.0014

0. 0015

0 .0030

0.0033

0 .0017

0 .0009

0.0002

0.0002

+



APPENDIX labLe 22.

of muscle honogenates

vil-ro meLabolic rates

from T.

22,

(uM 0"/mg protein/hr)-¿'

sirtalis concinnus acclimated to 10oç,

In

LZLL?D during the stnnmer.

Temperature

(oc) Þletabolic Rates i t s,n"

32

30

2B

26

¿4

z2

LV

1B

L6

t4

L2

t_0

B

6

4

0 .09s0

0.0950

0.075s

0.0730

0 
" 
0460

U. U4IU

o,0324

0..019s

0.0130

0.0095

0 
" 
0079

0.0067

0 
" 
0040

0. 0030

0.0014

0 
" 
1760

0 
" 
1-050

0.0864

0.0755

0. 06 70

U. U4OU

0.o275

o,oz40

0.01-ss

0.01-06

0.0067

0.00s6

0.0053

0.0028

0.0016

0. 1250

0.0850

0.0820

0.0535

0.0481

û. û43u

0.0330

0.0240

0.0220

0.01-s5

0.0126

0,0072

0.0051

0,0028

0 
" 
0016

0. 1320

0.0950

0 
" 
0313

0. 06 73

0.0s37

û, û4rr

0.03lc

0.0225

0. 0168

0. 0119

0.0091

0.0065

0 .0048

0 
" 
0029

I

0.0015 t

0.0410

0.0100

0.0055

0 
" 
0121

0.0116

0 
" 
uuz5

0.0030

0.0026

0.0047

0.0032

0.00 31

0 
" 
0008

0 .000 7

0.0001

0.00c1

+

+

+


