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ABSTRACT

’ -

- ’ 3
D . R . ).
b

'An increase in membrane fluidity to allow cellular functions to
continue at low temperatures appears to be a prerequ151te for hiber-
nation. The phospholipid components of mitochondrial membranes ‘are
different between the active and hibernating states The primary
means by which phospholipids are synthesized or modified is through-

.hydrolysis by the membrane—bound phospholipases and the subsequent
relcylation of different fatty acid moieties

The focus of this study was to explore the mechanism by which .

/
membrane lipids- are altered in order to increase fluidity during hib—

ernation. The release of free fatty acidefrom liver mitoehOndria was
used to assess mitochondrial membranephospholipase:Aé activity in ofder
to determine if indeed the lipid nature and fluidity of the membrane*

can be altered by this enzyme.

Intact hepatocytes and liver mitochondria from a hibernator, th;

' Columbian ground squirrel, Spermophilus columbianus, were used_to
observe the effectiveness of norepinephrine (NE),‘B',S'-cyclic AMP
(cAMP) prostaglandin E (PGE ) and A—23187, a Ca2 ionophore, in
rstimulating endogenous phospholipase A2 activity and the hydrolysis of
' phospholipids. The phospholipase A2 activity;was monitored by measur-
ing the levels of free‘fatty acids (FFA) in mitochondria and their
release from mitochondria using a 63Nt isotopic»assay.

Norepinephrine did not affect the leyelsiof free fatty acids in
mitochondria when incubated either direcflvaith isolated mitochondria
or with intact hepatocytes. Norepinephrine and cAMP also failed to |
significantly increase the releage of FFA from isolated mitochondria. ‘

r .
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The incubation of mitochondria with A~23187 resulted in a S?Z Co ';f
increase in the mitochondrfhl FFA concentration after 10 minutes

- Incubatlon with PGEl alsoestimulated the release of FFA fromlisqlated .

el

mitochondria. Hovever,»ﬁ-23187»or PGEi did not stimulate’FFA releaseb
R ' L
'i»vaa2 was absent from the medium or if mitochondrial Ca2 -uptake~

: was blocked by rqthenium red It was - concluded that mitochondrial

activity can ‘be stimulated by a cyclic flux of Ca2

Q

phospholipase A2

across the membrane with a consequent hydrolysis of membrane phospho~- _

lipids I L o~
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INTRODUCTION

Hibernation is a unique physioiogical'state in that it allows a
homeotherm to survive cold stress durlng winter released. from the burden -
of the hlgh energy demands ogtmalntalnlng a high body temperature. The

energy conservation durin} hlbernatlon is cons1derable and has been

‘ ‘

\estlmated to be as high as 80 to 90 percent (Wang, 1978) » Many species

of h1berna}ors tan malntaln thelr body temperature near 2-4°C for weeks

b
¢ ’ o

at a time and yet still preserve the ablllty to rewarm to 37°C wityfn a '

matter of hours The dynamic changes in metabolism which ogcur o+ (le
hibérnator arouses are @ven more astonishing when one considers that

these changes are occurring as body tem;@t-ure increases from near

freezing to normothermia. :

. S . N ) :
Obviously’the’ability to undergo ‘such temperature perturbations

must require some rather .unique adaptati...: at the ce]]ular level in

order to sustain the 1ntegr1ty of life supportlng functlons At the

[

low temperatures experienced durlng hlbernation, heart rates have bt‘
recorded as low as 2 beats per minute, both in the intact and isolated
hearts‘<Lyman and Blinks, 1959) At:tho same time respiration”iS’de?
¢

pressed to a single breath every few minutes (Lyman and Chatfleld
1955). 1In contrast when a non-hlbernator experlences a depression in
body temperature, it becomes hypothermic and cannot rewarm spontaneouslyl
In hypothermla ventrlcular flbrillatlon and ’heart farlore occur at‘a
body temperature of 15-20°C (Cov1no and Hannon, 1959); respiratory
failure becomes evident at about 19°C ; and nerveslfaildto conduct
impulses at 9°C (Popov1c and P0povic, 1974). L ‘ |

It is thus clear that hibernators do possess adaptations which

sy
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'prevent the impairment of cellular functions at extremely low physio—

.logical temperatures What these-adaptations are and how they operate

3

has been a matter of speculation for some time, and as yet no' clear

picture or unifying theme has evolved (Willis 1978). . One common

-aspect'ofvthe comparisons between_hibernation and hypothermia outlined

v

above 1is. that they. are all mémbrane-asiociated functions. blt would

seem logical to focus attention on the.structiire and function of

k membranes in order to elucidate a key to survival at low temperatures

Mitochondria play a specific and essential role in energy met-

abolism and are thought to be- associated with a number of qther func— A

tions. For‘example, mit0chondria.are the.loci of the'ureakcycle,

L

enzymes for the metabolism of phosphoglycerides and, other lipids
and many other enzymes such’ as those involved in nitrogen metabolism
i

(Cohn, l969) The mitochondrion is characterized by a double membrane,

one 50 to 100 A inside the other Certain enzymes ma%nly those of

~ the electron transport chain are intimately associated with the inner
membrane while others, "such as the oxidative enzymes of the Kreb s

cycle are located wﬂkhin<Nhe matrix or interior of the mitochOndrion

- All of these enzymes contribute to reSpiratory activity

Membrane lipids, the backbone of membrane structure, appear to be
an important factor in the normal operation of membrane—bound enzymes,

such as those_of cellular respiration As well, membrane lipids are

H

responsible in part for membrane\permeability barriers (Kimelberg, -1976).

'Alteration or removal of certain Lipids may bring about changes ranging :

from alterations in kinetics or stability to complete inactivation of

i . o
N

some enzymes (Aloia and Rouser, 1975). Raison et al (1971) ‘have demon~

¢

. strated that the rate of oiygen uptake by liver mitochondria shows

1

N\
)



(A

,/! < . ’ .
‘ pertubations from a strictly linear temperature function, i.e. when-the

\] -

respiratory activity is ‘plotted against the rec1procal of absolute R

temperature (the Arrhenius plot),,the slope of the line is not constant ;*."

I3

over the temperature range 5-37°C. Rather there is a break in the

<
«

slope at-or near 23 C indicating ‘an impaixgent OF. modification of the

- » .

function of the membrane—bound enzymes Thig/ is contrary to the observed
behaviour of most solubIe enzymes which display a straight—line -
relationship with a gradual reduction in activity as temperature is
lowered (Raison 1972 Lenaz et aZ 1972) Further studieg have

shown that membrane—bound enzymes aré influenced by the p;ysical state
of the membrane lipids. This is revealed by a coinc1dental phase
transition in the lipids at or near 23°C (Raison et al, 1971) During
3uch a phase transition it is. thought that the Oxidative enzymes may |
actually undergo a configurational change when the lipid components

.of the membrane change from a liquid-crystalline to a gel State.

ASinger (1972) has postulated a Liquid—Clobular Protein Mosaic model
which proposes hydrophobic interactions‘between the fatty acid chains ;
and the hydrophobic regions of membrane proteins Thus a physical )
'change in the phospholipids would be reflected in- any proteins inter— v
acting with them What is’ manifested when a temperature-induced phase—-d‘

transition occurs is an. inctease in the apparent energy of activation

of the particular enzyme involved An increase from 9. l to 16 7 kcal/v

A Lo -

N

mole in activation energy for succinoxidase from liver mitochondria of
active ground squirrels is characteristic of such a change giaison and‘i
; Lyons, 1971) On the other hand,vArrhenins plots of the’mitochondrial
vrespiratory activity of hibernating ground squirrels showed a single

activation energy of 13 8 kcal/mole between 5—37 c, indicating no phase

w

r

. o
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transition has ogccurred within this temperature range (Raison and Lyons,
L :
1971) . Because temperature-induced detrimental effects are observed in

non-hibernating animals near or below the transition temperature (23°C),
, X . ' B
it is logical to assume that the nature of the lipids plays an‘ important

rdle in maintaining the functional integrity of the mémbrane .
. L]

Another important aspect to consider is that membrane alterations

. seen duting hibernation may not be completely related to a global change

S

in membrane fluidity, That is, localized preventlon of a phase-

<

(W

~transition may be a1l that is necessary to ensure functional integrity. - e
McElhaney (l974) has demonstrated that some organisms can survive and
-function-with up to 507 of their membranes: in the solid state. Rat
liverbﬁitochondria'and‘microsoﬁes hevekbéen shown to be suffieiedtly
fluid to remain in a llquid-crystalline State at temperatures near 0°C
yet the animal cannot survive below 15-20°C (Martonosi, 1974). Tpus,

» although the functional significance of a global phaseXransition is
still debatable, the ﬁbeslbility of a phaee shift in iselated regions
appe;rs to be likely, ‘ » . ;

The absence‘of a detectable phase-transition in/the‘membranes of
hibernators suggests that the membrane lipids are altered or protected
nin some manner during hibernatiﬁh ~ Possible schemes to ellmlnate the
barrier oﬁ~a temperature-induced phase-transition include the enhance-
ment of membrane unsatdrated fﬁtty acids (Hazel and Prosser, 1974) and
the incorporation of a "crybpretective" ageﬁt such as cholesterol
(Steim et al, 1969); Alternative mechanisms include a reduction of
hydrocarbon ehain lehgth (Khuller‘and Goldfine, 1974) and the use of
phospholipids such as phosphatidylcholine which contain weaklxNEonding

polar groups (Papahadjopoulos, '1977). All of these modifications serve

;
|
§
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- Fox (1971) and'Kimelberg and Papahadjopoulos (1972),

‘to decrease the temperature at which lipids shift from a liquid
crystalline to a gel phase by increasing disorder or "fluidity" and
therehy\increase the temperatdfe range of membrane bound enzyme

l;ﬁgnc.tions . . | =! .

phase—tran%&tlon at low (4°C) temperature, and that this correlated
: N

with a higher degree of Unsaturation of membrane fatty acids. This has-

since been supported by data frqm Lyons - and Raison (1970), Wilson and
‘ . o ,

&

More recent studies, however, have indicated that the degree of
unsaturation may not determrne membrane flu1d1ty per se. Rather, it
would seem that the nature of the lipids present in the membrane is a
major factor in malntainence of fluidity at low temperature as uell

Aloia et al (1974) have f0und that the molar percentages :Z/E}ycero_

‘phosphatides decrease during hibernation, whereas the per ntage of

lysoglycerophosphatides increases (egcerophosphatides are a group of
Phospholipids characterlzed by glycerol, the alcohol with which the
fatty acids and phosphoric acid are eeterified; lysoglycerophospha-

tides are forned from the hydrolysis of an acyl ‘group from a diacly

glycerophosphatide). Arrhenius plots showing the activation energy of

succ1nate ox1dat10n along with the evidence from electron spin

'resonance (ESR) Studies, indicate that an 8 molar percent increase of

the lyso compound of certain glycerophosphatides is sufficient to

prevent a phasSe-transition from occurring The ESR data demonstrates

that the lyso derivatives can increasi}the disorder of the membrane

phospholipids, and in this manner, maintain fluidity‘(phaseetransitions

o el i S DG i L e o



are thought to result in a disorder-order confirmational transltion‘of
the hydrocarbon chains of the lipids). Analy51s of lntact membranes
(Schecter et qZA 1974) and lipid water models (Gullk §rzyw1ck1 1975)
Suggests that a small fraction of the hydrocarbon chains may be involved
in the disorder-order transition under dormal physiological conditions. !
This may induce a local segregation of the lipid molecules which in turn
may alter the proteid-lipid interactions and thereby exert a regularor?'
effect on certain membrane functions. 'It would seem, therefore, that
the amdunt of disorder-order is very importaht to membrane function,
both at and below dormal body temberatures.
If the assumption that the'nature of its lipid moieties determine
the membrane's integricy is valid, then the factors which control llpid
-compositidn‘are the mJSC probable means with which an animal can have
some . input into compéhsating for thermal stress. In other words, if the
animal can control the physlcal and chemical‘properties'dfimembrane
lipids to a certain extent, it may be able to alleviate the problems
created by temperature—induced changes in tH;se lipids.
Lysoglycerophosphatides, thought by Aloia et aZ (1974) to enhance
~membrane fluidity, are produced by the hydrolysis of glycerophosphatides
: by the phospholipases. Of primary importance to membrane structure is
the enZyme phospholipase A (EC‘3.1 1 4y. Phospholipase A was first
Eﬁought to hydrolyze both acyl groups from phosphoglycerides, but
more detailed study has revealed that there are actually two'"A"
enzymes: phospholipase Al (specific for the l-acyl ester) and phospho-
‘ lipase Ay (specific for the Z—écyl;ester), both of which give rise to
lysophosbhoglycerides (Waite and vénDeenan, 1966). Phospholipase A2

was found to be located.mainly’in mitochondria while A1 is now thought




to be concentrated in lysosomes. Phospholipase A7 has a wide distribu-

tion and it is generally believed that the production of small amounts,

of lysoglycerides by this enzyme is one of the chief ways by which fatty

acld composition of tissues is regulated.

fhe'mechanism of aotivation of phospholipase Az'is not perfectly‘
clear; but it is well known that the physical properties ofkt e
substrate can markedly influence the actiuity and that the en yme‘has an
absolute\ajf/specific,requirement for calcium (Wells, 1972).

The possibility that phospholipase A2 can play a role‘i maintain-
| ing membrane fluidity was well demonstrated'by Charnock et al |(1973)
‘when incubation of‘microsomal membrane preparations, obtained from
renal COrtex, with phospholipase Ap (bee venom) resulted in straight
line Arrhenius plots for oubain sensitive tNa+ +.K+)—ATPase which had
’ previously exhibited breaks in the plot. The question that remains,
however, is how.is phospholipase Ay controlled (i.e. actiuated in
sufficient quantities and at an appropriate time) to 1ncrease membrane
concentrations of lysoglycerides in order to maintain fluidity7 R

_ One possible agent capable of stimulating hydroly51s of phospho *
1ipids is norepinephrine. Norepinephrine has been reported to incr ase
the concentrations of unesterfied fatty acids in nerve endings ané
synaptic membranes, although results with mitochondria were ambdguous
(Price and Rowe, 1972). As mentioned above, unsaturated fatty acids
are thought to be a factor determining membrane fluidity; therefore any
mechanism which increases non—esterified fatty a;id levels may influence
fluldity Other work byAGullis and Rowe (1975) has shown that the
stimulation of hydrolysis of phosphotidylcholine (a phosphoglyceride)l

by,phospholipase‘Az in synaptic membranes and synaptosomes is possible

[ EETE S R P VN



.with_norepinephrine and other.putative transmittersw 'Hydrolysis-of
phospholipids can also be stimulated by‘cyclic\nucleotides (cAMP
cGMP, cCMP and cUMP), the actions of the cyclic nucleotides being
enhanced by Ca2+ (Gullis and Rowe, 1975). In other studies (Scarpa
and»bindsay, 1972). it has been demonstrated that Ca?t stimulates phosl.
. Pholipase Ay activity in liver mitochondria. Iniplasma membranes pre-
pared from.rat heart ventricles, Vyvoda and Rowe (1976) observed a
.idecrease in the net activity of phospholipase Ay with 1.0 uM norepi—
nephrine but an increase with 10 uM norepinephrine They concluded

4

that the membrane contained both phospholipase A7 and a ystem for
the acylation of endogenous phospholipids and that norepine

phrinep
played a role in the netteffect:of these enzymes.

Increasing levels'of Ca2t have been shown to interact with nega~
tively charged phospholipids (e.g. diphosphatidylglycerol) and raise
the temperature of the 1ipid phase-transition (Papahadjopoulos, 1977).
Viret and Leterrier (1976) observed a decrease ip fluidity in synap~
tic vesicles with increasing ca2+ with a consequent increase in the
phase-transition temperature. These observations suggest that calcium
could be involved in the control of membrane structure‘and»function
and thus may haye a role in hibernation. Elevated Ca2+ levels have
been observed during hibernation in heart muscle where concentra—
tions increase as much as 60 percent in hamsters (Ferren et aZ 1971),
serum (Ferren et a% 1971), skeletal muscle, cerebrospinal fluid (Bito
and Roberts 1974), and 1iver\(Behrisch 1978). The significance of
these increases is not known but may be related to the maintenance

.of irritability and contractility in muscle at reduced body temper-

~ ature (Ferren et al '1971). Aloia and Pengelley (1979) suggest.that




higher levels of’Ca2 may be compensated for by the reduction pf nega-

'»tively charged phospholipids observed during hibernation The ordering '

-

effect produced by a combination'of high Ca2 ~and acidic phospholipids
such as diphosphatidylglycerol would tend to increase rather than de- '

crease the phase transition temperature and thus be detrimental to hib-

.
ernation. ‘ . ' ¥

It would thus seem plausible that the activation of phospholipase A2
¥ ' '

in'the'mitochondfial‘membrane may provide“a oechaniem by which the natute
of membrane lipids can be altered in oreparatdon for hibernation. It

would also appear rhat Ca2+ may play an iﬁtergral role in any scheme of
lipid‘modifica;ion by virtue of its reduiremeot by pho;poblipase Aziand

t

the recent evidence that levels of the ion increase during hibernation.
,‘ . - ° . .
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RATIONALE \
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Overall Objeetiues v , \
. \
Jhe phfsiologicallphenomena peculiar to\hibernation are ‘both

intriguing and at the same time perplexing. From information gathered

W

to date we have gained an appreciation of the economics of hibernation
with respect to energy conservatlon, and we have evolved a basic frame;
work in whﬂch to probe the aspects of phy31ology and biochemistry

{
unique to hlbernat%pn. Many questions remaln unanswered however, and
this study is intended to 5rov1de some insight into one of the primary

components of the ab111ty to hlbernate i.e. the functional'significance

of membrane fluidity.

examine the‘implications of altered fluidity on a vital #Spect of
cellular function, mitochondrial respiratlon |
,Speezfic Questtons and Relevant Experzments

From the llterature 1t is ev1dent that the alteratlon of the lipid »A
- comnonents of membranes proceeds via the hydrolys1s of existing- llpld
species and subsequent substltutlon of dlfferent components., The prlmary
enzyme involved in the synthe31s of membrane phosphollplds under such a
scheme is phospholipase A For example PLAz will cleave a fatty
acid m01ety from a phosphollpld mo%@cule allowing a different fatty
acid to be reacylated at that position. This event can have the effect
of,attéring the nature of the phoSpholipid One could thus ask the
question as to what stlmulates the activity of mitochondrlal PLA in ord-

er to shift the make-up of membrane phospholipids in a direction benev_

'
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Expepiment 1. Incubation of Intdbt\ffygr Cells with NE - the effects

ficial to survival during hibernation.
B w N ‘::’

As norepinephrine has been demonstrated‘to be an effective modula-
torkof PLA, activity in other .tissues it was reasoned that NEbmay

stimulate PLA; activity in mitochondria of ground squirrels as a means

~of altering membrane fluidity]

of NE. on the activity of mitochond PLA; were examined u51ng isola;ed
hepatocytes from active gronnd squirrels.. Intact cells were used to
test our hypothesis as catecholamine receptors have been postulated to
exist on the plasma membrane.

Cyclic AMP has been shown to mediate the effects of NE and there—i

fore it was reasoned to. be appropriate to observe the effects of cAMP

on the stimulation of PLAZ.

N ‘Expertment 2. Ihcubatzon of Intact Ltver Mitochondrta wtth NE, CchLc

- AMP. and Phospholzpase A2 - intact mitochondria from active ground

squirrels were incubated in the presence of cAMP to degzrmine what
effects, if any, this. cyclic nucleotide or "second messenger' had on

PLA) activity Mitochondria were also incubated with NE to determine

"~ if it had any effect inside the cell, and as well PLA2 was added to .

observe the ;esponse of mitochondria to exogenous phospholipase

- As PLA, requires a specific cation, Ca2+ for activatfgn it would .

‘tseem approptiate to determine if mitochondrial PLA? can be stimulated by

: altering the availability of the calcium ion.

Exzperiment 3. Incubation of Intact [iver Mitochondria with A-23187 -

: intact mitochondria wereﬁincubated n thu/presence or absence of Ca2+

to determine if the exigtence of ffhe fon in the surrounding medium

i
could'stimulate PLA) activity. As well as A-23187, an ionophore

11
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-
specific for Cazf was added as it purportedly promqfes a cyclic flux of

Cat across ‘the’ mitochondrial membrane and thys presumably would expose
~the Ca2* to the PLA2 which is located in the/Zuter membrane. A Ca7+\
chelator (EGTA) and an inhibitor of Ca2+ uptake (ruthenium red) were
'used to verify any e;anges In PLA; activity to Ca?+ cycling.

A-23187 is not a naturally occurring ionophore and therefore any
activity it may induce may not reflect a true physiological response.
Nafurally‘occurring substances which have been shown to'have ionophore-
tic properties are the prostaglandins, in particular.PGEl.

Experiment 4. ‘In‘cubatio’n of_‘ Intace Liver Mitochondria with PGE; -
intact miCOchondria were incubated in the presence of PGEl, a prosta—'
-glandin.shown to complex and transport Ca2+ across mitochondrial mem-

branes. The mitochondria were pre-loaded with Ca2+ and PGEl added to

initiate the cyclic flux of the ion. Preparations to which ruthenium

¢
d

red ha been added werd also used to observefvhat effect, if any, PGE1

had on P activity if Ca2+ was prevented from crossing the mito-

chondria] membrane.

the Ca2+ ionophore A-23187 is effective in ‘timulating phospho—
lipase Az, the next logical step would be to determine if‘membrane
fluidity is altered with an increase in lysophosphoglycerides ahd non—
esterified fatty acids in the mitochondrial membrane An indirect

‘ measurement of fluidity is through the observation of .the activity of

a membrane—bound erzyme, the activation energy of which is dependent
upon the fluidity of the membrane. | ' |

Experiment 5. The Measurement of 0y Consumption in Rt Liver Mito-
chondria af%er Incubation with A-23187 -~ intact mitochondria isolated

from rat .liver were incubated with A-23187 prior to the measurement of

-t

-
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succindxidase.activity. ‘The temperatute depen;ence ef suceinate oxi-
dase was obsetved in rat liVerDmitochondria between 20 and 34°C, a

iange of optimal activity,for components of oxidation-phosphorylation
and above the temperature at which a phase transition may oceur. Repre-
sentatlve values of succinate oxidation (as measured by O2 consumption)
over this temperature range ptovide an activity/temperature relation-
shlp with which to determine the apparegk energyiof:activation for the
euccinonldase enzyme;t\if the hydrolysis ef membrane phospholipids oc-
cnre through the activity of PLA? and if the resultant change\in lipid

pattern alters fluidity, then a change in the activation energy of

succinate oxidase should be observed
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MANIRTALS AND METHODS

General

Deuble glass—-distilled deionized water was used to prepare all
aqueous solutions. 1Isolation and reaction media were prepared with
pre-boile distilled water in order to eliminate COZ. All,gY§FSWare
was‘wsshed ;v hot water with AZconex detergent, rinsed in distilled
water and oven- dried overnight Glassware used in FFA determinations
was soaked overnlght in chromic acid prior to washing.
Experimental Animals

Columbian ground squirrels, Spermophzlus coZumbzanus,_were cap—

. _
tured on the eastern slopes of the Rocky Mountains near Gorge Creek,

Alberta. These.animals were housed in the University of Alberta
Biological Animal Services fac1lities prior to investigation Anlmals

under study were placed in environmental chambers and kept at 4°C

1

under total darkness;‘ A diet of Purina Rat Chow and vitacubes nith
occaisional fresh 1ettuce uas prov1ded .

A weight record of all animals was kept'in order.to follow the
annual hibernating cycle (ground squirrels typically gain weight in
- preparation for hibernation). Hibernating animals were designated as
those animals which were in the proper weight phase and which had
experienced.several bouts of hibernation. Active animals were kept
under the same conditions as hibernators but showed .no indication of
hibernating. Groundgsduirrels were food deprived for several days in

order to promote hibernation and were considered to be active and in a

non-hibernating state if hibernation did not ensue,

Al
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Isolation of Intact Hepatocytes from Ground Squirrel Liver

Intact hepatocytes yeredisolated trom 24 hour_fasted'rats and
ground squirrels. using a combination of procedures descrlbed'hy‘Seglen
kl976) and Berry (1974). | |
Ai GéneraZ.The highest yields of intact v1able parenchymal cells

would appear to be obtalned by perfuslng the isolated llver under phy—

3

srologlcal conditions (Seglen, ]976) In thls;study livers were flrst

=gre perfused w1th a’ medium containing .the Ca2+ chelator EGTA in order"
Sy, -
to 1n1t1ate the washout of Ca2+~dependent adhe31on factor (Amsterdam
d

and Jamleson 1974) and then perfused with a medlum contalnlng collagen—
ase and Ca2+ After only 10 min of perfu31on, a hlgh yield of v1able
hepatocytes can be extracted from the perfu31on apparatus.

i b
B. Apparatus. It is. essentlal that the llver and medla perfu51ng it

'be malntalned at a constant temperature throughout the procedure . To

+

achleve this all flasks codntaining the perfusion medla were kept in aﬁ

constant temperature water bath at 37°C. Rec1rculatlon of the per—

fus1on was regulated w1th ‘a perlstalg}c pdmp/(Sage Instruments Inc. )'
A . .
fitted with silicone tubing and glass connectors.' The liver was re-

.

moved from the animal after cannulation and placed in a perfusion

chamber, consisting of a glass diSh,9.55cm_in diameter and 3 cm deep.

The liver sat on a mesh covered with sterile gauze. The entlre pre—

c

paratxon was. covered with a glass cover in order to ‘maintain a constant

[
y

1 temperature and humldlty. Perfusate leaking from the preparatlon was

collected through an Sutlet in the bottom of the chamber and returned

to the perfusate reservoir.. The temperature of the perfu510n chamber

- was malntained at - 37 C by a glass heatlng coil connected to .a circula—

s S
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ting water bath. The perfusate reservoir uas oxygenated with 95%_02'

" and SZ C02 which had been passed throughaa gas scrubber . j‘

c. Enzymés. Collagenase (Type IV, Sigma Chemics 7 was dissolved in the
perfu51on medium at a concentration of 0. OSZ Begause this grade of
collagenase does not dissolve completely, the suSpension was contri—

fuged (18,000 rpm gor 3 min) prior to useuv Hyaluronidase (Type I,

Sigma Chemical) was dissolved in the perfusate at a concensgftion,of
0.1%. . | ' -

.

L. Perfusion Mediuml The liver was first perfused‘bith a modifed
’ ! ) ' / . ' 3 .
Hanks buffer consisting of 8.0 g NaCl, 0.4 g KC1, 0.2 g MgSo, * 7H,0,
0.06 g NaHPO, 310, 0.06 g KHyPO,, 2.19 g NaHCO3, 0.19 g EGTA and

20 0 g bovine serum - albumin in one litre adJu@ted to pH 7.4. The

Py

collagenase buffer was composed of 6. 9 g NaCl, 0.36 g KCl 0. l
8 anpoa, 0.295)g Mgso,’ 7320 0.374 g CaC12 H, o 2.0g NaHCO3 ,and
20. 0 g bovine serum albumin in one litre adjusted to’ pH 7.4, After’

perfusion was complete the disrupted cells were incubated-in.a shaking

.water bath in the same buffer minus collagenase and less Ca2+ (O 18 g)

o

After purification, the isolated hepatocytes were suspended in a buffer

o
consisting of 4.0 g NaCl 0. 4 g KCl 0 18 g CaGlz ZHZO 0.13 8

MgCl, 6Hy0, 0.1 g KHyPO,, 0. l g Na,s0;, 7.2 g HEPES in one litre and
2 °F2 _ 274 299

’
adjusted td

E. Procedur Aéimals‘were ‘fasted overnight before isolation of liver

cells Some adtﬁors state that the nutritional state of the animal is
important for qualitative results (Berry, 1?74), however, Seglen (1976)
'observed no’iifference in preparations from fasted or well fed animals.
 The animal was first anesthetized with sodium pentobarbital and re-‘
strained on a surgical board made of plexiglass thrOugh.which a number

g
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_ of holes had been drilled to faCilitate drainage of blood and perfusate

from the preparation The abdomen was opened witg a transverse in-
-cision and the skin retracted. The intestines were_diéglaggsto the
left side of the abdominal cavity to provide access to the liver and
0 5{:\‘
its blood supply A loose ligature was placed around the vena parta
appr6x1mately 1.5 ¢cm from 1its entrance to the liver and distal to 1ts
bifurcation. A 15 gauge . stainless steel cannula connected to the

silicone tubing was faid in position alongside the vena porta. A

i
by

.combined filter unit and. bubble trap mAde ofﬁglass O 5 cm x S 0 cm

and filled with cotton wool was placed in line between the cannula and
the perfusate reservoir ‘The peristaltic pump was adjusted to'a flow
rate of 20 ml per minute with preperfusion buffer oxygenated .and warmed
to 37,C. The vena cava was severed to allow~perfusate efflux ‘The
jvena porta was,carefully cut about half way through with fine scissora
and the cannula was inserted }he cannula was secured and the chest
cavity quickly opened and the upper vena cava cut‘ The fIOW‘rate was
increased to 50 ml per min and perfusion was allowed to proceed in sity
while thé\Prehatation waaﬂexamined to determine uhether the cannulation‘i

o

and oerfusion Qere successful., The 1ivér had an overall tan coloring

without any apoarent swelling/ The -liver was‘then carefully excised
from the carcass by cutting the vascular and biliary supply and the

4 ligaments to the intestine and abdominal walls. Care was‘taken when )

transfefring the liver to the perfusion chamber to avoid twiwting of
the lobes and possible damage to the cannulated vena porta. The

liVer wasnplaced on a gauze covered mesh in the chamber and the coVer";

placed on top. At this point the liver had been flushed with the pre-

'.perfusiOn medium for approximately 5 min ‘and the perfusion with the col-.



A
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lagenase buffer had just begun. Perfusion was continued with recircu-
lating collagenase-puffef at 50 ml per min for 7-10 min,\or until the
vena poéta ruptﬁred.. By this time, the liver had swelled to nearly
twice its original éize and appeared soft and edematous. Perfusate was
leaking profusely from its surface.

The liver was next placed on a 250 ml beaker of oxygenated wash
buffer at 37°C where it was carefully disrupted and‘the connective tis-
sue cut away. The hepatogyte suspens%pn was incubated a furthér 8-10
m%n‘with constant shaking in order to separatelthe cells further and
t; fully complete digestion.‘ After filtering thro#gh cheese cloth, the
suspension was cooled on ice to 0-4°C before-furtﬁer purification. The
hepatocytes were purified by filtering th?ough,a series of nylon fiiters
ffom 250-61 um mesh. Filtration was best achiéved b§ fitting a piecg of
mesh ovép the end of a glgxiglass cylinder, 5 cﬁ in diameter and 8 cm“
long. JThe suspension was poured into the cylinder and by gently moving

/

the cylinder up and down in a beaker of fresh medium, minimum damage to

\\{Pe hepatocytes gccuried. After filtration with a 61 pm mesh the

final suspension contéined only singie intact cells.

F. Determination of Viaéility. Hepatocytes were examined under the
light microscopeiafterfisolation in order to ;ssess their morphologiqal
integrity. XIntact cells were identifig  §;such by virtue oﬁ a rounded
ghape, refractility énd the exclusion of ;rypan Blue. Damaged cells

" were eaéily identified by their flattened, irregular shape and the

presence of Trypan Blue within thelqytoplasm. The prepafations were re-—

filtered threugh 61 um ﬁesh if necessary to attain an intact popula-
tion of greater than 95 percent.

*G. Isolation of Mitochondria from Hepatocyte3: Intact mitochrondria

2
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were isolated from hepatocytes as described by Gellerfors and Nelson
(1979) isolated hepatocytes become resistant to mechanical damage with
the result that the force required to homogenize the cells leads to
damaged and uncoupled mitﬁchondria. Sonication of\the hepatocytes
yielded mitochondrial preparations thatszfe tightly coupled with

. ¢
respiratory control ratios equivalent to those obtained from whole

liver. A 10 to 60 sec sonication at low Intensity was sufficient to

LA

totally disrupt the hepatocytes. An important precaution taken was to
sonicate thz cells in ice-cqld isolation medium and to keep‘the soni-
)

cating vessel in ice during the procedure.

Isolation of Mitoahbndria 5 |
~ Animals were killed with a blow to ghe.head. Livers were excised

within 90 sec and plunged into ice-cold isolating medium. After

weighing, the liver was minced with a ra2or blade and rinsed several

‘times with fresh isolating medium to remove any residual blood. The

tissue was then homogenized in a Potter-Elvejem type homogenizer with a

teflon pestle. The pestle was turned on a lathe to a diameter

which provided a clearance of 0.026" betwéen it and the walls of the

homoéénizer. The isolation mediﬁm consists of 210 mM mannitol, 70 mM

| sucrose, 5 mM HEPES, pH 7.4, 1. a mM EGTA and"0.5 mg/ml BSA. The

med{ium adJusted to pH 7.4 with Triethanolamine.

Rat liver mitochondrla were isolated essentially(as described by
Bustamante et al, (1977). The liver was disrupted by one or two passes
ofathe pestle and the S}ei was diluted to a‘yolume‘of approximately
16é ml and divided amongﬁt four 50 ml pblyethylene cepcrifuge tubes.

The tubes were then centrifugéd‘at 600 g for 3 min, the supernatant de-

canted and the pellet resuspended with a single pass of the teflon
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.

pestle. This step was repeated three times in order to obtain a maximum

¥

yield of mitochondria. Thg pooled éupernatant was discarded and the
sediment geﬁtly resuspended with a glass pipette. The mitochondrial
preparation was then further purified by tentrifugation‘at ZO,COO g‘for
10 min, resuspending the pellets in fresh medium and centrifuging at
3000 g for th;ee min. This low speed centrifugation.removes any contam-
ination which may have been carried from the nuclear fraction. A final
. spin at 20,000 g for 15 min,yields a tightly packed pellet which was
rinsed with fresh isolating medium and resuspended to a final concen-
tration of approximately 50 g protetn per ml,

When ground squirrel mltochondrla are isolated as desd{lbed above,
the resultant preparations are tyuically of low yleld and quality
Assuming that ground squirrel liver.mitochondria; and in particular
thatvof Hibernating ground squirrels, may'h;ve differént»sedimentation
cgefficients, the isolation procedure was modified, Aftet homogeniza-

; tion as described for rat-‘liver, the brei waé first centrifuged‘at
20,000 g for 10 min. This.perﬁits the removal.of most of the fat re- :
leased during.the:hoﬁogenization process which can be detrimental to
mitocﬁondrial'integrity. The sediment was then resdgpehded and céntri—
fuged at 600 g for 5 min. The resultatt supernataﬁt was saved and

the sediment resuSpénded and centrifuged again.‘ This ste§ was repeated
three times for optiﬁum recovery of mitochondria. The éooled'super-
natants were then spun at 15,000 g for ‘10 min to isolate the mito-
chondrial fraction A low speed (600 ‘g for 15 min) centrifugation

‘wasithen uéed to remove any contamination from the nuclear fractiayg.

“ A final spiﬁ at 20,000 g for 15 min results in a tightly packed mito-

choﬁdrial.pellet which was rinsed with fresh isolating medium and
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resuspended to a final.concentration near 50 mg proteih per ml. Bdth‘
the rat and ground squirrel mitochondria were’kept on ice until use.
Assessment of Prepdrations |

A number of criter;; are used to determine the viability of the
mitochondrial preparation. The homogeneity of the suspension obtained
as descrlbed above was assessed with the use of an electron mlcroscope‘
A sample was flxed~in suspension with 54 glutaraldehyde in phosphate
buffer at pH 7.4 and centrifuged to form a peilet. The pellet was then
post fixed with 1% osmium tetroxide in phosPhate‘buffer; dehydrated in
a graded Series of ethanols and propylene oxide ahd embedded in Epon
812ﬂ Sections 500~7OQ ; thick were cot by means of a Reichert ultra-
microtome, staihed with methanolic uranyl acetate and lead citrate,
and viewed‘io a.Siemens 102 electron microscope. |

'Another eriterion used was the addition of exogenous NADH to the
mitochondrial preparation while 07 consumption was monitored A well-
prepared suspension of mitochondria should not oxidize NADH as this
substrate does not pass through the m1t0chondrial membrane (Lehninger,
1949) . |

The final crlterion which must be met is demonstratlon of a high

R

W

respiratory control ratio, i.e. ADP:0, an acceptable ratio for liver
mitochondria being 4 or more with succinate as_substtate. - AN

B

Measurement of Oxidative Activity

Apparatus a |
Respiration was measured'polarographicaily with a Clark type POZ

electrode fitted to an Instrumentation Laboratories 113 PO, Analyzer

The standard reaction medium consisted of 200 mM mannitol, 63 mM

sucrose, 5 mM HEPES, 0.1 mM EGTA, 5 mM MgCl,, 1.25 uM rotenonme and



2 mg/ml bovine serum albumin‘ Sucsénate was. used as substrate at a

concentratlon of 5 mM. The reaction medium was adJusted to pH 7.4 at

o + each measurement temperature with 2'M triethanolamine The PO2

electrode was housed in a plexiglass jacket which fitted snugly into
a glasS~reaction chamber (Fig. 1). A water jacket surrounding the
reaction chamber maintained the de51red temperature +0.1°C.  To- measure

» .
respiration alr—saturated medium was added to the reaction ehamber and

any air bubbles removed such that the final reaction mixture was
essentially a closed system Aliquots of mitochondria and other

additions were made to the reaction chamber with a Hamilton syringe

A

through a groove between the P02 electrode and the wall of ‘the chamber
/ )

Continuous rates of p) consumption were recorded on a chart recorder

(Linear Instruments Corp ) which provided a permanent record of

*

. oxidative activity. N

Determinotion of Oxygen Solubility

[T
S

c -

Oxygen solubility of the reaction medium was determined using xan- )

thine oxidase as described by Billiar et al (1970). The stoichiometry -
of the xanthine oxidase reaction allows for the calibration of 02 sol-

-

ubility of the medium, i.e. ' . . ﬂyg

xanthine

oxidase Uric acid + H202

Xanthine + Hy0 + 07
Therefore, each mole of xanthine oxidized requires one mole of oxygen
In this manner, if the recorder was calibrated to 100 percent 02 conCent
with air saturated medium, the number of moles of xanthine needed to
deplete all of the oxygen (i.e. a zero reading on the recording) is
equal to the moles of oxygen dissolved in the medium.  The xanthine

concentration was determined by measuring the absorption at 270 nm and

a molar absorbancy index of 0 10 x 104 (Kalckar, 1947). This method‘

22

s
D



Figure 1.

'Oxygen consumption apparatus. A Clark-type'micro—electrode.
1is placed inside a plexiglass jacket which fits snugly into a

'glass reaction chamber. Mitochondria and other additions are

introduced to the reaction with a Hamilton syringe. A
groove along the length of the electrode jacket permits
additions to the medium without allowing the entry of air
bubbles. The reaction’ chamber is surrounded by a water -
jacket which can regulate the temperature at which respirai.

tion is measured to iO.l°C. . | }
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” Fatty Aeid Defermination.

- for the calibration proceduyre.

¥

 appeared to be simpler than that of Estabrook\(1967) who used electron -

transport particles isolated from mitochondrial membranes. As well,

the use of xanthine.oxidase eliminated the need to sacrifice an animal

Protein Determination

The protein- content of mltochondfial suspen51ons used for oxygen
consumptlon and FFA analysis was determlned by the procedure of Lowry

et al (1951) as modifled‘by Markwell et g7 (1978) A 200 kl.aliquot

‘cof each suspension was solubillzed in 3 ml of .an alkallne copper

-

reagent. The reagent consists of 2.0% Na2C03, 0.47 NaOH 0.16% sodium
tartrate and 1z sodium dodecyl sulphate to which was- added 4/ CuSoy,
at a ratip—eﬁ 100:1. Contrary to observations of Markwell et al (1978)
the stock alkaline reagent was not stable for more than a couple of
days. The precipitate that formed on standing could be prevented if
the SDS was stored separately and added immediately before solubili-
zation of the samples. |

After 60 min of incubation at room temperature a 0.3 ml of phenol
reagent (Folin—Ciocalteau) diluted 1 1 with distilled water was added

to the samples and the samples mixed thoroughly After a further 45

minute incubation absorbance was read at 600 nm on 3 Pye Unicam Ultra-

Spectrophotometer._ A standard curve was obtained using BSA standards'
and a reagent blank wag prepared with each set of samples. Because
this method is quite sensiti%e (10-200 ug/ml), the mitochondrial samples

were usually diluted accordinglywbefore measurement .

Extraction

Fatty acids were extracted by a nodification oflthe procedure of
N . . . : : .,’
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Dole (1956). The extraction mixture consisted of isopropanol/heptane/
1N H2804 in a ratio of 40:10:1. An aliquot of‘mitochondrial suspension
was pipetted into a glass—étoppered test tube containing 3 ml of ice
cold extraction mixture. The contents were then mixed for 60 sec on a
Vortex mixer. The resulting mixture stood in ice for lO min before

[

2.8 ml dlStllled water and 0.6 ml heptane were added and the mixture
shaken again for 60 sec (Ko and Royer, 1967). hfter lightvcentrifuga- '
tlon 0.5 ml of the upper phase was transferred to a 1. 5 ml microcentri-'
fuge tubeacontainlng 0.5 ml chloroform and 10 mg silicic acid. The
31licic acid was actlvated beforehand by warming at 120°C overnight and
then stored in a tightly sealed reagent bottle The fatty acid-silicic
acid suspension was shaken for 60 sec on'a Vortex mixer and then centri—
fuged for 10 min. This silicic acid treatment has been shown to remove
large amounts of interfering substances (mostly non-polar ohospholipids).
An aliquot of the supernatant was used directly in the 63Ni aééay

6387 Assay

A radiochemical assay.for long chain fatty acids based on the

'solubilization of a Ni- fatty acid complex in Chloroform-heptane was used
“for the quantitative determination of membrane free fatty acids. As
described by Ho (1970), a 200 1 aliquot FFA in chloroform—heptane was
added to a microcentrifuge tube containing 500 ul chloroform—heptane
(3:1; v/v) and 50 ul of a nickel nitrate solution containing 63Ni

(New England Nuclear). The tube was shaken on a Vortex mixer for 60 sec
and then centrifuged 600 X g A 50 p1 aliquot of the upper organic
phase was then pipetted to a liquid scintillation vial containing 17 ml

|
i

Bray's solution. Activity wag counted on a Nuclear Chicago Mark IV

+

. Liquid Scintillation Counter Duplicate determinationS‘were made for
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‘each mitochondrial sample. Counts were corrected for a reagent blank,
. and the fatty acid content derived from palmitic acid standards. The
FFA content can also be determined using the specific activity of 63n1
usmng the formula

(sample blank cpm) x (organic phase volume) x 2

nmole FFA =
: (aliquot counted) X (spec1f1c activity of 63Nl, cpm/mole)

" where the organlc phase is 700 ul, the molar ratio of FFA/Ni is 2, and
the allquot counted is 50 ul. The Specific activity of the 63N1 solu—
tion was found to be‘7.l x‘103 cpm/nmolelw1th a counting efficiency of
.32%{ | |

Using nalmitic acld standards ranging fromll to 40 nmoles per
assay it was confirmed that, using the procedure described above, the
molar ratio of FFA bound to 63N1 1s 2:1 ‘(slope of the line was 2. Ol
0 12 for 14 determlnations with a correlation coefficient of 0, 995)
(Fig. 2). :

~ The recovery efficiency"was determined usingh3H—Palmitate (New

England ﬁuclear)r The sodium'salt of the‘labelled palmitate was
-prepared by drying an aliquot qf.3H—Palmitate in vacuo and dissolving
in 0.04 N NaOH in methanol. The methanol was evaporated in air and thé'
'3H—Palmitate dissolved in bovine serum albumin An aliquot of known
activity was added to mitochondria}l suspension and incubated for 10 min.
The amount of 3H-Palmitate recovered after incorporation into the mito-
nchondrial membranes was 95.6 t 1.2% for 6 determinations |

It has been noted by Raison (personal communication) thatyphospho—
lipase activity can be stimulated during the extraction of lipids from
membranes which can lead to spurious interpretations when postulating

seasonal changes in fatty acid. patterns in mitochondrial membranes.
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However; by routipely haQing carried out &he extraétion proceedure:on

ice, there w#s no significant increase in é&tty acids found vith tine. fy
. When aliquots of mitochondrif contéining small amounts of FFA Lére

 assayed (less than 2 nmoles/mg) the variability between replicates was

high. This was overcome by the addition of an internal palmitate stand-

ard to increase the total counts measured. The unknown was derived'

after subtracting the counts for the. added palmitate.
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Data Analysis
The difference between the means of experimental and control -

values'were tested for significance using an unpaired Student's

t-distribution (Sokal and Rohlf, 1969). The level.of significance was o

- 8et at p<0.05.

The relationship between respiration rate and tempefatnre was

determined'with an Arrhenius analysis of the data. Logiq trans-

formations of respiratory rates (Vmax) were plotted against the re-
ciprocal of absolute temperature (1/T) to obtain the Arrhenius

equation such .that:

2.303 T - T, (log Kj-Ky) R .
Ey = —— _ (eqn. 1) \

~

where E; = apparent energy of activation R is the gas constant- (. 987

cals/mole‘l deg 1) and K3 and K, are the maximum velocities at absolute

*}} Ty and Ty.. When comparing the relationship of activity to

;at‘a-single temperature (e.g. 37° C), the means of the_rates

@ ons from the regtession’line) Starting at the 1owest tempera-

1the/regression coefficient was determined’for successive Vaa

with increasing temperature Each consecutive Vp .- value was’

.compared with the regression coefficlent of the combined points
preceding it (e.g. the slope b was determined between Vmax at 5 and

7°C, which was compared with b between 7 and 9°C. The slope b,EEI>” /
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 tween § and 11°C was'then;conpared with the combined regression
through values at 5, 7 and 9°C). VWhen a point was found to be sig—
;nificantly different from the regression line preceding it (p<0 01)
.it was taken to represent a break in the Arrhenius plot and 1it, and
all subsequent points, were excluded from the regression line. The
same procedure was then taken starting at the'highest temperature
'calculating-the slope b with decreasing temperature The point at
which the two straight lines intersected was taken as the temperature|
vat which a discontinuity or break in the Arrhenius plot occurred If
there was no significant difference between points or slopes over the ’
entire temperature range of 5-37 C, it was concluded that there w;; no
break and only a single regressionicoefficient was applicable.
v;Activation energies (Eg) were compared by testing for the dif-
ference between'the regression coefficients from which they'were de-

‘rived (eqn. 1). Significance was'detérmined.USing critical values of

. the F-distribution (Sokal and Rohlf, 1969).



Figure 2.
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 MQlar ratio of "“Ni to FFA in radiochemical aséayr The

paimitic acidistandard‘curve fo:'chg‘63Ni'a88ay,for free

fatty acids indicates that there is a 2:1 molar ratio of

63

fatty acid to "Ni. The fatty acid content of samples ex-

tracted by the Dole procedure can thus be calculated directly

63

from‘ﬁpe’speCific activity of ~"Ni, which was determined to

be 7.1 x 103 cpm/nﬁole.v‘The points are the means of 12

£

determinations for each palmitate concentration.
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EXPERIMENTAL PROCEDURES

Incubation of Intact Hepatocytes
Intact hepatocytes were isolated from active ground squirrel liver

as described. Aliquots of cells were suspended in a medium consisting

of 10 mM Tris-HC1, 1.0 uM CaCly, 0.5 mM theophylline, 0.2 mM ATP and

- 0.4 mM MgCl,. The pH was adjusted to 7.4 with HEPES. One ml of the

"cell suspension was placed in a 25 ml erlenmeyer flask and placed in a

shaking water bath. The suspension was bubbled with 95% 0,-5% €09 dur-
ing incu%ation. NE (L-Noradrenaline Bitartrate) was added in a f#nal -
concentration of 50 uM. Typically a series of flasks\wére incubated at
the same time with duplicate.samples being taken‘at different time
intervals. . When the incubation periodlwas for a set du;ation (e.g. 30
min) six repliéates wefe‘used.o

At the end of incubation, 2 volumes of ice-cold isolating medium

P

were. added and the samples ﬁlaced on ice. All of the samples were
centrifuéed for 2 min at 50 x g and then washed again iqjcold medium.
Mitochondria were isolated as described. |
Incubation of Intact Mig?cgbndriaf

Mitpchondrié were‘isolated from ground squirrel 1iver as desc;ibed.
Thélmitochondria were suspended in a megiuﬁ of %50 mM sucfoge, 10 mM

Tris-HCL pH 7.5, 1 mM CaCly, 0.5 mM theophyline, 0.4 mM mgCl, nad 0.2 mM

- ATP. One ml aliquots of mitochondria were placed in glass stoppered

tubes in a 37°C water bath and the tubes flushed with 95% 0,-5% CO,.
Incubation was started after the addition NE, cAMP, or phospholipase Ao

(Crotalus adamanteus). At the end of incubation the reaction was

stopped with the addition of 5 ml of Dole's extraction solvent and the

33
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tubes placeé on ice. Non-esterified fatty acids were extracted and
measured as described.
Iﬁéubation of Intact &itochondria With PGE] and A-23187

Mitochondria were isolated from gfound squirrel liver as described.
Aliquots of mitoéhoﬁdria suspended in 250 mM sucrose, 10 mM Tris HC1
pH 7.5 and 1 mM CaCl) were incubated in glass stoppered test tubes at
37°c. PGEl and A-23187 (in ethanol) were added at a final goncentration
of 50 pyM and 5 nmoles/mg protein respectively. The CaCljp éoncentration
in the medium was equivalent to 200 nmoles Ca2+/mg protein. The final
mitochondrial concentration was 10 mg protein/ml. |

After incub;tion the reaction was stopped with the addifioﬁ of
5 ml Dole's extract and FFA isolated and ieasured as described.
Measurement of 03 Consumption in Intact Rat Liver Mitochondria after
Incubation with A-23187 |

| Rat liver‘mitochondfia were isolated as described. Aliquots of

mitochondria were suspended in 200 mM mannitol, 63 mM sucroge, 5 mM
succinate, 2.0 mM HEPES pH 7.4 and 1.25 uM rotenone. After equilibraf
tion for Z_ﬁid_at 37°C; 150-200 nmoles/mg protein bf CaZt (CaCly) was
addédn followed by 5 nmoles/mg protein of A-23187. After one min
2 mg/ml of BSA was édded (itlig thought the BSA binds A-23187 before
it is taken up by the mitochondria). After 15 min of' incubation the
mitochondria were washedvin ice-cold isolating medium, resuspended_and 3
02 consumption measured as described.
Meésui'ement of Rbe‘spiratory Rates
State IV and ADP'-Stimuldted Respiration
Air-saturated reaction medium was equilibrated at the temperature

at which’ oxygen consumption was to be measured. The reaction chamher
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was filled with nedium'éﬁd the P02 electrode insetted, with care taken
to expel all air bubbles. The reaction medium consisted of 200 mM
mannitol, 63 mM sucrose, 5 mM HEPES, PH 7.4, 0.1 mM EGTA, 5 mM MgCL,,
1.25 uM rotenone, 5 mM sodium succinate, 2 mM Tris—phoephate'andjz mg/
‘ml$£SA. After caiibration of the recorder, 100 ul of freshly isolaten
mitochondria was added to the reaction medium and the'recorning of O2
consumption commenced. After 60 sec 150~ 200 nmoles of ADP in 2-5 yl
was addedr This resulted in a stimulation of O2 consumption which
after a short linear phase returned to the initial ot State IV rate.
Four or five additions of ADP usually was sufficient. to exhanst the 02
content\of the medium with each addition generating a State III-State IV
" cycle. Triplieate measurements of 02 consumption oere made at each
temperature. A schematic representation of Stete IV and ADP-stimulated
respiration is shown in Fig. 3. Nv;
A-23187
As classified by Reed (1979), A-23187 belongs to the polyether-
carboxylic acid family of antiblotic ionophores and is characterizedwby
'a pyrrole moiety. It 1s unique 1in that it 1s the only polyether iono- |
phore specific for divalent cations | The fonophore forms an electric-
~ally neutral 2:1 antibiotic- alkali metal complex with a nitrogen atom /
in ite structure patticipating in cation liganding. There is a general
consensus that divalent cation transport by A—23187 is thus electro-
neutral, i.e. there are no net. charge movements accompanying fet cation
transport. The lack of electrical effects indicates that the trans-
membrane transport of Ca2 by the ionophore is via a moblle carrier

, .
mechanism rather than a gated pore (Pfeiffer et aZ 1978), since the

\)‘ latter point is still the focus of gome debate (Hutson, 1977).




Figure 3.

\

Ev%§uation of oxygen consumption and respirétoty control - .

ratio ¥n.a pypicai mitochondrial respiration experiment. The

'

medium consisted of 200 mM mannitol, 63 mM sucrose, 5 mM

 HEPES, pH 7.4, 0.1 mM EGTA, 5-mM MgCl,, 1.25 uM.rotenone, 2.

mM Tris-phoSphate,.ng/ml BSA and 5 mM sodium sucéinate.'J |

Respiration is initiated with the addition of mitoghondria to

tﬁe reactionwmediﬁm and a serieg of State III)State Iv cyélés
are induced with the addition of ADP. The ratio of State III
to State IV respirétion is tﬁe respiratory control ratio |

(RCR). The numbefé ngxﬁ to each lineér portign of .the resp?

iratioﬁ‘trace represén;.the ratebof O2 consuﬁption in

nmoles/mg protein/ﬁlh:
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RESULTS AND DISCUSSION/,

Incubationfof Intacfwiiver‘CeZZs‘with NEV(Experinent 1).

Preliminary results indicated that there was a distinct elevation
of FFA in mitochondria isolated from intact liver cells after incuhation“:'
of the‘cells with noradrenaline bitartrate. Subsequent experiments did
not co;firm these-findings and.it was concluded that in the earlier’
experiments the hepatocyte preparatioﬂs;were‘not sufficiently viable to
test the hypothesis. Inprovements in the overall succeSS'of the iSOlaQ"a_
tion procedure led'to consistently good preparationstand only when
‘viability was‘seen to'be greater thanv95,peroent were the‘cells used.

' ~WhenAhepatocytés from actire-éround squirrels were incubated'in
.Krebs—Henseleit buffer containing 2 mM ATP, 10 mM glucose and 1 mM
theophyline at 37°C,‘the presence of 100 pM lenoradrenaline bitartrate
didﬁnot signiticantly‘inCrease the amount of FFA recovered from the
‘_mitochondria.’ In fact, the‘amount of FFA extractedyfrom the mitochon—
dria decreased from 23.6 + 4.8 nmoles/ mg proteln to 20.6 5.2 nmoles/mg
protein after 60 min 1ncubation (n= 4) .Untreated hepatocytes showed a
~similar decrease from initlal values (22. 7+ 5.0 nmoles/mg protein
(n=4)). Incubatlon with 10 uM NE produced similar results 1n that
‘l5.54 3. 8 ‘nmoles/mg protein of FFA were recovered after incubation for
60 min as compared to a value at time . zero of 17.4 # S.anmoles/mg
protein. i | |
g Thus, under the conditions employed it would appear that NE does‘
not initiate any 31gn1ficant changes in mltochondrial FFA levels and

that the mitochondria are capable of regulating FFA concentrations in

an in Vit system. These assumptions cannot be considered conclusive,"
. g " ’

/
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however, in vieW'of-tbe‘existence of a readylation pathway which can re-
-esterify fatty acids as soon as they are released through hydroly31s
The reacyla;ing system would have to be controlled to attach any sig- ’
bnificance to. the observations.

Ihcubatzon of Intact Liver Mitochondrta Wi th NE, Cchzc AMP and
Phospholzpase Ag (Emperzment 2l.

When freshly 1solated liver mitochondrla from an active ground squirrel
were 1ﬁtubated with phospholipase A2 there was a rapid increase in the
rate of hydrOIYSlS of membrane phospholipids At 37 c phosphOIipaee »
Ay from Crotalus qd&manteue (50 ul of a 0.02% solﬁrioﬁ) catalyzed rhe |
ﬁreleaSe of 68.0 * 8.8 nmoles of FFA per mg ofbproteio after. 15 min
(neé) (Pig. 4). AA3Ovmln incubation under the‘same conditions,resulted
in the release of 81.4 i 10.6 nmoleseFFA per mg of ppotein (n=4)..
No_such increase in FFA was observed if 2 mM EGTA was present in the |
reactlon medium. ¢
The.incubation‘of.éround'sQuirrel liver mltochondria in the pre-
B sence of 50 uM cyclic AMP or  L-noradrenaline bitartrate (Fig. 4) did

not significantly increase the release of FFA above control values.

YA A A ki oo an

After 30 min the amount okoFA extracted from aliquots of mitochondria

were 10.4 +4.2, 9.2 £+ 3.8 and 7.6 + 4.0 nmoles/mg protein for NE cAMP

and controls respectively As the SEM bars overlapped they were not
shown in Fig 4.

.These'results indicate that phospholipase A, 1s a potent hydro-

vlytic agent and capable of liberating fatty acids from the mitochondrial
membrahe. The dramatic increase in FFA detected can also be considered-'
‘as a confirmatlon of theuvalidity of“the FFA extraction and measurement

techniques. The data‘shows that NE and cAMP do not stimulate the




Figure 4. ‘

sisting of 250 mM sucrose, 10 mM Tris—HCl pH 7. 6 5 mM CaCl

Stimulation'of phospholipase A2 in mitochondria with NE and.

 cAMP, Mitochondria were incubated at 37°C in a medium con—,

2?
0.4 mM MgClz, 0.2 mM ATP and 0. 5 mM theophylline Aliquots
of mitochondria were incubated after the addition of either
50 uM NE, 50 uM cAMP or 50 ul of a 0 022 solution of Crotalus
adhmanteus phospholipase A2 Fatty acids were extracted ‘and
complexed with 63Ni before counting in a scintillation

. \
counter. All points were»corrected for background (zero-time

tncubation). (n-4)
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_phospholipase Ay from Crotalus,adbmanteus; |

activity of endogenous phospholipase Az activity above control values.

under the conditions used:. It is also important to note that although
calt was present in all cases, it did not appear to activate endogen-
ous phospholipase Ay activity but vas required for tne action of added
incubation-of Intact Mitochondria with A-23187 (Experiment 3).

When freshly'isolated mitochondria from active ground squirrels.

were incubated with4tne‘divalent_cationlionOphore A—23187;’a‘significant

increase in the release of FFA was observed. Mitochondria were pre-

loaded with 100 nmoles of\Caz+/mg protein and 1ncubated with 5 nmoles

of - A-23187/mg protein for lO min at 37°c. ‘The total amount of FFA in

thetpreparation increased.from113.30 +3.2 to 20.91 * 2.8 nmoles/mg

‘protein (n=3, triplicate determinations). Control levels of FFA were

14.27 £ 2.6 nmoles/mg protein and were not significantly different from

‘initiala@(alues. The presence of ‘1.0 mM EGTA or 2 nmoles of ruthenium

red /mg protein prevented an increase in FFA levels above'initial values:
If Ca?t was not added prior to the addition of ionophore there was only
a slight increase in FFA levels to 14 6 + 3.1 nmoles/mg protein which
was not significantlyfdifferent from initial levels.’ |

This data points to the ability of A—23187 to stimulate phospho—
lipase Az activity in liver mitochondria of ground squirrels The
absence of any A-23187-1nduced stimulation’ of phOSpholipase activity

when ca?t s absent or chelated suggests that Ca2+ 1s required for

“phospholipase aq’lvity Because there was also no significant increase

in phospholipase activity in the controls, which were also preloaded
with Cazf,Mit would appear as though it {s the cyclic flux of CaZ+

across the mitochondrial membrane brought about by the ionophore which

42



is responSLble for the stimulation of phospholipase Ar.

Incubatzon oy Intact Liver Mttochondrta with PGEj (Expermment 4).

"5ly isolated mitochondria from active ground squirrels
vfthe presence‘of lOO uM prostaglandin'El, there~wasba
n phosphollpase activity as determined by an increase
.fbe seen in Fig 5, the anount of FFA extracted in-
cle 75 £ 2.6 to 21. O 3;7 nmoles FFA/mg protein, after 10
;jon at 37°C. Untreated mitochondria FFA concentrations in~
;;m'12.2 4.1 to.l4,0 3.9 nmoles/mg protein, these changes
fisignificantly’different.‘ After 30 min. FFA‘levels in PGEl—
,treat¥é iitochondria.werefZS.O't 5{2 nmoles/mgvproteinfand controls had
%slightly"to 13.9 ¢ 3!3 nmoles/mg protein After 60 min, how-
‘Zotal amount of FFA recovered from PGE; treated mitochondria
_decreasedwdramatically to 13.5 % 5. 7 nmoles/mg protein which was the
same as co;%rols (13 4 + 3. 8 nmoles/mg protein) | After 120 min,_the
" FFA leve‘;' reated and untreated mltochondria increased slightly
and %ﬁ.S 3 0 nmoles/mg protein). |

The addition of 8 nmoles of ruthenium red/mg protein prior to the
addition‘of PGEy resulted in no significant increase in FFA release
(Fig. 5 ). Because the prostaglandins are,derivatives,of.fatty acid
precursors, it was thought that the increased FFA acids observed may:

have been due to 63Ni binding to PGEl in the assay procedure However,

concentrations of PGEl from 10 to 200 uM added to blanks prior to Dole

extraction and the FFA assay did not show any deviation from the blanks;

These observations indicate that PGEl is capable of stimulating
phospholipase activity, under the conditions used and that Ca?t is re-

“quired for the mediation‘of its»effect; The decrease in FFA after’
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Figurels.
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Stimulation‘of phospholipase A2 in'mitochbndria with PGE1

Mitochondria were incubated at 37°C in a medium consisting of

© 250 mM sucrose, 10 mM Tris-HCl, pH 7 6 SmM CaClz, 0.4 mM

MgClZ, 0.2 mM ATP and 0 5 -mM theophylline PGEI was added to

the incubatiqn at a final concentrgtion of SOIuM., Aliquots

of'mitochondria wefe also incubated with PGE1 and ruthenium

red, an inhibitor of Cazf uptake.’ (n=b). . : : , .
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30 minutes would seem to be evidence of the existence of a reacyla-~
ting mechanism in the mitochondria. However, the possibility of
oxidation of the FFA released cannot be ruled out.
Measurement of;OQ Consumption in Rat LiQEr Mitochondria af%er Incybation
with A~23187 (Experiment §).

The activation energy for succinate oxdiase was determined over

the temperature range of 21-34°C in intact mitochondria from rat liver.

When the E;'s for individual animals were determined they were not sig-

" nificantly different from the average Arrhenius E, for pooled data

(n=6; p<.01). The E5 for ADP«etimulated succinoxidase activity was
9.4 £ 0.6 kcal/mole;,. State IV was 10. 3 0.9 kcal/mole (Fig 6 ).

After 15 min incubation with A-23187 the FFA content increased
587 from initiai levels (20.2 + 3.2 kcal{mole; n=4). When succinoxi-
dase activity oas subsequently measured the results were anomolous.
AlthoughAthe E;'s of individual preoanationscnere significantly greater
than controls; they were all significantly different from each other.
AS‘can be seen in Fig. 6; the average Ea‘after treatment was 16.6 +
6.2 kcal/mole (the individual Eg's were 12.7, 12 2, 18.0 and 21.7 kcal/

moie). These results indicate that A-23187, which has been shown in

a previous experiment to stimulate PLAz, can alter the E; for succinate

oxidase in rat liver mitochondria. The wide range in value obtained
can be attributed to mitochondrial damage in that it has since been
determined that the mitochondria become'uncoupled and display chatacter--
istics of damaged mitochondria if more than 100 nmoles/mg protein of
Ca2+ is acCumulated under the conditions employed in %this experiment.

The addition of BSA to the incubation may have contributed to the

decrease in membrane integrity in that ft has been recently observed

-
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Figure 6. Arrhenius plot of succinate oxidation in rat liver mito-
.chondrié after incubation with A-23187. Raﬁ liver mito-
chondria were incubated at 25°C in 200 mM mannitol, 63 mM -
sucroge, 5:mM HEPES, pH 7.4, 5 mM succiﬁate and 2 mg/ml BSA.
The mitochondria were loaded with 150 ﬁmoles/mg Ca2+ prior
to the addition of 5 nmole/mg A-23187. After 15 min {mcuba - -
vtion,.the mitochondria were washed and respiration measured
as described in MATERTALS AND METHODS. The'ﬁpmber of observ-
ations on which the activation'energié; are based are 54 for

controls (n=6) and 36 for A-23187 ;reafed (n=4). The range

of rates measured at each temperature 1is shown.
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that lysophospholipids, the product of phospholipase A2 actiVity, induce
prolonged lysis of the mitochondrial membrane if the fatty acid moieties
cleaved during their production are removed from the membrane (Jain et

al, 1980). BSA binds FFA to a great extent and may actually,extract

them from the membrane.
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GENERAL DISCUSSION

Fluidity is a term used to describe the concept that membrane
lipids and proteins are in a continual lateral,notion and that the

overall structure of the,g@mbrane is dynamic rather than static

‘(Singer.and Nicholson,»l972). From the Singer Fluid Mosaic‘Model of

the membrane (1972) it can also be construed that fluidity refers to
the molecular orderlng of membrane lipids in relatlon to phy51ological
function (McMurchle and Raison 1979). The concept of a fluid mem—.
brane is a departure from our basic view of biological structures, yet
the" plastlcity of structure in the membrane must be of fundamental

importance (Slnger, 1975) The need to increase fluldlty durlng

* hibernation and the detrimental effects of'temperature observed when,

fluidity is not compensated for, point to an inherent requirement for

fluidity and molecular mohility. \
: N |
The primary objective of the study was to examine some prdceSSes

whose mechanisms are critically dependent on the fluidity of mgmbranes'
and to propose a scheme by which a hibernating specles can alter its
membrane structure in preparatlon for hibernation

The use of intact hepatocytes would appear to he an excellent
means with which to study both cellular and sub- cellular processes

For example the examination of a m1tochondria-associated event, such

as that attempted in this study, could be considered to more closely

i

-approximateptn Vivo conditions thaa if the mitochondria were obtained

from disrupted’ cells.

When isolated hepatocytes from active ground squirrels were incu—

»

bated with NE there was no detectable increase in the stimulation of

phospholipase activity as determined by monitoring fatty-acid 1evels.\
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These results certainly cannot be considered as equivocal, however,

in view of our 1nability to control all aspects of cellular function.

Chen et al (1978) were able to stimulate gluceneogenesis, a Ca2t.re-"

qulring function, in isolated hepatocytes from rat liver Similar

conditions to this study were employed and it was Suggested that the

8 uM concentration<o;\ﬁE which'stimulated gluconeogenesis did so via the'»'

release of an exchangeable pool’of'Ca2+ within the cell; presumahly:from
- ; ,

the mitochondria. Similarly, the_activation of protein kinase and

glycogen nhosphorylase in isolated rat liver cells has been achieved ‘<[

with the use of cyclic AMP, which is thought to be mediating the

effect of catecholamines (Birnbaum and Fain, 1977) When Al-Shaikhaly

and Baum (1977) attempted to stimulate phosnholipase activity through

the release of mitochondrial Cal+ they observed that the effects of

mercurials and thyroxine were inftially masked by the activity of a

‘ reacylating system From these observations we can only conclude

L

vthat a nFoposed role for NE in the activation of mitochondrial PLA,

remains tenable

When mitochondria from'activeféround squirrels were incubated in

‘the presence of cyclic AMP there was virtually no difference in FFA.

released when compared to untreated controls. Again we cannot accept

this evidence as conclusive Phospholipase activity has een demon-

strated to be stimulated by e¢yelice 37, 5‘-AMP in fat ceN homogenates
& . A !

and isolated fat cells (De Cingolani et al, 1971). The conditions ’

under which PLAZ activity was increased were quite different from

methods employed in this study; e.g. the observed ‘ncreases in phospho~

11pid hydrolysis occurred.at pH 8 Q as compared to a pH of 7.4 in

this case. It ig thought the effect of cyclic nucleotides is through

W
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the regulation of mitochondrial iaflux and efflux of Ca2+ (Mela, 1979)
as both.cAMf and Ca2+ are-intricately involved'in'the control of various
cellular»responses. For example, the production of prostaglandins is
known‘to involve CAMP, Cé2+'éndbph05pholi§ase Ay, but the exact nature
of}their.interactions‘is not clear (Layehock et al, 1977). Perhaps in
the isolated mitochondrial preparation employed in'this.study; co- ~—

! .

factors vital to'any'cAﬁP—evoked response were absent. There.was
_,sufiicient Ca2+'in our medium to stimulate PLAztacti;ity'as was aptly
demonstrated by the hydrolysis induced by phospholipase irom Crotalus
u‘adaManteus. The iaformation derivediiu otﬁer portions of this studyw
- would certainly warrant further investigation of cAMP as a modulator of”
"mltochondrial caZt flux and consequential activationtof PLAZ

- The use of-A—23187 to initiate a cyclic'flux of Ca2+ across the
mitochondrial membrane 1% a process to which cAMP may be analogous

¢
" The calt ionophore was seen to stimulate PLA2 activity, as significant
increases in FFA extracted from the mitochondrial preparations were
observed. Parallel results were obtained by Pickett and his’ co—workers
(1977) in which case they Iinduced. the release of arachidonic ‘acid from
;platelets with 10 uM A-23187. Although:the initial release of ara- .
chidonic acid_fromvthe‘membrane was quite'higa, the levels gradually
decreased asjthe fatty acid was‘reaCCumulated by the phospholioids,

~ presumably via esterification in the Lands pathway. 'Pickett et al

.'(1977) suggested that their data showed that the Ca’t sensitive site of

DL

PLA) activity was not on the platelets surface. The same,suggestion

| could also be proposed for the observations in this study. A-23187

IS e R BB TIPR

FEROL L

1s known to transport CaZ* fnward across the mitochondrial membrane

(Gomez-Puyou and Gomez-Lojero, 1977) and this;‘eoupled with the observa-
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tion that CAZ% outside the mitochondrion alone did not. activate PLA,,
. would make the idea of an activation‘site within the membrane a
plausible conclusion. The lack of any reSponse when ruthenium red was
preSent in the medium is further evidence that CaZt cycling is essential
for ?LAZ activation. We are not alone in making this’ assumption in N
ftgat Parce et al 1(1978) bave suggested that in‘coupledtmitocbondria,
‘phospholipase A2 is silent because of the inaccessibility of Ca2* due .
to the organization of the mitochondrial membrane and the location of
~the enzyme within the membrane. Parce et al (1978) also state that
- PLAy may appear to be inactive under some conditions of measurement
because it is usually compensated for by the reacylation of the lyso-
compounds. Some important considerations to be,made from the.work of
Parce et al (1978) and Siliprandi et al (1979),-who obtained similar re-
sults when they induced'_Ca2+ movements with inorganic pbosphate and
diamide, are that in both of these cases the‘mitochondria were not | ' g %
coupled. In fact in both instances the mitochondria were irreversibly
damaged and had lost the ability to generate enough energy to retain
accumulated Caz+ In our case, the mitochondrial integrity was not
decreased by the actions of A—23l87 as demonstrated in a. subsequent
>‘experiment when an abrupt return to a tightly coupled State IV rate of
respiration was* observed on the addition of ruthenium red

Prostaglandin E; stimulated increases in FFA in much the same way
as’Af23187 Significant increases in FFA released to the medium were
observed after only 10 min of incubation ‘It has been shown that PGEl
acts as a mitochondrial calt ionophore and can transport ions across the
membrane with no apparent_decay,in the integrity_of the'membrane

(Malmstrom and Carafoli, 1975). As with A-23187, the addition'of
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fruthenium red to the preparation prevented any stimulation of phospho-
lipase activity and leads to the conclusion thag cycling of Ca2+ across.
thevmitochondrial membrane is necessary for Caz* to be made accessiblehto

phospholipase'Az.' While iE is interesting to note that there was little

. ’ " . : ' ‘ B
difference in the ability of A-23187 andPGE ] to stimulate fatty acid

: release (i.e. in the COntext that the former is not a naturally.occurring
substance) it should be realized that the concentrations of PGEl used
were conSLderably higher than those determined as pﬁysiologlcal levels‘
Concentrations of PG in adrenal- gland are typically less than 0. 5 ng/

‘2 5 x 105 cells (Laychock et al, 1977) as compared to a: final concen-

' tratlon of 50 uM (50 nmole/mg) in the mitochondrial 3uspensions used

'in this study - Malstrom and Carafoli (1975) have shown that rat liver
mitochondria_can bind PGE] to a certain extent (maximum of about 3
nmoles/mgl, however, these cdncentrations are not highfenough to

initiate CaZt cycling. Liver slices from active and hibernating wood-
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chucks were ‘shown to accumulate significant amounts of PGEl at 7 and
37°C (Salvador et aZ 1978) The authors concluded that there was no
adaptive significance to the uptake of PG as there was' no difference in
the amount accumulated at 7°C in active or hibernating animals It
- appears.that the functional efficiency of membranes was not taken into
consideration,‘however, when this asgumption was made. The membrane -
fluidity could‘be expected to be different at 7°C in the active andi;,}
hibernating animals such that if the accumulcation of ?G is via an_
| active transport mechanism (presumably:fluidity-dependent), similar
amounts of PG taken up might reflect a net difference in transport'
'efficiency. | v | |
.'The-decrease of FFA with time ohserved after an initfal high rate .
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of phospholipid hydrolysis by PGE (Fig.5 ) can be explained either by
the degradation of the PG or, most likely, by the cessationiog Cazf )
cycling as a consequence of anaerobic conditions&developing in thevmed;
tum, ca’t cycling will only endure as long as energy is available. If
lhowever, the - reacylation system is also inhibited when ‘the mitochondria
become de—energized (Siliprandi et aZ 1979) we would not expect to see
thé FFA disappear ‘This observation will have to remain unresolved )
this time.

A unifying theme that has emerged from‘thisbstndy is'that Ca2+ nlays "
an important role in maintaining the functional integrity of mitochon-
dria during hibernation. 'It has been observed that the cyelic flux of
Ca * across the membrane can stimulate membrane—bonnd phospholipase A2
activity, an enzyme known to be eSsentialvin the alteringvof membrane.
lipids. Reports published subsequent to the results obtained in this
studyishow-conclusively that phospholipase A2 is stimulated by the cyc-
lic flux‘of Caz and that because of the positional distribution of the
‘phoapholipid moieties, the products formed would be largely polyunsat—
urated fatty acids and lysophospholipids (Pfeiffer et al, 1979). The
data also confirms that the inherent balance between Phospholipase Azﬁ
and an intramitochondrial acyltransferase would result in a futile
cycle of FFA release and reacylation which would not be detected by free
fatty acid determinations and thus lead to an underestimation of phos-
pholipase activity (Pfeiffer et aZ 1979) ’This may_have been the case"
in our early experiments with NE and cAMP It is now apparent from the
'work of Pfeiffet and his co-workers (1979) that N—ethylmaleimide can |
effectively inhibit the ability-of mitochondria to reacylate phospholip-

1ds ‘and thus be a'valnable tool for further investigations in this area.
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While we have demonstrated the stimulation of phospholipase A2 act-
z;ivity with A-23187, naturally occurring ionophores would have to initi-
ate an analogOus situation in the intact animal. There is data in this
study to suggest that the prostaglandins, in particular PGEl, may play
‘such a role, however other substances may function in a similar manner.
'»Roman et al (1979) have suggested that unsaturated fatty acids can ini-
tiate the cyelic flux.ovaa2 by forming a Ca /fatty acid complex ‘and
.acting as an iodophore. Such a scheme would have to be under tight con-
trol, however, to Prevent ‘a cascade effect as more: and more : fatty acids
are released. Other agents which have been demonstrated to trigger

2 -dependent phospholipase activity include mercurials and thyroxine

(Al Shaikhaly and Baum, 1977) and phospholipids (Tyson et aZ 1976)

Tyson et al (1976) found cardiolipin and phosphatidic acid to be highly

efficient ionophores in a Pressman cell but have not demonstrated 8im-
ilar capabilities in an tn vivo situation. Perhaps the most likely
candidate for a physiological ionophore is thyroxine. Fiskum et aZ
'(1680) found that the treatment of thyroidectomized rats with T3 lead
to.a 2502 increase in Ca2+ efflux and concluded that the regulation of
‘ mitochondrial Ca2 efflux by metabolites and hormones may be an import-
ant homeostatic mechanism in the control of Ca2 - sensitive activities
From the observations in this study and relevant literature it can
be postulated that hibernators initiate the alteration of the lipid
nature of cellular and organelle membranes through some as yet undeter-
‘mined physiological signal If phospholipaae A2 is in fact involved in
_the maintenance of membrane fluidity, its activity is regulated through

the cyclic flux of Ca2 across the membrane and this Ca2 cycling itself

'would have to continue unhindered during all phases of hibernation.
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