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Summary

Temperature is one of the most important
environmental factors affecting the physiology of animals.
Seasonal fluctuations in temperature are of particular
importance in aquatic ectotherms since their body
temperature is in equilibrium with their environment.
When an organism faces adverse environmental

conditions, it can either remain active or enter into
metabolic depression, adopting the strategy that
maximises its fitness. Physiological responses to

environmental stress occur at many different levels
of organisation in an animal. Here, we focus on

that of species that spend their winters in a metabolically
depressed state. Specifically, we examine the modifications
of mitochondrial properties during thermal/seasonal
acclimation and examine mechanisms by which these
modifications can arise. While compensatory responses to
cold acclimation include increases in mitochondrial
abundance, in the oxidative capacities of individual
mitochondria and adjustments of ADP affinities,
metabolic depression can reduce tissue levels of
mitochondrial enzymes and mitochondrial proton leak
rates.

mitochondria, given their central importance in cellular
energy metabolism. We contrast the thermal biology of
skeletal muscle mitochondria from cold-active species with

Key words: mitochondria, seasonal temperature change, temperature
compensation, metabolic depression.

Introduction

Prokaryotic life exists over an impressively broad thermabrganism. On an evolutionary time scale, biochemical
range, but multicellular animals are limited to a much narrowecompensation for thermal effects is shown by the maintenance
range of temperatures. Although most animals have specialisefl substrate affinities by metabolic enzymes, such as lactate
for life within an even smaller portion of this range, theydehydrogenase (LDH) and malate dehydrogenase (MDH),
may still experience marked daily or seasonal temperatutisolated from organisms living at different temperatures, as
fluctuations. These thermal fluctuations have functionatlegantly illustrated by the extensive studies of Somero (1997).
consequences at many levels of biological organisatioMarked thermal fluctuations would presumably reduce the
Endotherms achieve considerable thermal independence framgulatory effectiveness of these biochemical properties, as
their habitat by conserving much of their metabolicallyillustrated by the far-reaching consequences of the difference
generated heat, thus maintaining a thermal differential witin thermal and kinetic sensitivities of the LDH allozymes of
their habitat. In contrast, the body temperature of ectothermstlse mummichod~undulus heteroclitu¢Powers and Schulte,
determined primarily by external heat sources. Whereas tH998). Temperature shifts may alter the equilibrium between
body temperature of terrestrial ectotherms can differ from thatynthesis and degradation of biological structures, change
of their immediate habitat, the majority of fish and many aquatimetabolic requirements, favour certain functions over others
ectotherms have body temperatures identical to those of theind alter trophic interactions. Given the extent of these thermal
habitat. Some clues as to why active animal life is limited to affects, it is not surprising that animals show a variety of
fairly narrow thermal range are provided by the markedstrategies, from biochemical to behavioural, to cope with
functional impact of thermal fluctuations upon ectotherms. thermal change. The increasingly obvious problem of global

Temperature affects virtually all levels of biological warming has given greater urgency to the understanding of
organisation, from the rates of molecular diffusion and obiological responses to temperature, particularly in the
biochemical reactions, to membrane permeability, to cellulagctothermal organisms that have limited independence from
tissue and organ function and to their integration in the wholehanges in environmental temperature.
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When faced with changes in temperature, ectothermaustained swimming performance increases with temperature
animals must ‘choose’ between trying to maintain activity ando an optimum and then decreases (Fry and Hart, 1948;
submitting to the constraints of the law of Arrhenius. ThisBrett, 1967). Temperate species, such as gold@stiassius
fundamental law reflects the impact of temperature upon theuratug, salmon Oncorhynchus nerRa carp Cyprinus
frequency of molecular collisions and formally describes thearpio) and striped bassMprone saxatiliy (Fry and Hart,
thermal dependence of rate processes. When organisms a@8; Brett, 1967; Rome et al., 1984; Sisson and Sidell, 1987),
faced with reduced environmental temperatures, they can @gn shift their thermal optimum of sustained swimming during
slow their physiological processes by submitting to the Q thermal acclimation. Sustained swimming requires oxidative
effects, (i) enhance the effects ofifQon rate processes ATP production, so adjustments in the thermal sensitivity of
(hibernation, torpor) or (iii) offset the 1@ effects by the catalytic and regulatory properties of muscle mitochondria
maintaining  functions/capacities using compensatorynay accompany changes in the thermal sensitivity of sustained
modifications. When environmental warming is accompaniegwimming during thermal acclimation.
by hostile or difficult conditions (hypoxia, decreased food Cold acclimation leads many temperate-zone fish to increase
availability), some organisms opt out of these demandinghe mitochondrial volume densities in red and white muscle or
conditions by entering into eestivation. When thermal changebe activities of mitochondrial enzymes (for reviews, see
are part of recurring cycles (i.e. seasons) in a given habitegsanger, 1993; Guderley and St-Pierre, 1996). The proportion
endemic organisms may have ‘adapted’ to these cycles so asaerobic fibres in the swimming musculature rises during
to maximise their overall fitness (reproductive success). Thacclimation of goldfish to temperatures below 5°C (Johnston
challenge for the scientist is to unravel both the mechanisnad Lucking, 1978; Sidell, 1980). Both the capacity for lipid
by which these functional modifications are achieved and theoxidation and the volume density of lipid droplets in muscle
importance in the species’ life cycle. fibres rise during cold acclimation of striped bass/€bsus

Mitochondria are of particular interest in questions 0f25°C) (Jones and Sidell, 1982; Egginton and Sidell, 1989).
thermal biology, primarily because of their pivotal role inSuch shifts are seen during laboratory acclimationegiSus
energy metabolism but also because of their origin a$8°C) and seasonal cold acclimatisation of rainbow trout
symbiotic organelles. Vestiges of this symbiotic origin are(lOncorhynchus mykis¢Dean, 1969; Guderley and Gawlicka,
apparent in the limited permeability of the mitochondrial innerl992; Thibault et al., 1997; St-Pierre et al., 1998; Egginton et
membrane, the functional importance of the electrochemicall., 2000). In striped bass, acclimation to 5°C increases the
potential across this membrane and their DNA content. Tooncentration of fatty acid binding protein sufficiently to
examine the thermal biology of mitochondria, one mustounteract the expected decrease in its diffusion coefficient
consider the thermal sensitivity of both the phospholipidLondraville and Sidell, 1996). Both the eurythermal carp
bilayers and the membrane and soluble proteins of which théZyprinus carpip and the cold-water short-horn sculpin
are composed. In oxidative muscle, the primary role ofMyoxocephalus scorpiys modify the metabolic and
mitochondria is the provision of ATP for muscle contraction.contractile properties of their muscle during cold acclimation
Much as endurance training increases the mitochondriglohnston et al., 1985; Guderley and Johnston 1995; Temple
content of mammalian muscle (Holloszy and Coyle, 1984)and Johnston, 1998; Temple et al., 2000). Cold acclimation
cold acclimation of many fish species increases thalso enhances muscle oxidative capacity for other temperate-
mitochondrial oxidative capacity of skeletal muscle (Sangerzone fish, including chain pickerBlox niger(Kleckner and
1993). This change can be due both to greater mitochondri8idell, 1985), crucian car@arassius carassiuglohnston and
volume densities and to higher oxidative capacities of isolatedlaitland, 1980) and the sticklebacRsingitius pungitiusand
mitochondria. This review examines how the properties oGasterosteus aculeat&uderley and Foley, 1990; Guderley
muscle mitochondria from ectotherms are modified duringet al., 1994, 2001). Overall, both in oxidative and glycolytic
thermal acclimation and seasonal acclimatisation anfish muscle, mitochondria seem to be a primary target of
compares mitochondrial physiology in organisms that remaithermal compensation. This observation is interesting given
active in the cold and those that undergo metabolic depressitimt mitochondria in oxidative and glycolytic fibres experience
at cold temperatures. The mechanisms underlying thes#fferent kinetic environments and patterns of recruitment.
changes will be examined. Little is known about the genetics of the capacity for thermal

acclimation. When the responses of different stickleback

families to thermal acclimation (8/ersus 23°C) were
Mitochondrial responses to cold acclimation and examined, thermal compensation of citrate synthase activity in
mitochondrial thermal sensitivity oxidative and glycolytic muscles was apparent in all families

Amongst ectotherms, fish are particularly interesting for theven though the thermal sensitivity of growth differed
study of muscle mitochondria, given the anatomical separatioronsiderably among families (Guderley and Houle-Leroy,
of fibre types. The standardised methods for measuring001).
sustained swimming (Beamish, 1978; Kolok, 1999) allow Low temperatures could limit mitochondrial performance (i)
the thermal sensitivity of swimming and of mitochondrial by reducing mitochondrial oxidative capacity, (ii) by limiting
performance to be compared. For any given species of fistliffusive exchange between the cytoplasm and mitochondria
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Table 1.Changes in muscle ultrastructure with thermal habitat and thermal acclimation in fish

Mitochondria Lipid
Myofibril droplet  Mitochondrial
Habitat or \Volume volume volume cristae
acclimation Fibre density % sub- density density density
temperature Species type (%) sarcolemmal (%) (%) pmum3)
Antarctic Trematomus newnési (@] 31+1.9 67.8+2.7 36+1.9 3+0.7 35.848.2
Gobionotothen gibberifrods C 15.9+0.7 NA 40.1+0.9 NA 29.63+1.6
Chionodraco rastrospinostés C 20.1+0.7 NA 24.5+1.26 NA 21.52+0.7
Chaenocephalus aceratus C 36.5+2.1 NA 25.1+1.6 NA 20.0+0.8
Sub-Antarctic
Champsocephalus esox (0] 51+2.6 37.945.5 38+2.6 0 43.9+2.1
Summer Eliginops maclovinus (0] 33+7.3 60.1+3.3 45+1.9 0.3+1.0 39.2+3.9
Winter Eliginops maclovinus (0] 31+1.4 69.9+3.1 45+2.1 0.4+0.2 NA
Summer Paranotothenia magellaniéa (0] 27+1.5 65.5+2.3 46+1.7 0.4+0.2 45.1+4.7
Temperate
5°C Morone saxatilig (0] 44.8+2.4 NA 42.8+1.7 7.9+1.4 51.8+1.8
25°C Morone saxatilid (0] 28.6+1.8 NA 65.8+2.1 0.6+0.3 46.9+1.4
5°C Morone saxatilig G 4.0%0.4 NA 85.2+0.5 NA 49.3+1.6
25°C Morone saxatilid G 2.7+0.3 NA 88.8+0.2 NA 52.1+1.5
Winter (1°C) Oncorhynchus mykiés (0] 26.9+0.9 42 56.3x1.5 10.0+1.0 40.2+0.6
Summer (16 °C) Oncorhynchus mykiés (0] 27.0+1.0 41.5 60.3+0.7 7.5+0.6 36.4+1.2
Summer acclimation
5°C Carassius carassi@is (0] 27+2.2 NA NA NA 25.8+1.0
25°C Carassius carassids (0] 11+1 NA NA NA 15.5+0.8
Winter acclimation
5°C Carassius carassids O 21+0.8 NA NA NA 13.9+1.0
25°C Carassius carassids (@] 10+0.7 NA NA NA 10.7+0.1
Autumn acclimation
2°C Carassius carassifis (0] 24+1 34.6+2.8 42+1 NA NA
28°C Carassius carassifis (0] 12+1 22.2+1.2 58+0.8 NA NA

Muscle fibres are oxidative (O), glycolytic (G) or cardiac (C).

Volume densities are % fibre volumiEohnston et al. (1998¥0'Brien and Sidell, 20003Egginton and Sidell (1989¥St-Pierre et al.
(1998);5Kilarski et al. (1996)8Johnston and Maitland (1980).

Values are means£.M. (N values are given in original papers); NA, not available.

or (iii) by modifying the sensitivity of mitochondria to acclimation occur in both cold-active (striped bass, rainbow
regulatory molecules. Mitochondrial oxidative capacities arg¢rout) and cold-inactive (crucian carp) species as well as
typically measuredin vitro, at saturating ADP and carbon occurring in both oxidative and glycolytic muscles. In other
substrate concentrations. How these empirically determinedords, it is important to emphasise that cold-induced increases
capacities compare with the rates attained during intracellulan aerobic capacity also occur in systems that do not require
delivery of adenylates, substrates, oxygen and effectors, is litthegh intensities of mitochondrial metabolism (e.g. cold-
understood, particularly for non-mammalian systems. Giveimactive species and glycolytic muscle).
our lack of knowledge of the conditions under which
mitochondria functionn vivo, it is difficult to assess the exact
nature of the thermal limitations. Mitochondrial proliferation Diffusional limitations
could offset the first two problems, increases in the oxidative Diffusive processes are commonly considered to have low
capacity of isolated mitochondria the first and adjustment ahermal sensitivities, with 9 values approaching unity.
regulatory properties the third. However, within complex biological fluids such as the cytosol,
The numerous studies cited above indicate quantitativdiffusion of small molecules has a thermal sensitivity (within
changes in mitochondrial abundance during thermathe physiological range) similar to that of enzyme-catalysed
acclimation. Most have interpreted these changes in terms pfocesses (Sidell and Hazel, 1987). Such thermal limitations
the catalytic capacity, few have examined other possibilitiesould be overcome by modifying any of the physical or
Analysis of the ‘raison d’étre’ of these changes must take intohemical parameters that establish rates of diffusion.
account that increases in muscle oxidative capacity with colBroliferation of mitochondrial membrane would increase the
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surface area over which diffusion could occur, facilitating ne{Dean, 1969; Jones and Sidell, 1982). The higher levels of fatty
diffusive transfer between the mitochondrial and cytosoliacid binding protein in cold-acclimated striped bass should
compartments. While this would facilitate the delivery offacilitate movement of fatty acids between the lipid droplets
oxygen, carbon substrates and adenylates to the mitochondréadd the mitochondria (Londraville and Sidell, 1996).
compartment, it could be energetically costly, because the Given the role of mitochondria in ATP generation, as well
proton leak (futile cycling of protons across the inneras the potential for rapid generation of phosphocreatine (PCr)
membrane of the mitochondria) increases as a function of innar the vicinity of mitochondria, it is apparent that increasing

membrane surface area (Porter et al., 1996). the mitochondrial volume density in muscle fibres could
Despite its central importance in muscle metabolism, théecrease intracellular gradients for these important molecules.
delivery of oxygen to mitochondrian situ is not well In a novel approach combining nuclear magnetic resonance

understood, partly because of the technical problems aftudies of ATP and PCr diffusion and reaction-diffusion
measuring mitochondrial oxygen affinities and becausanalysis, Hubley et al. (1997) showed that the intracellular
intracellular oxygen gradients may change with shifts indiffusion coefficients of ATP and PCr are not altered by
cellular metabolic rate. According to Gnaiger et al. (1998), théhermal acclimation. Further, the cold-acclimation-induced
higher oxygen affinities of mitochondria from heart comparedncreases in mitochondrial volume density in oxidative muscle
with those from liver are due to the greater excess dfave no impact upon the intracellular gradients of ATP and
cytochromec oxidase (CCO) in heart mitochondria. High PCr. Only at the mitochondrial volume densities typical of
mitochondrial oxygen affinities might facilitate oxygen uptakeglycolytic muscle do the increases resulting from cold
during intense aerobic work. Gnaiger’s inter-tissue comparisoacclimation reduce intracellular gradients of PCr. No effect
suggests that facilitation of oxygen uptake is of centralvas apparent on the concentration gradients of ATP. Thus,
importance in mitochondrial design. That a high proportion ofnitochondrial contents in oxidative muscle, even of warm-
muscle mitochondria are subsarcolemnal, particularly iracclimated fish, seem to exceed greatly the levels required to
Antarctic and sub-Antarctic fish (Table 1), is compatible withminimise gradients of ATP and PCr within the fibres. These
the suggestion that access to oxygen is a limiting factor faesults illustrate that mitochondrial proliferation might serve
mitochondrial physiology. different purposes in red and white muscle.

Sidell and coworkers suggest that the increased lipid
contents of muscle after cold acclimation facilitate oxygen
movements (Egginton and Sidell, 1989; Desaulniers et al., Changes in mitochondrial properties with thermal
1996). Hence, the contact between lipid droplets and acclimation
mitochondrial membranes visible in electron micrographs of The oxidative capacities of isolated mitochondria can
skeletal muscle and the reticular nature of mitochondwé&o  change during thermal acclimation. Mitochondria from the red
could facilitate intracellular movements of oxygen (Longmuir,muscle of 5°C-acclimated sculpiiMyoxocephalus scorpiys
1980; Desaulniers et al., 1996). Such a role is suggested by thave higher rates of pyruvate and palmitoyl carnitine oxidation
mitochondrial architecture in the heart of the icefish(oxygen uptake per milligram mitochondrial protein) at a given
Chaenocephalus aceratusa species that lacks both assay temperature than those isolated from 15 °C-acclimated
haemoglobin and myoglobin. Although the heart mitochondridish (Guderley and Johnston, 1996). Seasonal acclimatisation
are present at high volume densities, their cristae densities doe cold (or decreasing) temperatures also enhances the
fairly low (Table 1), suggesting that maximisation of aerobicoxidative capacity (oxygen uptake per milligram protein) of
capacity is not the prime reason for the mitochondriamitochondria isolated from trout oxidative muscle (Guderley
proliferation. Rather, the high mitochondrial volume densitieet al., 1997; St-Pierre et al., 1998; Guderley and St-Pierre,
would serve to establish an intracellular reticulum within1999). Not surprisingly, these changes are accompanied by
which oxygen could diffuse according to its gradients (O’Briermodifications in the fatty acid composition of mitochondrial
and Sidell, 2000). The problem of effective oxygen delivery aphospholipids. Both the overall level of unsaturation and
low temperatures is underscored by the capacity of fisthe proportion of specific unsaturated fatty acids (22:6)
myoglobins to bind and release oxygen more rapidly at lovin mitochondrial phospholipids increase with cold
temperatures than those from mammals (Sidell, 1998). Overalcclimatisation (Guderley et al., 1997). Although the rate of
these data suggest that, during cold acclimation, botmitochondrial respiration per gram of muscle rises with cold
intracellular lipids and mitochondria proliferate to facilitate acclimation in goldfish, the activity of CCO (international
0oxygen movements. enzyme units per gram muscle) increases considerably more

Nature rarely uses structures for only one purposehan the rate of respiration (Van Den Thillart and Modderkolk,
especially ones with a high energetic value, so it is unlikelf1978). The rise in respiration rate per gram muscle is at least
that intracellular lipids in cold-acclimated fish serve only topartly due to an increased mitochondrial abundance (Tyler and
store and deliver oxygen to mitochondria. Accordingly,Sidell, 1984) but may also reflect increased molecular activities
oxidative muscle from 5°C-acclimated rainbow trout andof the electron transport chain enzymes such as CCO (Wodtke,
striped bass shows an enhanced capacity for lipid oxidation t®81b). In constrast, long-term (>12 weeks) cold (7°C)
comparison with that from warm-acclimated conspecificsacclimation of the sea baBicentrarchus labraxeduces rates
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of glutamate oxidation at 20 °C by mitochondria isolated frongualitative strategies in the response of muscle mitochondria
liver and heart compared with those from 22 °C-acclimatedo thermal acclimatisation, we examined the mitochondrial
bass (Trigari et al.,, 1992). No changes in membrane lipigdolume densities, the cristae surface densities, the oxidative
saturation accompany cold acclimation in sea bass. capacities of isolated mitochondria and the aerobic capacities
Increases in the number of mitochondria and in thef oxidative fibres from seasonally acclimatised rainbow
oxidative capacity per milligram mitochondrial protein aretrout, Oncorhynchus mykis<Cold acclimatisation increases
complementary strategies that both enhance muscle oxidatimetochondrial cristae density without changing mitochondrial
capacity. Whereas greater volume densities of mitochondrigolume density (Table 1) (St-Pierre et al.,, 1998). The
could compromise contractile capacity by reducingsimultaneous increase in substrate oxidation rates per
myofibrillar volume density, increasing the cristae surfacemilligram of mitochondrial protein and in CCO and citrate
density or enhancing the oxidative capacity per milligram ofynthase activities per milligram of mitochondrial protein
mitochondrial protein would not have this negative effect. Imarkedly enhanced muscle aerobic capacity in cold-
oxidative fibres from fish living in a variety of thermal habitats,acclimatised trout. Thus, winter-acclimatised trout achieved a
mitochondria occupy between 10 and 50% of fibre volume&onsiderable increase in muscle aerobic capacity by packing
(Table 1), an impressive variation, particularly consideringnore cristae into their mitochondria and by increasing the
that mitochondrial volume densities in mammalian skeletabxidative capacity per milligram of mitochondrial protein. The
muscle are typically less than 10 % (Schwerzmann et al., 1988ecrease in myofibrillar volume density with cold
Vock et al., 1996). Only cardiac muscle attains similar volumeacclimatisation was due to the increase in the proportion of
densities in mammals (Conley et al., 1995), with the highlyibre volume occupied by lipids (Table 1) (St-Pierre et al.,
aerobic hummingbird muscles reaching 35% and bee arib98).
blowfly muscles at 40-43% (Suarez, 1996). Whereas laboratory acclimation seeks to vary only
The high mitochondrial volume densities in fish oxidativetemperature, in natural habitats, temperature changes in a
muscle may reflect the fairly continuous contractile activity ofcyclic fashion and in conjunction with other environmental
these fibres, particularly in active pelagic fish. It has frequentlyariables. Animals may use decreasing temperatures as a cue
been suggested that, during evolutionary specialisation for loto ‘foresee’ upcoming cold conditions. A given temperature
habitat temperatures, mitochondrial volume densities increasehange may provide a different signal and lead to a distinct
but when closely related fish species with similar activityresponse according to the time of year at which it is
patterns are compared, this relationship only holds for benthexperienced (Kilarski et al., 1996; Seddon and Prosser, 1997;
species (Johnston et al., 1998). Cristae densities vary, boBuderley et al., 2001). Further, the simultaneous changes in
among and within species, with most values lying between 2@mperature and photoperiod may intensify seasonal changes
and 4QumZum3 (Table 1), although values as high as(Taylor et al., 1996). We examined the onset, duration and
72um2um-3 have been reported in mitochondria from tunaeffectiveness of compensatory modifications in maximal
oxidative muscle (Moyes et al., 1992). Thus, at theoxidative capacities of mitochondria isolated from oxidative
ultrastructural level, both the volume fraction and the cristaenuscle of rainbow trout acclimatised to seasonal changes in
surface density of muscle mitochondria can vary durindemperature and photoperiod in an outdoor holding pond.
thermal acclimation and during evolutionary adaptation tdGiven the preference of trout for cool temperatures, we
temperature. Further, the oxidative capacity per milligram opredicted essentially complete compensation of maximal
mitochondrial protein could be enhanced by changes in thexidative capacities at lower temperatures. The mitochondria
properties of membrane phospholipids. show seasonal cycles of their maximal rates of protein-specific
To ascertain the relative importance of ultrastructural andubstrate oxidation at any given temperature (Guderley and St-
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Pierre, 1999). In general, increases in the maximal capacity =

pyruvate oxidation were sufficient to compensate for season
changes in temperature except during the winter months, wh
rates at habitat temperature were depressed relative to ott
periods (Fig. 1).

Overall, there is considerable evidence that therme
acclimation and seasonal acclimatisation of fish lead t
compensatory modifications in mitochondrial properties tha
minimise thermal variation of mitochondrial oxidative
capacity. However, given the mismatch between aerobi
capacity and metabolic rate in many systems (Suarez, 199
Suarez et al., 1997), it is unlikely that muscle mitochondria ar
functioning at these maximal capacities even under extrern
work loads. The high mitochondrial volume densities argue fo
a role in minimising diffusive limitations or increasing
regulatory sensitivity.

Thermal sensitivity of mitochondrial regulatory properties

For several substrate affinities of ectothermal mitochondrie
the impact of temperature is either small or is minimised b
physiological shifts in pH with temperature. The oxygen affinity
of isolated mitochondria from goldfishCérassius auratys
oxidative muscle is independent of temperature (7-30°C
(Bouwer and Van Den Thillart, 1984). The co-variation of pH
with temperature (8-22°C) maintains constant pyruvat:
affinities for mitochondria from rainbow trout muscle (Blier and
Guderley, 1993a). Under similar experimental conditions, th
pH gradient in mitochondria isolated from carp red muscle
remains at approximately 0.4 units at 10, 20 and 30°C (Moye
et al., 1988). Physiological shifts in pH arRto, with
temperature minimise the thermal sensitivity of the succinat
affinity of mitochondria isolated from iguandipsosaurus
dorsalig liver (Yacoe, 1986). For 15°C-acclimated short-horn
sculpin, the ADP affinity of mitochondria from oxidative muscle
is independent of temperature, but in 5°C-acclimated fish
decreases markedly when temperature rises, even when |
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co-varies with temperature (Guderley and Johnston, 1996:. , . , .
However, these studies did not examine whether the !9 2- Cycles in ADP affinity Km) of mitochondria isolated from
‘shvsioloaical shifts in bH with temperature’ actuall Occurredtrout oxidative mqscle after seasonal acclimatisation. Data from
_p y . 9 . P P y Guderley and St-Pierre (1999). Values are meass.it., N=5-9.
in vivoin the tissues under study.

In contrast to the above responses, the ADP affinity o
rainbow trout muscle mitochondria is quite temperature- Thermal independence of mitochondrial sensitivity to ADP
sensitive, with markedly higher apparémt values Kmapp at would seem the simplest means of maintaining regulatory
8 than at 15 or 22 °C (Blier and Guderley, 1993b). ADP is botimechanisms throughout the trout’'s thermal range. We
a substrate for and a regulator of oxidative phosphorylatiotherefore examined whether the thermal sensitivity of the ADP
(Brand and Murphy, 1987). Free ADP levels in fish musclaffinity of trout muscle mitochondria changed throughout the
range from 20 to 10@mol I-1 (Van Waarde et al., 1990), near annual cycle. We hypothesised that, during cold periods, the
the values of the mitochondri#m,app for ADP (Blier and  mitochondria would have a greater ADP affinity at low
Guderley, 1993b; Guderley and Johnston, 1996). Therma&tmperatures. At any given temperature, the ADP affinity of
acclimation (4 and 24°C) does not change adenylate leveisolated mitochondria was highest during cold months,
in oxidative muscle of continuously swimming brook showing a clear annual cycle (Guderley and St-Pierre, 1999)
trout Salvelinus fontinalugWalesby and Johnston, 1980), (Fig. 2). Thus, the estimate®mapp for ADP at habitat
suggesting that seasonal shifts in adenylate concentratiotemperatures showed less seasonal variation than the ADP
would not alleviate the thermal sensitivity of the ADP affinity Km,app at a given experimental temperature. A reduction in
of trout mitochondria. ADP affinity with decreasing experimental temperature
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occurred through much of the year. Only in December and Jugccompanied by alterations in these other environmental
was there no change K appWwith assay temperature. Thus, factors. Metabolic depression is reflected at the cellular level
mitochondria from trout oxidative muscle underwent aby a reduced ATP turnover (Boutilier and St-Pierre, 2000;
seasonal modulation that decreased the seasonal variationByand et al., 2000, 2001). When ATP supply becomes limiting,
mitochondrial sensitivity to ADP. vital cell functions gain priority over accessory ones, thereby
The ADP affinity of mitochondria is set by a variety of leading to a hierarchy of ATP-consuming processes (Buttgereit
processes including, as a minimum, the adenine nucleotidend Brand, 1995). In other words, organisms entering
translocase (ANT) and the 1fATPase. Further, when metabolic depression are analogous to computers working on
mitochondrial ADP affinities are assessed using the ADPpower-saving mode’.
sensitivity of oxygen uptake, changes in the capacity of other The common frodRana temporarisspends several months
components, such as the electron transport chain, maach year in ice-covered ponds (Pinder et al., 1992). During
influence the observed affinities. Changes in membranthis time, the animal does not feed and it can become exposed
characteristics (see below), particularly in the levels ofo severe shortages of oxygen because of reduced rates of
cardiolipin and in the degree of polyunsaturation ofphotosynthesis by aquatic plants. When frogs are submerged
phospholipid acyl chains, influence the activity of membranein cold hypoxic water, to mimic the over-wintering conditions
bound proteins such as ANT and theATPase (Hoch, 1992), under ice cover, they gradually decrease their standard
providing a potential mechanism whereby such seasonatetabolic rate to 25% of that of control animals (with access
modulation could occur. The above demonstration of théo air) after 2 months (Donohoe and Boutilier, 1998). The
seasonal modulation of mitochondrial ADP affinity suggestdiypometabolic state sustained by the frog during over-
that it is a regulated parameter. However, cells rarely allowvintering submergence is mostly aerobic (Donohoe and
their ATP levels to become as low as those used during theBeutilier, 1998). Therefore, the over-wintering frog has been
measurements. The sensitivity of ANT to the [ADP]/[ATP]Jused as a model organism to examine mitochondrial
ratio suggests that the ADP sensitivity in the presence of ATRetabolism during long-term aerobic metabolic depression.
(and its intracellular fluctuations) differs from the values weThe only other ectotherm that has been used to investigate
determined. However, in the absence of acclimatory changélsese responses is the snail. The entry into metabolic
in adenylate levels (Walesby and Johnston, 1980), this shouttepression for the snail is called aestivation because it is
not modify the seasonal patterns. triggered by reduced food and water availability associated
Overall, cold acclimation leads many fish species to modifyith hot temperatures. Most of this section will focus on the
both the abundance and the properties of their musclever-wintering frog, although we will refer to the snail model
mitochondria. Overcoming diffusional limitations, maintaining when appropriate.
oxidative capacity despite decreases in temperature andFor overwintering frogs, skeletal muscle is thought to be
conservation of sensitivity to ADP may underlie these changeprimarily responsible for the overall metabolic depression for
That such changes occur in glycolytic and oxidative musclesvo reasons: (i) it makes up the largest proportion of the frog’s
suggests an ‘aim’ of reducing the use of anaerobic glycolysi®ody mass (Boutilier et al., 1997) and (ii) its metabolic rate
That cold-inactive species also show these ‘compensatorgonforms to oxygen availability (West and Boutilier, 1998)
increases may reflect issues of oxygen delivery (see below) such that a reduced, or even transiently interrupted, blood
the requirements of activity at the cold temperaturesupply leads to a marked skeletal muscle hypometabolism. In
experienced after dormancy. fact, cold-submerged frogs drastically reduce the blood supply
to their skeletal muscle to shunt more blood to the skin for the
extraction of oxygen (Boutilier et al., 1986, 1997). For this
Mitochondrial responses in cold-inactive species reason, the extent of metabolic depression in frog skeletal
In the face of acute environmental stress, the first lines ahuscle is thought to be higher than in any other tissue.
physiological defence are activated within seconds t&ardiomyocytes isolated from metabolically depressed frogs
compensate for the adverse effects on physiological functiondid not display a reduction in respiration rate compared with
If the environmental insult persists, more profound changethose isolated from controls (Currie and Boutilier, 2001).
will occur, leading to a reorganisation of cellular metabolism. The aerobic capacity of frog skeletal muscle and of snalil
In the face of decreasing temperatures, some animals incredsspatopancreas is decreased during metabolic depression, as
their aerobic capacity to stay active, as seen in the previousdicated by a reduction in the activity of citrate synthase (CS)
section. However, other organisms accentuate the effects ahd CCO (St-Pierre and Boutilier, 2001; Stuart et al., 1998a,c).
temperature by reducing their standard metabolic rate to A& reduction in aerobic capacity could be due (i) to a decrease
greater extent than would be predicted hy €ffects alone, a in mitochondrial volume density, (ii) to an alteration in the
phenomenon called metabolic depression. Other harshtrinsic properties of the mitochondria or (iii) to a combination
environmental conditions, including reductions in oxygen,of both. Metabolic depression in frogs led to a greater decrease
food and water availability, can trigger metabolic depressioim the activity of CS in the isolated mitochondria than in tissue
in organisms. However, the importance of temperature ieomogenates (St-Pierre and Boutilier, 2001). Therefore, the
emphasised by the fact that changes in temperature are ofteuction in aerobic capacity of frog skeletal muscle during
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metabolic depression can be explained by changes in tl
intrinsic properties of the mitochondria. No studies have

Table 2.Properties of skeletal muscle mitochondria from
control and overwintering frogs

examined the effect of metabolic depression in ectotherms ¢

Change during

tissue ultrastructure, notably mitochondrial volume density, s overwintering submergence

it is difficult to exclude such changes. Mitochondrial properties (%)
Since overwintering submergence is associated wit CS activity )
hypoxic environmental conditions, it is interesting to examine State 3 ra _58
what happens to the affinity of mitochondria for oxygen. This  giate 4 rae 52
question is particularly important since it was shown that ther  prgion leak rafe 51
is no change in the &affinity of mitochondria when mammals State 3Psovalue? _55
are exposed to hypoxia (Jones et al., 1991). Howeve State 4Psovalue? 0

mammalian cells exposed to hypoxia display a reorganisatic
of their mitochondrial network (Jones et al., 1991). The change during overwintering submergence represents the
Interestingly, the mitochondria isolated from the skeletadifference between values for control and 4-month-hypoxic
muscle of over-wintering frogs showed an increase in affinitysuf’merged frogs as a percentage of the control value.
for oxygen (a decrease Psq) in their active (state 3) state kSt'f'erre and Bouttuher f(2001§St-?F:|gerreP_et al. (zlooggc))b @at
compared with controls (Table 2). At present, it is not knowr'2ken from experiments performed at 3°6t-Pierre et al. (2000a).
whether these changes in mitochondriab-affinity are Citrate synthase (C$)ko values express thém values for oxygen

. 9 L : y for the isolated mitochondria.
accompanied by a reorganisation of the mitochondrial networ
in frog muscle cells. Importantly, the increase in mitochondria
Oq-affinity of metabolically depressed frogs is likely to have
functional implications since the intracellul®o, of their

The mechanism responsible for the reduction in proton leak
skeletal muscle is probably similar to the mitochondfie  rate is a decrease in the activity of the electron transport chain
values during over-wintering submergence. (St-Pierre et al., 2000a). A reduced activity of the electron
In fact, frogs recruit anaerobic metabolism during the initiatransport chain will generate a smaller membrane potential,
period of submergence in hypoxic water, as indicated by atimereby considerably reducing the proton leak rate, because of
elevated plasma lactate concentration (Donohoe and Boutilighe steep dependence of the proton leak on membrane
1998). The plasma lactate concentration decreased steadily gmatential. The reduction in proton leak rate in over-wintering
returned to control values after 2 months of submergence whémgs is not due to a decrease in proton conductance. For cells
the ATP demand was met by aerobic metabolism (Donohad® preserve their metabolic efficiency (P/O ratio), proton leak
and Boutilier, 1998). The vast majority of the lactate enteringate has to be reduced by the same extent as total respiration
the circulation is thought to originate from the hypo-perfusedate. Indeed, it was found that the proportion of total respiration
skeletal muscle (Donohoe and Boutilier, 1999). Takemate devoted to the proton leak was similar in hepatopancreatic
together, these data indicate that the skeletal muscle of overlls from control and eestivating snails (Bishop and Brand,
wintering frogs might be a good example of a compromis€000). The mechanisms behind the reduction in proton leak
between reducing aerobic capacity and facilitating oxygemate in hepatopancreatic cells from aestivating snails are not yet
uptake. known. Together, these results indicate that the proton leak is,
A coordinated reduction in ATP supply and demand isndeed, reduced during metabolic depression to preserve, or
required to enter a viable hypometabolic state. It is oftepossibly even to increase, metabolic efficiency.
assumed that all the resting oxygen consumption of cells is Overall, the data presented above show that a decrease in
used to drive ATP turnover. This is not true. In fact, 20 % ofbxygen consumption rate at the animal level can be equalled
the standard metabolic rate (SMR) of a mammal is used tt the tissue, cellular and mitochondrial levels, supporting the
drive the proton leak (Rolfe and Brown, 1997). The proton lealdea that metabolic depression is reflected at all levels of
is also thought to be an important contributor to the SMR irbiological organisation.
ectotherms. Upper estimates of the contribution of the proton
leak rate to the resting respiration rate of hepatocytes from
lizard, lamprey, frog and snail are around 25% (Brand et al., How are mitochondrial contents/properties changed
2001). Knowing that many organisms decrease their metabolic during thermal acclimation?
rate to 20 % of control levels during metabolic depression and Tissue oxidative capacities can be increased by enhancing
that the proton leak accounts for approximately 20 % of SMRthe oxidative capacities of existing mitochondria, by increasing
it is imperative that the proton leak is reduced inthe number of mitochondria or by a combination of the two.
hypometabolic states, otherwise the remaining metabolisi@iven the influence of the membrane environment on the
would be extremely inefficient. The proton leak rate offunctioning of membrane proteins, changes in membrane
mitochondria isolated from the skeletal muscle of frogscomposition are a prime mechanism by which the oxidative
submerged in hypoxic water for 4 months is half that oftapacities of existing mitochondria can be modified.
controls (Table 2). Considerable remodelling of the phospholipid and fatty acid
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composition of mitochondrial membranes occurs durind-andrey, 1988a,b; Carey and Hazel, 1989). In contrast,
thermal acclimation (Wodtke, 1981b; Van Den Thillart and Dechanging the proportions of long-chain, polyunsaturated
Bruin, 1981; Hazel and Williams, 1990; Hazel, 1995). In factfatty acids requires weeks of thermal acclimation. Specific
homeoviscous adaptation (i.e. the maintenance of a constastiospholipids may demonstrate distinct changes in their
membrane fluidity) of mitochondrial membranes duringacyl chain saturation with thermal acclimation. Thermal

thermal acclimation is more complete than that in otheacclimation shifts the relative abundance of phospholipid
subcellular fractions in green sunfiglepomis cyanellydiver  classes in the inner and outer hemilayers of the inner
and goldfish brain (Hazel and Williams, 1990). mitochondrial membranes.

If changes in membrane composition with cold acclimation To identify the phospholipid categories in these hemilayers,
have a compensatory impact upon catalytic rates of membran@toplasts are prepared from the isolated mitochondria and
proteins, molecular activities of membrane proteins shouldeacted with a non-penetrating marker to identify PE. Cold-
increase during cold acclimation. Wodtke (1981a,b) addressextclimated rainbow trout have a higher proportion of PE in the
this question in oxidative muscle of carp with concurreninner hemilayer of the inner mitochondrial membrane than
measurements of CCO activity and cytochraareg contents  warm-acclimated trout (Miranda and Hazel, 1996). Given that,
in tissue fractions and isolated mitochondria. Cold- and warnen average, only a small number of lipid molecules is thought
acclimated carp do not differ in the concentration ofto separate membrane proteins or protein aggregates, localised
mitochondrial cytochromes per milligram mitochondrial changes in membrane properties may be critical in establishing
protein, but differ markedly in the molecular activity of CCO, the activities of membrane proteins (Somero, 1997). However,
measured at a common experimental temperature. While tliee considerable mobility of membrane lipids suggests that
turnover numbers for the carp enzyme are considerably lowspecific lipid/protein interactions may be exceptional and that
than those of honeybees, they are within the range of valugeneral membrane properties are central in determining the
obtained for rat heart (Suarez et al., 1999). The increases timolecular activities of membrane proteins.
succinic dehydrogenase and CCO activity per milligram of Despite the considerable information indicating marked
protein in the mitochondrial fraction of skeletal muscle duringchanges in membrane properties with thermal acclimation, it
cold (10versus32 °C) acclimation of goldfish and carp can beis important to recognise that other abiotic parameters, such as
explained by changes in the lipid composition of thesalinity and pressure, and intracellular conditions specific to
mitochondrial membrane (Hazel, 1972a,b; Wodtke, 1981athe species under study may influence membrane lipid
Given the differences in the acclimatory responses of a variegomposition. A case in point is provided by the differences in
of ectotherms, it would be interesting to ascertain whethemembrane acyl composition that reflect the presence of urea as
membrane-based modifications in the molecular activity o&n intracellular solute in elasmobranchs. The membranes of
mitochondrial cytochromes form a common response duringlasmobranchs have much lower polyunsaturated fatty acid
thermal acclimation. contents and shorter fatty acid chains than those of non-urea-

Cold exposure produces an initial activation of #i®  retaining fish living at the same temperature and salinity
desaturase in carp liver endoplasmic reticulum that follows th@Glemet and Ballantyne, 1996). Such specific effects must be
same time course as the changes in membrane order (Wodtiansidered when interpreting the functional significance of
and Cossins, 1991). Only the secondary increase in desaturasembrane properties. Nonetheless, the maintenance of
activity appears to be due to synthesis of additional enzymejembrane function during thermal acclimation seems to reflect
as reflected by the increases in the levels of its mMRNAs (Gracepanges in membrane composition more than physicochemical
et al., 1996). The activation of the desaturase is central to tlthanges in the surrounding fluids (Hazel et al., 1992).
modifications of phospholipid acyl chain composition during Although the changes in mitochondrial phospholipids
cold acclimation. These observations suggest that the activigupport the concept of homeoviscous adaptation, it is important
of membrane proteins can be changed without changing thd recognise that many membrane systems respond to thermal
number simply by modifying the physical properties of thechange in ways that do not. Overall, Hazel (1995) argues that
phospholipid bilayer. the maintenance of the dynamic properties of membranes

Thermal acclimation leads to specific changes in the acyhrough changes in phospholipid structure seems better able to
composition of the membrane phospholipids as well as to shifexplain the range of membrane responses to temperature.
in the proportions of the different phospholipid head-groupslnstead of emphasising the fluidity at a given body
Typically, cold acclimation increases the proportion oftemperature, this interpretation underscores the importance of
phosphatidyl ethanolamine (PE) to the detriment ofadjusting the temperatures for membrane phase transitions [the
phosphatidyl choline (PC) and increases the proportion dfuid—gel transition and the transition to inverted vesiclas (H
unsaturated fatty acids (Hazel and Williams, 1990; Hazelransition)] so that the organismal temperature is centred
1995). The membrane-destabilising effects of PE wouldbetween them (Hazel, 1995). Such adjustments preserve the
facilitate function at lower temperatures. Changes in theapacity for membrane traffic yet prevent these activities from
proportions of the phospholipid head-groups and of saturateztcurring in an unregulated fashion. Adjustment of the balance
and monoenoic species in trout kidney plasma membrane ocdoetween bilayer-stabilising and bilayer-destabilising lipids
within hours of the onset of thermal change (Hazel andbecomes the principal means of regulating dynamic phase
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behaviour. Virtually all the changes in mitochondrialthe activity of the proton pumps. They suggest that the
phospholipids during cold acclimation maintain the dynamicequestration of cardiolipin within the hepatopancreas cell
phase behaviour of the membrane. Thermal acclimatiofacilitates a rapid return to normal activity once aestivation is
can require the production of new mitochondria, so thdéerminated.
maintenance of a capacity for membrane fusion and access to
the H transition will be required.

A fundamental relationship between membrane properties ~ Coordination of the production of mitochondria
and the activities of membrane enzymes forms the basis for anWhenever mitochondrial proliferation occurs, it requires
intriguing hypothesis suggesting that membrane acyl chaicoordinated control of the nuclear and mitochondrial genomes,
composition acts as the pacemaker for basal metabolic raaeljustments for differences in message half-lives to maintain
(Hulbert and Else, 1999). These authors point out that most ttie required stoichiometries and a measured production of
the processes that determine metabolic rate are carried out jplyospholipid bilayers into which the membrane proteins are
membrane-bound systems (ion pumps, the proton leak, protaimcorporated. Further, the rate of production of mitochondria
synthesis, oxidative phosphorylation, etc.). They proposewust exceed their rate of breakdown during the normal
that membrane polyunsaturation increases the activity dfirnover of cellular constituents. While most mitochondrial
membrane-bound proteins, accelerates leak-pump cycles aprbteins are encoded in the nuclear genome, a significant
thereby increases the cost of maintenance of cellulalumber of critical membrane-bound respiratory proteins are
homeostasis. By formalising the central role of protein/lipidcoded in the mitochondrial genome. No single master control
interactions in setting metabolic rate, this hypothesis unifiegene has been found that controls mitochondrial proliferation.
many observations concerning the determination of bas&lonetheless, several proteins are involved in the control of
metabolic rate and membrane composition in mammals. It isoth the nuclear- and mitochondrial-encoded respiratory
valuable to evaluate thermo-acclimatory adjustments ofenes. Although at least eight factors are known to modulate
membrane composition in this context, particularly since manthe transcription rates of genes for mitochondrial proteins, a
of the adjustments of membrane composition occur both wheshared sensitivity to these regulatory factors could allow
isolated cells from ectotherms and when the intact organisnt®ordinated expression of the mitochondrial components
are exposed to thermal change (Hazel, 1995). Althoug{Moyes et al., 1998). As described below, these considerations
increases in membrane unsaturation will enhance the activityave recently been brought to bear on mitochondrial dynamics
of membrane proteins, they will also accelerate the leak-pungturing thermal acclimation. The marked proliferation induced
cycles. Differential impacts on the leak or pump function couldy cold acclimation in some species (i.e. cyprinids and striped
modify tissue energetic requirements and be important durinigass), the anatomical separation of muscle fibre types and their
adjustments of metabolic rate. use in distinct swimming behaviours suggest that piscean

A fascinating insight into the importance of rearrangementsodels may help elucidate fundamental properties of the
in membrane lipids comes from the aestivation-inducedontrol of mitochondrial biogenesis in muscle.
changes in mitochondrial membranes of snail hepatopancreasTo elucidate the control patterns operative during
(Stuart et al., 1998a,b). As temperature change is not requiredtochondrial proliferation, the time scale and stoichiometries
to induce eestivation, these membrane changes can bE& protein and message production and the changes in
interpreted solely in the context of the determination oftandidate regulatory factors need to be determined. Despite
metabolic requirements. Perhaps the most dramatic result is th@0-fold differences in the activities of CS in a range of trout
similarity in the decreases in mitochondrial cardiolipin contentissues, the contents of CS mRNA per milligram of DNA and
and tissue activity of CCO. The phospholipid content of théhe activity of CS per CS mRNA varied less. The ratio of
mitochondrial fraction was drastically reduced by eestivationmitochondrial RNA (mtRNA) to mitochondrial DNA
whereas the protein content of the mitochondrial fraction wagntDNA) was higher in skeletal muscle than in other tissues,
unchanged. The CCO activity in the mitochondrial fractiondespite lower levels of mtDNA per gram (Leary et al., 1998).
was high and unchanged by aestivation (Stuart et al., 1998aIthough cold acclimation significantly increased the activity
Aestivation also causes profound changes in the fatty aciof mitochondrial enzymes (CS and CCO), particularly in
composition of all phospholipid classes and in the proportionglycolytic muscle, no increase in mitochondrial mMRNAs (for
of the phospholipids in mitochondria from snail CCO and k-ATPase), ribosomal RNA (rRNA) or mtDNA
hepatopancreas. That hepatopancreas phospholipid content dapy number were observed, perhaps because of the
not decrease suggests that the cardiolipin lost from theonsiderable variability among individuals (Battersby and
mitochondria may be sequestered elsewhere in the cellsloyes, 1998). The increases in activity occurred for both
Cardiolipin molecules had a markedly greater content ofmatrix and membrane-bound enzymes, so changes in the
saturated fatty acids in aestivating than in active snails (Stugshospholipid bilayer cannot be the cause. Since the number of
et al., 1998b). These authors suggest that these changes redumgies of mtDNA did not change with thermal acclimation, a
the metabolic requirements of the hepatopancreas Isimple increase in copy number is not the basis of the enhanced
decreasing the surface area over which the proton leak, a magxpression at low temperature.
determinant of basal metabolic rate, occurs as well as reducingThe temperature-dependence of the expression of CCO
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differs between permanently cold-adapted and temporallihermal sensitivity of the regulatory elements that set the rates
cold-acclimated zoarchid fishes. For permanently cold-adaptesf HSP synthesis may reside in the molecules themselves.
Antarctic eelpout RPachycara brachycephalymand warm-  Clearly, the role of these chaperones is critical in maintaining
acclimated North Sea eelpouto@rces viviparugs low levels  cellular populations of healthy proteins, so their influence will
of enzyme activity correspond with low levels of mitochondrialbe considerable during the adjustment of cellular contents of
message. Cold-acclimation of the North Sea eelpout onlgnitochondria. It will be fascinating to compare the regulatory
slightly increases the amount of mMRNA for two mechanisms controlling mitochondrial properties in systems
mitochondrially encoded CCO subunits (CCOI and CCO llundergoing metabolic depression at low temperatures with
RNA per milligram of total RNA), but markedly enhances thethose operative in systems showing thermal compensation of
mRNA levels per gram of white muscle (Hardewig et al.,oxidative capacities.
1999). Similar trends occurred for nuclear message, resulting
in higher levels of message for a given enzyme activity in the The preparation of this review was facilitated by research
cold-acclimated North Sea fish. Cold acclimation seems tfunds provided by NSERC to H.G. and benefited from
perturb a general relationship between specific respiratory geagscussions with Tony Hulbert as well as from the thoughtful
message content and translation or post-transcriptiongbmments from two anonymous reviewers.
processes. Effectively, long-term cold adaptation seems to
have led to a compensation of translational capacity that does
not occur dur!ng ;hort—term cold accllmatlop. _ References
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