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Energetic aspects of cold adaptation:
critical temperatures in metabolic, ionic
and acid-base regulation?

HoBQOER.wm considered to be one of the most important abiotic factors
shaping marine ecosystems due to its major impact on all biological pro-
cesses. ,;.Qamoﬁ@ low or high temperature extremes characterise the limits of
geographical distribution of many species, and global change has already
caused a change in the distribution of species (Southward, Hawkins &
Burrows, 1995). An investigation of marine ectotherms mcﬂss,:m in season-
ally or permanently cold ocean environments and their comparison with
oc_c:.,c:sm from temperate and warm waters should help to reveal those bio-
ormd:om._ or physiological mechanisms which determine geographical distri-
bution .:B:m. These studies should also reveal which molecular, cellular and
mv\wﬁﬂén.?:onozm have been shifted to levels compatible S:m the steady-
state maintenance of all life-sustaining processes in the cold. In permanent
cold, the latter must also include growth and reproduction, whereas durin
seasonal oo._a exposure these processes may be suspended. “ ¢
Adaptation to cold started from life forms that evolved in warm waters
(e.g. Arntz, Brey & Gallardo, 1994; Thiel, Portner & Arntz, 1996). Therefore
:ﬁ o:méo.ﬁim:om of the adaptational process must be seen in the light OW
.::m evolutionary trend. Cold adaptation then becomes a special physiolog-
ical feature rather than a basic ability of all life forms. If life conquered the
cold after having evolved in warm waters, the question arises about what
c.,\aﬁ.m.ﬁra limiting factors in this adaptational process and how would these
limiting factors affect the whole organism, thereby preventing an easy access
to ,ooE ocean environments. Animals from latitudes outside the polar
regions are therefore included in our analysis, in order to elaborate the
general validity of those adaptational strategies. As a first step, critical
thresholds aana to be defined beyond which steady-state ?:osm: 1s no
longer possible. Furthermore, physiological or biochemical characteristics
or processes have to be identified which are responsible for limiting survival
In a logical second step, key processes of physiological and Eoo:o::o&
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adjustment should be identified which support seasonal and permanent life
in the cold. and which allow for a shift in tolerance and distributional limits
under different and changing temperature regimes. Certainly, research has
not yet provided final answers to these questions and the present study is
intended to summarise current knowledge and stimulate further research in
this direction.

Critical temperatures

As a first step towards a deeper understanding of the integrated regulatory
cascades leading to adaptation in cold ocean environments, the mechanisms
and limits of adaptation to cold were investigated in temperate zone animals
(Zielinski & Portner, 1996: Sommer, Klein & Portner, 1997). The marine
sipunculid worm, Sipunculus nudus, is a suitable invertebrate model for an
animal without a circulatory system and, generally, with a simple organisa-
tional level at the low end of the animal kingdom. In its natural environment
in sandy sediments of the intertidal zone around Brittany, France, this worm
is subjected to regular fluctuations of environmental parameters like oxygen
and CO, levels as well as temperature, and modifications of cellular set
points are required to adjust to these fluctuations. Long-term exposure to
unfavourable conditions (low oxygen and high CO, levels) is tolerated, based
on an adaptive drop in metabolic rate (Hardewig ef al., 1991; Portner,
Reipschliger & Heisler, 1997). However, fluctuations of abiotic factors will
only be tolerated within certain limits. Limiting temperature thresholds may
be reached during seasonal fluctuations. Extremely low temperatures includ-
ing winter frost are very rare in the worm'’s natural environment, and if low
temperature is a limiting factor these animals should show stress effects
during cold exposure.

In a study with cannulated animals dwelling in their natural burrows the
correlated changes in ventilatory activity, gas exchange and the mode of
energy production were investigated, using anaerobic metabolites as stress
indicators since they will indicate insufficiency of acrobic ATP production
and transition to a time-limited situation (Ziclinski & Portner, 1996).
Ventilation decreased sharply below 4 °C, and blood gas values as well as
tissue metabolite levels indicate that hypoxia developed owing to insufficient
oxygen supply. Succinate and volatile fatty acids like acetate and propionate
accumulated in the body wall musculature and in the coelomic fluid. These
metabolites are formed in the mitochondria, emphasising that insufficient
oxygen supply elicits anaerobic metabolism. Obviously, a low critical temper-
ature exists in S. nudus (between 4 and 0 °C), that is characterised by a failure
of ventilation and the transition to anaerobic metabolism which finally
causes death of the animals.



90 H.O. PORTNER el al.

Critical temperatures in Arenicola marina
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Fig. .p. Low (Tc,) and high (Tc,) critical temperatures in the lugworm
Arenicola marina, are characterized by the accumulation of anaerobic gm
c«omco».m. especially acetate. Both Tc, and Tc,, shift to lower values during
mawgm:cm. to cold. They are found at lower values in animals collected at
higher latitudes, e.g. the Russian White Sea, indicating cold adaptation
(based on data by Sommer et al., 1997, *=significantly different from con-
:w_m. P<0.05). In polar ectotherms, Tc, falls to below freezing associated
with a large reduction in the distance between Tc, and Tc,, (see text, sup-
ported by findings of H.O. Portner, L. Peck, S. Nmo::mﬁ M L.Z. Oo,simv\
unpublished data, in the Antarctic bivalve Limopsis marionensis). ,

<<on.x with Arenicola marina, another animal model well studied in
Emom_w research, provided a comparison of low and high critical tempera-
tures in populations of the same species in a latitudinal gradient (Sommer et
al., 1997, Fig. 1). A. marina is found from the Mediterranean to the Zoz.r
Sea, and w.ﬂm distribution ranges via Norway to the Russian White Sea
Although, in contrast to S. nudus, this species possesses a well-developed n:_
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culatory system, temperature stress also leads to insufficient oxygen supply
and a transition to anacrobic metabolism. The comparison of populations
from different latitudinal areas revealed that critical thresholds as defined
above are set to low and high values depending on the latitudinal and sea-
sonal temperature regime. When the animals experienced temperatures
beyond low and high critical thresholds while dwelling in their natural
burrows, they accumulated largely acetate, but also propionate in their body
fluids. It appears that both low and high critical temperatures are character-
ised by the transition to anaerobic mitochondrial metabolism. Both temper-
ature thresholds are set to lower values in White Sea than in North Sea
animals (Fig. 1). During winter adaptation of North Sea animals, the low
critical temperature was also found to decrease, but a value 1-2 °C below
ambient was not eliminated when animals collected at 2 °C in January were
kept at 2 °C in the laboratory. Consequently, animals leave the intertidal zone
and migrate to areas below the low water line to avoid lethal cold exposure
(Werner, 1956). Even animals exposed to seawater without sediment showed
a transition to anaerobic metabolism in the cold, a phenomenon not evident
in S. nudus. The comparison suggests that not only ventilatory mechanisms
but also the performance of the circulatory system is prone to being dis-
turbed by cold exposure, emphasising the threat of functional hypoxia.
Further studies suggest that cold-induced anacrobiosis also develops in crus-
taceans such as the shore crab Carcinus maenas (DeWachter & Portner,
1997).

The complete set of mechanisms involved in cold adaptation is still
unclear, but these data emphasise that mechanisms are required to eliminate
the threat of functional hypoxia. North Sea animals appear unable to adjust
to polar conditions and are less able, in general, than the White Sea animals
to shift critical temperatures (Sommer, Hummel & Portner, 1996). White Sea
animals adjust to Arctic water temperatures during winter and it is now
known that these animals are genetically distinct from the North Sea popula-
tion (Sommer ef al., 1996). The pattern of metabolite accumulation during
temperature-induced anaerobiosis suggests that anacrobic mitochondrial
metabolism is more vno:%c:ooa in White Sea than in North Sea specimens
(Sommer et al., 1996, 1997).

Cold adaptation is therefore linked to the necessity to overcome the threat
of cold-induced functional hypoxia. This process may contribute to the
development of a high sensitivity to high temperatures (cf. Somero, 1991),
i.e. a low upper Tc, Tc,; . Obviously, the distance between critical tempera-
tures does not remain constant during evolutionary cold adaptation but
rather falls when cellular functions in the cold are optimised (Fig. 1). It may
very well be that the drop in the distance between the Tcs is obligatory for
maintaining all life-sustaining functions in the extreme cold. The molecular
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5morm:_m5m responsible for setting the Tcs are currently under investigation
mmnmo—m:,u\ those shifting the low Tc to below polar ambient ESvoEEBﬁ,
.\/amwnw:o.:m_ changes would include, among others, a rise in acrobic omcmm_
:.u\ (combined with mitochondrial proliferation, as found by Egginton &
Sidell, _.omo in fish muscle), improvement of muscle function and nervous
oomaco:SQ by adjustments of ionic exchange mechanisms (see below), and
m&cmﬁamim of the metabolic machinery (for example, enzyme ncws,::om
and kinetic properties, see Vetter & Buchholz, this volume; Guderley, this
<o~.c5ov. These changes overall can be summarised as ABmEmo:o cold Lamv-
E:os“ G.Em_ et al., 1996). This definition should be preferred over the histor-
ical definition, which is restricted to the view that the adaptation 8, low
temperature may be associated with energy expenditures elevated above the
decrease expected from the Q,, effect. This is a continuing area of discussion
(see Clarke, this volume; Somero, this volume). ,

5. this context, we hypothesise that mitochondrial proliferation as
required @czsm cold adaptation would inevitably lead to elevated metabolic
rates, not just owing to the transient cost of mitochondrial synthesis, but also
m.o Ea,oo,ﬁ Qa mitochondrial maintenance which comprises Em,vmmw::a
idling oﬂ 8..80:0:&1& oxygen consumption associated with the mainte-
nance o,m 1onic gradients and the compensation of H* leakage across mito-
c:.o:Q:m_ 303@3:3. In consequence, it will be more costly to maintain
mitochondria in the same volume of tissue or animal than other cellular ele-
ments. In support of this hypothesis, we found consistently higher rates of
oxygen consumption in populations of the same species (), Arenicola marina
from the sub-Arctic White Sea than from the more temperate North Sea
c<.:m: the two populations were compared at identical temperatures over m
@am temperature range (A. Sommer & H.O. Portner, unpublished observa-
tions). A comparison of fiddler crab populations (animals reared in the labo-
ratory csaon the same conditions) from along the North American Atlantic
coast yielded m::mm.q results (Vernberg & Costlow, cited in Cossins & Bowler,
1987), even suggesting genetic differences to develop in a latitudinal mnm&o:m
It éo:E be difficult to draw this conclusion from traditional W:Hoavnommm.
comparisons.

. These considerations also fit the widely held principle that animals with a
:_mron level of activity or cost of locomotion must exhibit higher standard or
resting metabolic rates than more sluggish species in order to attain high
rates of metabolism during exercise. Extreme differences in this respect are
seen between fish and squid where, owing to the costly mode of swimming in
squid, rates of resting metabolism are about ten times higher in squid than in
on:w:% mo.:<@ fish in order to allow for the extreme rates of oxygen consump-
tion at high swimming speeds (cf. O'Dor, Portner & Shadwick, 1990)
Further support of this concept arises from the finding that a mo<m: :58.
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higher rate of oxygen consumptioninan endotherm (the rat) compared to an
ectotherm (a lizard) can be explained by the observation that overall mito-
chondrial density and mitochondrial leakiness for H* is higher in the rat
than in the lizard (Brand ei al., 1991). More precisely, the level of standard
metabolic rate is correlated with the total area of inner mitochondrial mem-
brane and its degree of leakiness for H' according to body size, the level of
endothermy (Brand, 1990; Brand et al., 1992) and, most likely, the level and
scope for activity (see above) of an animal. According to Brand (1990) a dou-
bling of the number of mitochondria (of inner membrane surface area)
without a concomitant rise in ATP demand will cause oxygen consumption
to rise by 50 to 75%. The cost of maintaining the mitochondria (i.e. of com-
pensating for the H" leak) is estimated to comprise up to 45% of the respira-
tion rate of the individual cell or up to 70 % of the increment in respiration
rate associated with an elevation of mitochondrial density! These numbers
are vague estimates but qualify the price for maintaining a high aerobic
capacity as needed for a maximisation of aerobic scope of activity (e.g. in
squid) and immediately explain why an organism should strive to minimise
the number of mitochondria and maximise ‘fuel economy’ in accordance
with its mode of life and level of activity.

This discussion already suggests that with an obligatory mitochondrial
proliferation in the cold, only a modification of inner mitochondrial mem-
brane or a reduction of its surface area (both processes leading to a reduced
leakiness for H*) may offset some (but probably not all) of the metabolic rate
increment following mitochondrial proliferation. This may be associated
with a drop in mitochondrial oxidative capacity. Accordingly, mitochondria
from fish living in permanent cold were modified to exhibit lower capacities
of substrate oxidation and rates of oxygen consumption than mitochondria
of temperate zone fish acclimated to cold water (Guderley & Johnston, 1996;
Guderley, pers. comm.). To compensate for the Q,, effect the latter showed
marked increases in oxidative capacity at low temperature (Guderley &
Johnston, 1996), an adaptational change which was obviously reversed
during evolutionary ¢old adaptation (Johnston ¢/ al., 1994, Fig. 2), possibly
associated with the adoption of a low activity mode of lifestyle (cf. Clarke,
this volume; Thiel et al., 1996).

In conclusion, mitochondrial proliferation leads to a higher cost and may
contribute to an increment in whole animal standard metabolic rate in the
cold which compensates for (some of) the Q, effect (metabolic cold
compensation). This metabolic rate increment is required to shift Tc, to lower
temperatures but will inevitably cause Tc,, to fall as well (Fig. 1). It may be
balanced by a reduction in other processes like motor activity thus reducing
the rise in SMR (Fig. 2). However, there may be further processes associated
with a higher cost of maintenance than expected from the Q,, effect. One of
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Fig. 2. Modelled depiction of the adjustment of mitochondrial density and of
the H* leakiness of inner mitochondrial membranes during seasonal or latitu-
dinal cold adaptation. The model assumes that an increase in mitochondrial
density and aerobic capacity (possibly also via an increase in the surface area of
cristae, Archer & Johnston, 1991) offsets the Q,, effect on standard metabolic
rate (SMR, measured as the molar rate of oxygen consumption, Zowv and
aerobic capacity. for cxample, during seasonal cold (if activity levels are to be
maintained and seasonal dormancy docs not occur). This process which very
likely contributes to a shift of Te,and Tcy, to lower values (cf. Fig. 1), may partly
be compensated during progressive evolutionary (latitudinal) cold adaptation
at elevated levels of mitochondrial density when a reduction in aerobic capac-
ity may occur to minimise futile proton cycling and associated energy dissipa-
tion. This is postulated to be achieved by a reduced H* leakiness of inner
mitochondrial membranes (supported by a modification of the membrane or a
reduction in surface area) and is interpreted to allow for even further reduction
of the Tes. Note that cold acclimated mitochondria (‘seasonal cold”) exhibit a
higher oxidative capacity if compared to warm acclimated mitochondria at the
same temperature (for further discussion and references, see text).

pH regulation and metabolic energetics 95

them may be especially important in marine fish, which are hypoosmotic rel-
ative to the ambient medium. In contrast to marine invertebrates, fishes
maintain ion concentrations lower than ambient in the blood. Since the
inward diffusion of ions along the osmotic gradient is only slightly altered by
temperature, the metabolic costs for the elimination of surplus ions are main-
tained at low temperatures, whereas other metabolic processes such as
respiration are more temperature-dependent. In the following section, the
adaptive flexibility and cost of ion regulation will be dealt with in more
detail.

Membrane transport mechanisms
Temperature effects on the cost of ion regulation

The preservation of ion balance despite changes in body temperature is
crucial for ectothermal animals in order to maintain vital cellular functions.
Ton homeostasis is influenced by active ion pumping, mostly via Na*/K*-
ATPase, and opposing dissipative ion fluxes. Those dissipative fluxes,
referred to as ‘leaks’, are caused by the diffusion of ions along the electro-
chemical gradients either non-specifically or mediated by specific pathways,
such as cotransport, antiport, or propagation of electrical signals through
voltage-gated channels.

Pump and leak processes are differentially affected by temperature
changes. While Na*/K *-ATPase displays a Q,,of 24 (Ellory & Hall, 1987;
Raynard & Cossins, 1991; Gibbs, 1995), leak processes are relatively temper-
ature insensitive with Q,, values close to unity (Ellory & Hall, 1987; Raynard
& Cossins, 1991). The disparity in Q,, values of the two opposing processes
seems to widen at low temperature: generally, Q,, values for most physiolog-
ical processes, including Na*/K*-ATPase activity, increase with decreasing
temperature, whereas the Q,, for passive K* flux in red blood cells is smaller
at low than at high temperatures (Hall & Willis, 1986). Accordingly, Raynard
& Cossins (1991) found almost identical Q,, values for pumps and leaks in
rainbow trout red cells between 20 and 10 °C. A disparity occurred only
between 10 and 0 °C, E:m_.n_;:m Q, for Na'/K'-ATPase increased to 3.3,
while the Q,, for passive K* flux remained low at 1.4. This differential effect
of temperature on ion movements may lead to an excess of dissipative fluxes
over active ion pumping during cold exposure unless the organism is able to
compensate for the difference in temperature sensitivity of these pathways.
The necessity of compensatory mechanisms may be especially important
during exposure to temperatures close to freezing, where the mismatch of
Q,, values is particularly distinct.

Much literature is available on the compensatory mechanisms utilised to
maintain ion homeostasis during seasonal acclimation to low temperatures
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(Stuenkel & Hillegard, 1980; Raynard & Cossins, 1991; Rady, 1993; Ventrella
et al., 1993). However, data on the evolutionary adaptation to subzero tem-
peratures in Antarctic species or polar species in general are scarce.
According to the foregoing explanations Antarctic species are confronted
with large dissipative ion fluxes, comparable to those in temperate species.
This is particularly important in Antarctic teleosts, which are hypoosmotic
to the ambient sea water, facing large inward fluxes of inorganic ions that
have to be counterbalanced by appropriate rates of active ion pumping.
Marine invertebrates, on the other hand, are isoosmotic to seawater and ion
balance may therefore be less affected by temperature changes. However, gra-
dients between haemolymph and ambient water are maintained for individ-
ual ions such as K+ and Mg?*. In addition, ion gradients (for Na*, K, etc.)
over cell membranes have to be maintained in all organisms despite tempera-
ture changes.

Generally, two strategies are possible to compensate for the differential
effects of temperature on pumps and leaks: either the activity of ion pumps is
upregulated during acclimation or adaptation to cold to match the relatively
temperature insensitive dissipative fluxes, or mechanisms are employed to
reduce those fluxes (Hochachka, 1988). A unifying trend is not yet visible,
research has predominantly been carried out in fish, but much less is known
about invertebrates.

Upregulation of pump activity in the cold

A compensatory increase in Na*/K*-ATPase activity during (seasonal) cold
acclimation has been observed in different tissues of several eurythermal
teleosts such as Atlantic cod Gadus morhua, trout Oncorhynchus mykiss, carp
Cyprinus carpio ot roach Rutilus rutilus (Raynard & Cossins, 1991;
Schwarzbaum, Wieser & Niederstitter, 1991; Schwarzbaum, Niederstatter
& Wieser, 1992a; Rady, 1993; Staurnes e? al., 1994, cf. Fig. 3). The increase in
Na*/K*-ATPase activity can either be due to an enhanced number of carrier
molecules or to an increased catalytic activity of individual transporters. In
the fresh water roach R. rutilus , the increase of Na*/K *-ATPase activity in
kidney and hepatocytes was at least partly due to an increase of the number
of pumps as determined by ouabain binding studies (Schwarzbaum e? al.,
1991, 19924). While the binding sites in hepatocytes increased by a factor of
1.9 between fish acclimated to 20 and 5 °C, a 4.4-fold increase was observed
in the kidney. Surprisingly, pump density decreased in gills at low acclima-
tion temperatures despite a positive compensation of Na*/K*-ATPase activ-
ity (Schwarzbaum et al., 1991). In trout erythrocytes, acclimation
temperature had no influence on the number of ouabain binding sites, while
total Na‘/K '-ATPase activity was elevated in the cold (Raynard & Cossins,
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From seasonal to latitudinal cold adaptation
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Fig. 3. Modelled depiction of the adjustment of cellular Na*/K*-ATPase
levels during scasonal or latitudinal cold adaptation. Acclimatisation to
seasonal cold is interpreted to reflect the short-term response to cold
whereas latitudinal cold adaptation reflects evolutionary adjustment to no_a,
::xna. to a secondary reduction of the initial increment of Na*/K*-ATPase
capacity. Downward arrows represent passive fluxes of the respective ions,
the magnitude of dissipative flux being represented by line thickness.
Question marks indicate that nothing is known about the potential adjust-
ment of acid-base exchangers (represented by the Na*/H*-exchanger)
during cold exposure. During seasonal cold the larger question marks indi-

cate :g..«: an :v_dw,_:_u:os of the Na*/H'-exchanger is expected owing to
large dissipative proton fluxes (sec text).

S.E ). The difference in response between different cell types may correlate
&:3 the cellular protein turnover and biosynthetic capacity of the respective
tissue. 4\:.:@ highly active tissues such as kidney and liver produce more
enzymes, tissues with a lower capacity of biosynthesis like red blood cells and
gills may increase Na'/K *-ATPase activity by increasing the substrate turn-
over number of existing molecules. Changes in Na*/K*-ATPase turnover
number may be induced by post-translational modification, such as enzyme
phosphorylation, or by non-covalent interactions with allosteric modulators
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like cardiotenic steroids or membrane lipids (Blaustein & Hamlyn, 1985;
Beguin el al., 1994; Gibbs, 1995). The influence of membrane composition
on the activity of membrane-bound enzymes has received considerable
attention in the past. It has been proposed that desaturation of membrane
lipids during cold adaptation, a phenomenon termed homeoviscous
response, may lead to enhanced Na*/K *-ATPase activity (Cossins, Bowler &
Prosser, 1981; Gibbs, 1995). In several cases, reductions of the level of mem-
brane order following cold acclimation have been correlated with higher
rates of Na*/K*-ATPase activity (Gibbs & Somero, 1989; Raynard &
Cossins, 1991; Schwarzbaum, Wieser & Cossins, 1992b; Rady, 1993; see
Storelli ef al., this volume). However, in the Arctic charr Salvelinus alpinus no
compensation of Na*/K*-ATPase activity occurs during cold acclimation
despite a large homeoviscous response (Schwarzbaum et al., 1992b). Similar
observations were made in trout erythrocytes where changes in membrane
composition did not correlate with an increase in Na*/K *-ATPase activity in
animals caught during the winter (Raynard & Cossins, 1991).

Whether or not cold adaptation also leads to the modulation of other ion
transport activities is virtually unknown. In the context of the present study
consideration of changes in transporters relevant in acid-base regulation is
interesting. During seasonal cold an upregulation of the Na"/H F.exchanger
is expected owing to a rise in dissipative proton fluxes (see below and Fig. 3).

Hochachka (1988) proposed that, in latitudinal cold adaptation, ion pump
capacities are increased in polar compared to temperate zone fish to main-
tain the balance between pumps and leaks in the cold. A partial compensa-
tion may occur for Ca?*-ATPase, since the sarcoplasmatic reticulum (SR)
prepared from the fast muscle of the Antarctic Notothenia rossii accumu-
lated calcium six times faster than SR prepared from a tropical fish at 0 °C.
However, assayed at their respective environmental temperatures, calcium
pumping rates were about five times faster in the warm acclimated species
(McArdle & Johnston, 1980). Somero, Giese and Wohlschlag (1 968) showed
that gill filaments from an Antarctic species at 0 °C consume O, at the same

-ate as the goldfish gill at 10-15 °C, which may indicate cold adaptation of
Na‘/K t-ATPase activity. However, comparison of specific activities of
Na*+/K*-ATPase between polar, temperate and tropical species leads to a
different picture (Fig. 4). The accumulated data suggest that evolutionary
cold adaptation causes a reduction of Nat/K*+-ATPase activity. In their
study on pressure adaptation of Na+/K*-ATPase, Gibbs & Somero (1989)
investigated Na‘/K*-ATPase activity in the gills of 19 fish species of
different geographical origin including several Antarctic teleosts.
Unfortunately, the authors did not present the specific activities of Na*/K*-
ATPase, but they did mention that Na‘t/K*-ATPase activity was barely
measurable in Antarctic fish while activities in other investigated species
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Fig. 4. Semi-quantitative depiction of branchial Na'/K ' -ATPase activity
AF.:::.J mg protein 'h ") in fish species of different climatic zones and
with different lifestyles. The data suggest that evolutionary adaptation to
cold goes along with reduced Na*/K *-ATPase activities. Enzyme activities
were determined at 37 °C or arc extrapolated from lower assay temperatures
using a Q,, of 2. Note that the method of analysis differs between studies
ﬂx.u influences the absolute values of Na*/K*-ATPase activity. A trend is
Sm&_.o for the activity of Na*/K*-ATPase to decline in latitudinal cold. )
Kamiya & Utida, 1969 (25 °C); ® Stuenkel & Hillyard, 1980 (37 °C); ¢ Gibbs
W WMJMMW MNWW%_VO °C); ¢ Staurnes et al., 1994 (37 °C); © Gonzales-Carbrera

.ﬁ:m@a from 2—10 pmol P, mg prot”'h™'at 10 °C. These data suggest no pos-
m:<o and possibly even a negative compensation of Na'/K'-ATPasc activity
in the gills of Antarctic tcleosts. Accordingly, these animals appear to use a
strategy of reduced ion leakage to maintain ion balance in the cold.

Reduction of ion leakage at low temperature

.> reduction of ion leakage during cold acclimation has been demonstrated
in the Arctic charr Salvelinus alpinus. Rb?* efflux in kidney preparations was
reduced by a factor of 2.3 at low temperatures (Schwarzbaum et al., 1991).
Eoigoﬁ.m: adaptional decrease of membrane conductivity has not been
ovanmm in carp or trout erythrocytes (Bourne & Cossins, 1981; Raynard &
Cossins, 1991). It 1s widely accepted that ions pass through membranes via
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water-filled pores and channels rather than through the lipid bilayer
(Hochachka, 1986). A reduction of ion loss at low 8:60.388 may ».:mzv
fore be caused by decreasing channel density or by regulating the activity of
existing channels. This phenomenon is termed o.:m::& arrest and has been
suggested as an adaptive strategy during hypoxic or hypothermal exposure
(Hochachka, 1986). Channel inhibition through Ca?*, m:a modulation of
channel activity by phosphorylation of the channel protein, are the most
common features of channel regulation (Latorre ef al., 1989; roSz:.r 1994).
However, none of these mechanisms has yet been shown to goo.Ba involved
during cold acclimation. The role of roaoosmnncm m.amvﬁmmo: in E.o down-
regulation of dissipative fluxes during cold moo:Em:ws has been &wocmmna
(Cossins, Schwarzbaum & Wieser, 1995). In the Arctic charr S.alpinus, the
reduction of passive K* fluxes is accompanied by a nearly perfect romdmo‘
viscous compensation (Schwarzbaum et al,, 1991). It seems cs:.wm?
however, that membranes with a higher fluidity are less voanmE@ to ions.
Proton permeability of the inner mitochondrial membrane 1n rats 1s
enhanced by the desaturation of membrane lipids (Brand et al., 1992).
Therefore, homeoviscous adaptation of the membranes may even _oma. to
enhanced ion leakage in the cold, so the animal must compensate for 10n
leakage in a differcnt manner. .

A very interesting observation with respect o channel arrest ac::m cold
exposure was made by Rubinsky, Arav and Eﬁo:.g Coo:.. Using vﬁov-
clamp techniques they revealed that antifreeze proteins ,c_oaw. ion o.:m::w_m in
mammalian tissues and, therefore, prevent ion leakage. This indicates 5”“:
antifreeze proteins in polar teleosts may serve not only as agents to avoid
freezing, but may also have a function inion RmEﬁoQ processes. .

Another possible mechanism to reduce passive i0n fluxes is the reduction
of ion gradients over cell membranes, which may be used during exposure to
extreme cold. Burton (1986) reviewed the effects of temperature on the ion
composition of the blood of several teleosts. The available a&m. m.:mm.nmﬂ that
acclimation temperature has only minor effects on ion composition in most
cases. Only acclimation to temperatures around 0 °C may lead to increased
plasma osmolarities (Burton, 1986). Prosser, Mackay and Kato (1970) deter-
mined elevated concentrations of monovalent jons in the n_mma.m.Om some
cold stenothermal fish. Antarctic teleosts show plasma osmolarities about
twice that of temperate fish (0°Grady & DeVries, 1982 Qoswm_ow,o.&o&ﬁ et
al., 1995). This phenomenon agrees well with the lack of a positive
compensation of Na*/K*-ATPase activity in the gills of Antarctic Eooﬂmw
and has been interpreted as an adaptive strategy to reduce the energetic costs
of ion regulation (Prosser e al., 1970). However, higher n_mmam omBQw:Q
imposes higher Na' and K " gradients over the cell 305@.3:3 in all :mm.:mm,

since the ratios of intra- and extracellular concentrations of these 10ns
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remain constant (Prosser e al., 1970). Thus, the energy conserved in the gills
by reducing the gradient between plasma and ambient water may be used to
counteract enhanced dissipative fluxes over the cell membranes in muscle
and nerve tissues. This conclusion is supported by a decrease in muscle
Na'/K*-ATPase activity in warm acclimated Trematomus bernacchii and T.
newnesi where plasma osmolarity is reduced to values comparable to those in
temperate species (Gonzalez-Carbrera et al., 1995). Therefore, the role of
hyperosmolarity of Antarctic teleosts in energy conservation remains ques-
tionable. Investigations by O’Grady & DeVries (1982) indicate that Antarctic
fish are able to actively regulate plasma osmolarity despite changes in
ambient salinity. Therefore, plasma osmolarity is not determined by the
insufficient capacity of ion regulation but is actively adjusted by a shift of the
set point of the ion pumps involved. Accordingly, elevated ion concentra-
tions in the plasma may serve to decrease the freezing point of the plasma
rather than represent a strategy to reduce the cost of ion regulation in the
cold (O’Grady & DeVries, 1982).

The above survey suggests that two different strategies may be used to
maintain ionic equilibrium during temperature changes. Eurythermal species
hke cod Gadus morhua, trout Oncorhiynchus mykiss and roach Rutilus rutilus
display a positive compensation of ATPase activity cither by enhancing the
number of enzyme molecules or by modulating the turnover number of exist-
ing proteins. The energetic costs of ion regulation in fish have been estimated
to be 25-30% of the total metabolic rate, based on oxygen consumption
measurements in euryhaline teleosts at different salinities (Rao, 1968; Febry
& Lutz, 1987). A lower estimate of 10% is given by Gibbs & Somero (1989)
based on maximum Na*/K*-ATPase activities in the gills of marine teleosts.
The compensatory strategy used by eurythermal species implies that the
energy requirement for ion regulation remains almost unchanged and com-
prises a larger fraction of energy turnover during cold acclimation when the
overall metabolic rate is depressed (Fig. 3). Indeed, Rao (1968) determined
that a larger percentage of the standard metabolic rate is attributed to 1on
regulatory processes in ratnbow trout at 5 °C than at 15 °C.

As an alternative strategy, dissipative ion fluxes are reduced in the cold-
stenothermal teleost Salvelinus alpinus. This energy saving strategy may also
be used by Antarctic species through a reduction of osmotic gradients and
through possible inhibition of ion leakage by antifreeze proteins. This strat-

egy may be even more important when the mode of life allows for maximum
reduction of ion exchange mechanisms, as has been discussed extensively in a
comparison of lifestyles and energy savings in Antarctic vs. deep sea fish (for
recent reviews, see Thiel ef al., 1996; Somero, this volume).

The previous discussion suggests that the change in the cost of ion regula-
tion in polar fish may not be substantially different from the respective
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change expected for marine invertebrates. Actually, similar mechanisms may
be involved in the reduction of dissipative ion fluxes. In general, the reduced
cost of jon regulation at low temperature may help to shift the low critical
temperature to below polar ambient temperature by reducing the energy
requirements of the animals and the extent to which mitochondrial prolife-
ration would otherwise be required. These cost reductions may also free
enough energy for the purpose of growth and reproduction. Further
research is needed to substantiate the different strategies discussed in this
section.

Integrative signals of cold adaptation
Alphastat-regulation of pH

One important aspect of ionic regulation is the regulation of pH, which is
known to be a parameter that integrates cellular functions (Busa &
Nuccitelli, 1984). Passive proton distribution over the cell membrane is deter-
mined by the membrane potential and would lead to a ApH of about one pH
unit between intra- and extracellular compartments (Thomas, 1984). A
typical pH gradient of 0.4-0.6 pH units is maintained in most vertebrates
and invertebrates, which is achieved by active proton extrusion from the cell
through H'-ATPases or by secondary active ion exchange, mostly via the
Na*/H*-exchanger, which depends upon the Na-gradient established by
Na*/K*-ATPase (see above, Fig. 3). Accordingly, an ATP cost of acid-base
regulation has been quantified (A. Reipschliger & H.O. Portner, unpublished
observations). The Na*/H *-exchanger displays an unusually high Q,;of 7.9
in trout erythrocytes (Cossins & Kilbey, 1990). In the cold, even a reduction
of pH gradients between intra- and extracellular spaces has been observed
(Heisler, 1986h; Sommer et al., 1997), which would require enhanced rates of
proton extrusion. Possibly, an up-regulation of Na*/H*-exchanger activity is
required, associated with the larger deviation from thermodynamic equilib-
rium (see Fig. 3). However, these conclusions are valid only if the membrane
potential remains unchanged during cold exposure.

A study of temperature effects on the regulation of pH may also give
further insight into the regulatory signals causing shifts in critical tempera-
tures. This question is not restricted to how the limiting temperatures are set
but also to how the animals adjust to those between the critical temperatures.
Each temperature change will not just mean a change in overall energy turn-
over according to Q,,, but also requires a readjustment of energy production
and consumption, as discussed before. The temperature-dependent regula-
tion of pH may relate to the fine tuning of these adjustments and support
maintenance of steady-state function at different temperatures.

Reeves (1972) introduced the imidazole a-stat (=alphastat) hypothesis
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postulating that poikilotherms regulate the pH of their body fluids such that
the degree of protonation («) of imidazole groups is maintained despite
changes in body temperature. a-stat pH regulation has been under rein-
vestigation during recent years, both concerning its existence or not in
various tissues and animal species, and its potential importance for enzy-
matic regulation. Briefly, the alphastat process is proposed to play an impor-
tant role in the maintenance of the structural integrity of proteins, which
appears to be a prerequisite for the maintenance of cellular, especially
enzyme functions (Hochachka & Somero, 1984). Since, on average, the pK of
imidazole groups changes at —0.018 units °C~! a shift in intra- and extracel-
lular pH with body temperature by ApH/AT ~ - 0.018 °C~1, as observed in
many poikilotherms, is sufficient to keep histidine protonation («) constant
(Fig. 5 A). However, the picture is not uniform and deviation from intra-
cellular a-stat control has been observed in many species and tissues (Heisler,
1986b; Butler & Day, 1993; Whiteley & Taylor, 1993; Whiteley et al.,
1995a.h). ApH/AT values range from —0.003 °C~! in crayfish claw muscle
(Whiteley et al., 1995a) to —0.031 °C~! in the red muscle of the dogfish
Scyliorhinus stellaris (Heisler & Neumann, 1980). Some of these studies may
not have considered the existence of critical temperatures beyond which the
onsct of anacrobic metabolism and a shift of the setpoints of pH regulation
(Portner, 1993) may lead to the observed deviation from a linear pH/temper-
ature relationship (Sommer er al., 1997). Therefore, we are interested in the
temperature range of a-stat control and in the mechanisms involved as well
as in how these mechanisms are influenced by environmental change.
Animals acclimated to low temperatures during the winter season fre-
quently exhibit relatively low pH values deviating from the alphastat pattern.
Low intracellular pH has been proposed as a key mechanism eliciting meta-
bolic depression, for example, in hibernating mammals (Malan, 1985; for
further examples and recent review, see Hand & Hardewig, 1996).
Accordingly, the shrimp Palaemon elegans tends to be inactive at tempera-
tures below 10 °C in winter, metabolic depression being reflected by a drop in
intracellular pH and an irfcrease in the concentration of sugar phosphates
(Thebault & Raffin, Ec:‘ Fig. 6). Low pHi values were also reported by
Whiteley er al. (19950) for the crayfish Austrapotamobius pallipes in winter.
Only tissues like abdominal muscle, which remain operative in winter, fol-
lowed a-stat while less active tissues like claw muscle and hepatopancreas did
not. The authors explained the relative acidosis in these tissues by low rates
of protein synthesis and a lowered overall metabolic rate at low temperatures
when crayfish are inactive. Based on these results they speculated that the rel-
ative acidosis observed in the haemolymph of Glypronotus antarcticus and A.
pallipes may be characteristic of crustaceans living at low temperatures when
rates of protein synthesis and possibly catabolism are low (Whiteley et al.,
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1995h). In contrast, a reduction in metabolic activity could not be observed
in C. crangon originating from the North Sea in winter (Sartoris & Portner,
1997a.h) and, possibly as a consequence, both winter and summer animals
followed the a-stat pattern.

The question remains open whether lower pH for lower metabolism is true
in all cases and whether a drop in pHi causes or is only a correlate of meta-
bolic depression. To save energy, animals may tolerate passive changes of
pHi during periods of relative inactivity, since the active transport of proton
equivalents depends on energy supply. A down-regulation of ion exchange
could lead to a reduction of pHi since pH would then approach thermo-
dynamic equilibrium. In S. nudus extracellular pH is the key acid-base para-
meter eliciting metabolic depression during acidosis. Metabolic depression is
not induced by moderate (0.3 pH units) decreases in pHi (Reipschlager &
Pértner, 1996). Since extracellular pH appears to play a predominant role in
metabolic regulation, future work should investigate whether the observed
changes in the relationship between intra- and extracellular pH with temper-
ature (see above) affect metabolic rate.

The assumption that a deviation from a-stat at low temperatures is a cor-
relate of metabolic depression deserves further consideration. In this
context, it is interesting to determine the pH/temperature relationship in

Fig. 5. Changes in the pH of body fluids with temperature, the pattern of
which is considered to be important for the maintenance of physiological
functions. A) Effects of temperature on the dissociation constant for
protons (pK) of the imidazole group in histidine, an important amino acid
component of proteins. A parallel change in pK and cellular pH at —0.018
°C-! is postulated to occur in ‘cold-blooded’ animals and maintains the
degree of dissociation, a-imidazole, which is thought to be essential for
protein structure and function (alphastat hypothesis). B) Contributions of
passive and active processes to adjustments in intracellular pH after temper-
ature change in white muscle of Zoarces viviparus. pH, decreases with rising
temperature at a slope of —0.016 °C~!. The framed areas represent the stan-
dard crror of the _i_oso.ﬁ shaded frame: pH/temperature relationship deter-
mined in vivo as tHe sum of active and passive mechanisms. open frame:
pH/temperature relationship in vitro, representing the passive response of
intraccllular buffers to temperature change. C) Contributions of passive
processes to the adjustment of intracellular pH in vivo (shaded) after tem-
perature change (ApH °C~ 1) in boreal (North Sea) and subarctic (White Sea)
populations of Crangon crangon and Pandalus borealis. Intracellular pH was
analysed after 4 hours (h) (P borealis and C. crangon from the White Sea)

and after 4 h and 6 days (d) (North Sea C. crangon) of incubation at various

temperatures. Note that pH regulation was complete after 4 h in White Sea

animals, whercas it was delayed and only found complete after 6 days in

North Sea specimens (after Sartoris & Portner, 19974; van Dijk et al., 1997).
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Fig. 6. Realisation of intracellular a-stat control during seasonal or latitu-
dinal cold in marine ectotherms: Fish (Antarctica): Harpagifer antarcticus
(white muscle, Egginton & Moerland, 1993, SD not shown), Notothenia
rossi (red blood cells, Egginton et al.,, 1991, SD not shown), Lycodichthys
dearborni (white muscle, 1. Hardewig, P. van Dijk & H.O. Pértner, unpub-
lished data), Zoarces viviparus (white muscle, North Sca; van Dijk et al.,
1997). Invertebrates: Pandalus borealis, Crangon crangon (tail muscle,
Sartoris & Portner, 1997a), Arenicola marina (body wall muscle, Sommer et
al., 1996, 1997) Palaemon elegans (tail muscle, Thebault & Raffin, 1991),
Limopsis marionensis (adductor muscle, H.O. Portner, S. Zielinski & L.S.
Peck, unpublished data). Methods used by the various authors include the
homogenate technique (Portner et al., 1990) and ¥ P-NMR.

species from a latitudinal temperature gradient as a test whether the activity
level or a temperature-induced reduction of metabolism towards polar areas
influences a-stat control. Actually, measurements in the deep water shrimp
Pandalus borealis (Spitzbergen) and the Antarctic eelpout Lycodichthys dear-
borni indicate that cold-stenothermal animals follow a-stat regulation of
intracellular pH (Fig. 6). The finding of a-stat-pHi by *'P NMR in the
Antarctic teleost Harpagifer antarcticus (Egginton & Moerland, 1993) sup-
ports this conclusion. However, a uniform picture is, again, not evident. For
example, pH values in the Antarctic bivalve, Limopsis marionensis, do not
reflect a-stat regulation (Fig. 6). It remains to be established whether thisisa
consequence of hypometabolism. Reduced activity at low temperatures
could not explain the deviations from a-stat in the brown trout Salmo trutta,
where a reduction in standard metabolic rate or swimming ability could not
be observed in winter acclimated fish (Butler & Day, 1993). In this species pH
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was independent of temperature in the musculature, whereas a-stat regula-
tion was observed in the blood plasma. In contrast, a reduction of swimming
performance was found in rainbow trout at low temperature which was
supposedly associated with relatively acidotic intra- and extracellular pH
values deviating from the a-stat pattern only at low temperatures (Taylor,
Taylor & Egginton, 1993, 1996).

a-stat pH control was observed in the body wall musculature of A. marina,
whereas coelomic fluid pH remained independent of changing temperature
(Sommer et al., 1997). An important point to be considered in such analyses
is that a-stat pH regulation only occurs in the range between low and high
critical temperatures. pH becomes independent of temperature beyond these
thresholds (Sommer et al., 1997). Accordingly, the temperature window for
a-stat regulation is expected to be much smaller in polar species than in
temperate zone species as verified in the Antarctic bivalve Limopsis
marionensis (H.O. Portner, S. Zielinski & L.S. Peck, unpublished data).

The mechanisms of a-stat control have not yet been sufficiently character-
ised. According to Reeves (1985), a-stat regulation consists of both passive
and active components. The passive component depends upon the
physicochemical composition of intra- and extracellular buffers and results
from proton binding or relcasc owing to the change in pK values and associ-
ated dissociation equilibria ol "the bufler components with temperature. The
active component comprises adjustments in either ventilation or ion exchange
or both. In air breathers, ventilation changes with temperature and causes a
shift in Pco, associated with a pH shift. In water breathers, ion exchange pre-
dominantly determines the active component of the temperature-induced pH
change. Distinguishing between respiratory and ion exchange mechanisms is
very important in order to understand the velocity of a-stat regulation.
Ventilatory adjustment is faster than the adjustment of a new steady state of
acid-base homeostasis by means of ion transport across gills and cell mem-
branes.

Previous model calculations of the relative contributions of various pro-
cesses to pHi adjustmentiexclusively relied on the ApK/AT value of the imi-
dazole group. However, ApK/AT depends upon local charge configurations
in the environment of the imidazole group as well as on ionic strength and,
therefore, varies between —0.016 and —0.024 °C~! for histidine and free imi-
dazole compounds (Heisler, 1986a,b), and ranges from —0.0010 to —0.051
oC-! for histidine residues in proteins, leading to a large uncertainty about
the accuracy of these model calculations.

These theoretical problems could be solved by experimental analyses of
active and passive processes. The homogenate technique (Portner ef al.,
1990) allows the rapid measurement of pHi in tissue samples and to dis-
tinguish active and passive elements in a-stat pH regulation. To quantify
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passive mechanisms, animals were exposed to control temperature and their
tissues were analysed in vitro at different temperatures, thereby excluding the
influence of biochemical reactions or ion exchange mechanisms. Therefore,
measured pH changes result from passive, physicochemical buffering. In
contrast, in vivo values determined in animals exposed to various tempera-
tures prior to the collection of tissue samples can be interpreted to-reflect the
summed effects of active and passive processes (Fig. 5 B). The passive com-
ponent comprises fast and temperature dependent proton binding or release
by intracellular buffers, and the active component in water breathers repre-
sents ATP-dependent ion exchange which is considerably slower.

The results of these analyses suggest that the contribution and velocity of
active processes to the pH shift differs between species and populations from
different latitudes (Sartoris & Portner, 19974; van Dijk, Hardewig & Portner,
1997; Fig. 5B and C). In the North Sea eelpout, Zoarces viviparus, 65% of the
pH changes were elicited by active, energy requiring ion transport mecha-
nisms, whereas only 35% were contributed by passive buffer processes. In the
eurythermal shrimp Crangon crangon, from both the Russian White Sea and
the North Sea, 50% of the pH change occurred by means of active mecha-
nisms. Also. the passive ApHI/AT relationship was identical in summer and
winter animals from the North Sca (ApH/AT = ~0.009 units °C "), suggest-
ing that passive pHi adjustment does not depend upon the season and that
the concentrations of relevant intracellular buffer substances remains
unchanged (Sartoris & Portner, 19974). In contrast, the active component of
pH regulation amounted to only 10% in the Arctic deep sea shrimp Pandalus
borealis, which is more sensitive to temperature fluctuations (stenothermal).
In conclusion, the active component may be more prominent in eurythermal
species. However, since these are the first results on the relative contribution
of active and passive processes to a-stat regulation in polar animals, it may
only be speculated that pH adjustment mostly occurs by passive mechanisms
in cold stenothermal ectotherms, with a small contribution of active compo-
nents. Future work is required to show whether the relative contribution of
active and passive mechanisms to a-stat regulation is involved in determin-
ing the limits of temperature tolerance and is related to the geographical dis-
tribution of species. It may be important in this context that stenothermal
animals are often stenohaline and, therefore, the capacity of ion regulatory
mechanisms may be less developed than in euryhaline species which fre-
quently are also eurythermal. These findings are also relevant with respect to
the allocation of energy to acid-base regulation. Cold-stenothermal (and
stenohaline) species may reduce the energy requirements of a-stat regulation
by using predominantly passive mechanisms for pH adjustment, whereas
eurythermal (and euryhaline) species emphasise ion regulatory mechanisms
to allow for a flexible response to environmental change. A larger active than
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Table 1. Temperature-dependent elements influencing the Gibbs’ free energy
of ATP hydrolysis and thus cellular energy status in VIVO

1. pK values of H' and Mg*" binding to
ATP* . HATP? ', ADP*", HADP? ", AMP?" Pi*", PLA~

2. Reaction equilibra (simplified) of

ATPase
MgATP?" +H,0 — MgADP +HPO/ +H"
Arginine kinase
PLA-+MgADP +H" — MgATP?" +L-Arg"
Adenylate kinase
MgADP~+MgADP~ — MgATP?" + MgAMP
= ATP free energy change
QQ\QW\;%T”DQ&O—UMLAWVH, ’ ~: AH}UMVM_»_‘OG.—O— ’ Mwmuﬂﬂan._oﬁ \ ﬁ>..ﬁ{mvu:®ﬁ.oﬂ v
dG/dg \,=AG 0bs
+RT - In A_,—kn\/_.%__:,c._:_ ’ :v::cﬁ_:_ / :v—\\/.__.:.ﬁ_:_ ) :* __ ' x:??\/ﬂv

Note:

Apparent equilibria determined experimentally will include all species
complexed with H* and/or Mg?*, but unbound to cellular protein [X];.. o
Source: ¢f. Figure 7; for the calculation procedure see Portner ef al. (1996).

passive component of a-stat regulation may therefore be a prerequisite to
colonise shallow coastal waters.

An additional result of thesc comparisons was that. in White Sea Crangon.
active pH regulation was faster and, therefore, reached the final pH carlier
than in North Sea animals (Fig. 5 C). Obviously, the velocity of these active
jon exchange processes was:increased as a consequence of metabolic cold
adaptation. Animals living at lower temperatures may. in general, be able to
compensate acid-base disturbances faster. In the cold stenothermal
Pandalus borealis the faster response can be attributed to the large passive
fraction, while in the more eurythermal White Sea Crangon crangon cold
adaptation is likely to increase the capacity of pH regulatory mechanisms.

Factors limiting tolerance to cold exposure: cellular energetics?

As outlined above, critical temperatures characterise the onset of functional
hypoxia and an anaerobic metabolism and, thereby, a time-limited situation.
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Fig. 7. Model calculations emphasise the importance of a-stat regulation for
the maintenance of energy homeostasis during cooling. The calculation of
the Gibbs’ free energy change of ATP hydrolysis at different temperaturcs
followed the rationale outlined by Portner ef al. (1996). Numbers used arc
valid for the mantle muscle of the squid, Lolliguncula brevis. Levels of
phospho-L-arginine were calculated from the relevant equilibrium of argi-
nine kinase. Enzyme equilibria were calculated for each temperature by use
of the van't Hoff equation. Fractional levels of reaction partners as they
varied with fluctuating Mg2* levels and pH were calculated from the respec-
tive dissociation equilibria (for details see Portner e al., 1996). If it is
assumed that the cells maintain constant levels of phospho-L-arginine plus
L-arginine, as well as free ATP, ADP, Pi and Mg?"*, the concentrations of
phospho-t-arginine and the level of Gibbs’ free energy change of ATP
hydrolysis will be maintained by a-stat pH regulation compared to constant
pH. With a-stat control ATP free energy change will only fall by 0.3kJ mol ™,
whereas a drop by about 1.7 kJ mol~! is expected when pH remains constant.

Obviously, a-stat regulation of pH is also restricted to the specific window
between critical temperatures of a species. The question arises which mecha-
nisms limit tolerance to cold below the low Tc. As a precondition of low tem-
perature tolerance, the maintenance of energy status as it depends upon
temperature and the regulation of intracellular pH will be discussed. The
onset of anaerobic metabolism is usually associated with a net decrease in
cellular energy levels and may cause disturbances of ionic distribution and a-
stat control below the Tc.

The actual energy level of a cell is quantified by the in vivo Gibbs’ free
energy change of ATP hydrolysis, a concept which has only recently been
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applied to studies of marine ectotherms (Portner, 1993; Portner et al., 1993;
Combs & Ellington, 1996; Portner, Finke & Lee, 1996, Portner et al., 1997,
Zielinski & Portner, 1996). The assessment of cellular energy levels depends
upon the quantification of a series of factors compiled in Table 1 and the
consideration of their temperature dependence in relation to the regulation
of intracellular pH during temperature change (Fig. 7). The results of this
analysis emphasise the importance of intracellular pH in energy homeostasis
since a-stat pH regulation supports maintenance of the levels of the phos-
phagen, phospho-L-arginine and of the Gibbs’ free energy change of ATP
hydrolysis. This becomes evident from the depiction in Fig. 7 which shows
that the maintenance of a constant pH with falling temperature will cause a
decrease in phospho-L-arginine and ATP free energy change values.

The question arises of how the results of these model calculations
compare with the in vivo situation. Figure 8 depicts the levels of ATP free
energy change as evaluated for the body wall musculature of a marine sipun-
culid worm during cooling. Intracellular pH follows a-stat predictions until
temperature falls below the critical threshold found between 4 and 0 °C for
this species (see above). The ability of the animals to recover ceased after
longer than 2 days of exposure to 0 °C. Intracellular pH returned to control
values when recovery was still possible, but intracellular pH continued to fall
at temperatures below the critical temperature, reaching even lower values in
those animals which were brought back to 12 °C but were no longer able to
recover. The correlated fall in ATP free energy change levels to a low, possibly
critical value (Fig. 8 B) may characterise the limitation of survival (point of
no return) and contribute to the development of lethal cold injuries
(Zielinski & Portner, 1996). It remains to be investigated which cellular func-
tions would be affected by the decrease in cellular energy levels. Similarly, low
energy levels may indicate irreversible temperature stress in the Antarctic
bivalve Limopsis marionensis where an upper critical threshold is surpassed
when temperature rises from 0 to values between 2 and 4 °C (Pértner, H.O.,
S. Zielinski & L.S. Peck, E%:Emm:oa data).

{
Summary and conclusions

Critical temperature thresholds (Tc) can be defined for various invertebrate
species which are characterised by the transition to an anaerobic mode of
metabolism, once temperature reaches low or high extremes. Beyond critical
temperatures, it is not the availability of ambient oxygen that is limiting.
Both low and high Tcs are either set by the failure of oxygen uptake and
transport in the blood, or by the insufficiency of ventilatory mechanisms in
the cold. Metabolic cold adaptation can be understood as a downward shift
of both low and high critical temperatures. Critical temperatures shift
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Fig. 8. A) Intracellular pH determined in the body wall musculature of the
sipunculid worm, Sipunculus nudus, after different periods of exposure to
control temperature (12 °C) and to decreasing temperatures (4 and 0 °C).
The ability to recover from cold exposure was tested after 2 and 4 days at 0
°C, respectively. Animals were no longer able to recover after 4 days, when a
severe metabolic acidosis developed during warming, which was partly
caused by the irreversible accumulation of anaerobic end products (not
shown). B) Energy content of ATP, quantified as the Gibbs’ free energy
change of ATP hydrolysis dG/d£, ,, in the body wall musculature of S.
nudus during long term exposure to cold temperatures and subsequent
rewarming to 12 °C. Critical exposure is indicated by the fall in energy levels
associated with the failure to recover from exposure to 0 °C for longer than
2 days (after Zielinski & Portner, 1996).
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within, and differ between, populations depending on seasonal temperature
adaptation and latitude. These differences may be related to genetic distances
between populations. Low thresholds significantly above freezing observed
in temperate zone species have been eliminated during evolutionary low tem-
perature adaptation in polar ectotherms. In these organisms this process has
led to a high sensitivity to elevated temperatures. The shift of the low Tc to
below polar temperature is thought to require mitochondrial proliferation,
but also a reduction in the basic cost of some ATP-dependent cellular func-
tions. Both critical thresholds will be affected if the Tcs are set by mitochon-
drial density, which increases during cold adaptation but will then have to
decrease during warm adaptation. The disadvantage of mitochondrial pro-
liferation, in that a higher density of mitochondria causes a rise in energy
turnover by itself, may be compensated to some extent. With a high mito-
chondrial density in polar species, the metabolic ‘idling’ of individual mito-
chondria may be reduced by membrane modifications which lead to a
reduction in proton leakage and thus energy expenditure. Dissipative ion
fluxes across cell membranes and epithelia are reduced at low temperatures
allowing the energy turnover of Na*/K*-ATPase to decrease. Such a
decrease appears to be the strategy found in animals exposed to permanent
(polar) as opposed to scasonal cold and cven more so in deep sea fish, where
a mode of life more sluggish than found in Antarctic fish supports the
development of such a strategy even further. The question of a potential
reduction in the cost of acid-base regulation remains open.

Critical temperatures may also set the limits for an adjustment of pH regu-
lation to changing temperatures. A rise in pH with falling temperature as
required to maintain the degree of protonation («) of imidazole moieties in
proteins and, thus, protein function, is no longer observed beyond low or
high critical temperatures. Alpha-stat regulation of pH supports the mainte-
nance of cellular energy levels quantified as the Gibbs' free energy change of
ATP hydrolysis. A decrease in these energy levels seen during lethal cold
exposure below the Tc is interpreted to limit cold tolerance and impair ATP
dependent cellular :_:Qw_c:m. Low levels of available energy may, for
example, compromise acid-base and ionic regulation as well as muscular
function relevant in the maintenance of ventilatory and circulatory function.

Future efforts must address the regulatory integration of the different bio-
chemical and physiological processes depending on the temperature regime
focusing on pH, both as a regulated parameter and a parameter effective in
metabolic regulation. Those molecular mechanisms which are responsible
for setting the critical temperatures need to be identified as well as those
which are modified for a change in critical temperature values. Furthermore,
it needs to be evaluated further to what extent the temperatures critical for
physiological processes are related to distributional limits of a species in the
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natural environment. These efforts should also address to what sz_.: the
temperature-induced transition to anaerobic Boﬁdc:mﬁ causes behavioural
changes and migratory movements under o:Sno:Eo.:S_ stress, as has
recently been demonstrated for terrestrial ectotherms (Portner et al., 1994).
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B.D. SIDELL and M.E. VAYDA

Physiological and evolutionary aspects
of myoglobin expression in the
haemoglobinless Antarctic icefishes

Fish fauna of the Southern Ocean present an unique combination of biolog-
ical characteristics and evolutionary history compared with those from other
marine systems. Two features figure prominently in setting these organisms
apart from fishes of temperate zone and even polar boreal seas.

First, the level of endemism of Antarctic fishes is unparalleled in other
ocean systems. Of the 250+ species of fish known to inhabit the Southern
Ocean, the dominant group, in terms of both species numbers (>100) and
abundance (50-90% of captures) are members of the perciform suborder
Notothenioidei (Dewitt, 1971; Anderson, 1990; Eastman, 1993). With few
exceptions, fishes of the six notothenioid familics are indigenous to waters
surrounding Antarctica where they have evolved during the last 25-40 My in
isolation under conditions that are both thermally stable and severely cold.
Within this monophyletic group are species displaying a wide diversity of
ecologies and life histories, from sluggish demersal to active pelagic habits.

The second major feature that sets Antarctic notothenioid species apart
from the ichthyofauna of other marine systems is their long geographical iso-
lation in waters that are the most severely cold, thermally stable aquatic
habitat on the planet. The best estimates are that thermal isolation of
Antarctica began with the development of circumpolar currents in the late
Oligocene and was followed shortly thereafter with the establishment of the
Antarctic Convergence :&%H 20 million years ago) (Kennett, 1977, 1980).
The demise of most :c:-:c?::9:0& fishes and radiative expansion of this
suborder in coastal Antarctica apparently began with the significant ocean
cooling that predated these events (Anderson, 1990). At present, mean annual
temperature in McMurdo Sound is —1.86 °C and varies only by about 0.1 °C
seasonally (Littlepage, 1965). The Antarctic Peninsula shows only slightly
greater variance with average summer and winter temperatures running
between —1.1° and +0.3 °C (summer) and — 1.1 °C in winter (Dewitt, 1971).

The very cold oxygen-rich waters of the Southern Ocean coincidentally
provide both challenges and benefits with respect to respiratory require-
ments for oxygen. On the benefit side, exceptionally cold body temperature



