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Summary

Transcellular oxygen flux was modelled mathematically Vv(mit,f), 56 um and 0.51, respectively, was calculated to
in the aerobic skeletal muscles of perciform fish species exceed 1kPa at winter temperatures (4°C), although
living at widely different temperatures (Antarctica, sub-  oxidative metabolism was predicted to be impaired at the
Antarctica and the Mediterranean Sea). Using structural summer maximum of 10°C. At the high end of the
data derived from stereological analysis of electron thermal range, related perciform species from the
micrographs, mean fibre Po, was calculated on the Mediterranean had a negligible drop in intracellular Po,
basis of temperature-corrected rates of mitochondrial across their small-diameter fibres, to a minimum of
respiration and oxygen diffusion. The mean muscle fibre 5.4kPa, comparable with that predicted for Trematomus
diameter (MFD) among Antarctic notothenioids was in the  newnesifrom the Antarctic (5.6 kPa) with a similar MFD.
range 17-6Jum and mitochondrial volume density, These data suggest that, within a single phylogenetic
Vv(mit,f), was 0.27-0.53, but capillary-to-fibre ratio varied  group, integrative structural adaptations potentially
only between 1.2 and 1.5. For a mean capillarf?o, of  enable a similar degree of tissue oxygenation over a 20°C
6 kPa, the model predicted a mean tissueo, in the range  range of environmental temperature in the red-blooded

0.7-5.8kPa at the estimated maximum aerobic capacity
(Mo,max). The lowest levels of tissue oxygenation were
found in the pectoral muscle fibres of the icefish

notothenioids, and that this is compromised by the lack of
respiratory pigments in the icefishes. The mean capillary
radius was 1.5 times greater in the two icefish than in the

other notothenioids, and the model simulations indicate
that the evolution of wide-bore capillaries is essential to
maintain tissue oxygenation in the absence of respiratory
pigments.

Chaenocephalus aceratuswhich lacks the respiratory
pigments haemoglobin and myoglobin. Red-blooded
notothenioids found in the sub-Antarctic had a similar
muscle fine structure to those caught south of the
Antarctic Convergence, with an MFD of 20-41um and
Vv(mit,f) of 0.27-0.33, resulting in an estimated meaRo,
of 4-5kPa atMo,max. Mean tissuePo, in the sub-Antarctic
icefish Champsocephalus espxwith greater MFD and

Key words: diffusion, icefish, mathematical model, oxygen tension,
stereology, notothenioid fish.

Introduction

Species of the suborder Notothenioidei dominate the fishub-zero temperatures, including the production of plasma
fauna of the Southern Ocean, although their relationship tglycopeptide antifreezes (for a review, see Eastman, 1993).
other perciform species is obscure because of the paucity bfembers of the family Channichthyidae are particularly
the fossil record (Eastman, 1993). The notothenioids arstriking in that they lack functionally significant quantities of
Antarctic specialists: of 120 species, 95 are endemic tthe respiratory pigments haemoglobin and skeletal muscle
Antarctic waters, a consequence of rapid radiation followingnyoglobin, although some species have retained myoglobin
their initial invasion (Clarke and Johnston, 1996). This subexpression in the myocardium (Moylan and Sidell, 2000).
order dominates the icthyofauna of shallow coastal waters i@xygen-carrying capacity is thus impaired, with arterial
terms of species numbers and biomass. They comprise the batkygen content only approximately 10% that in the red-
of the biomass of the region and are often the only fish speciefoded Notothenidae (Holeton, 1972; Egginton, 1994). For
caught in shallow coastal waters; hence, most research hasygen supply within the tissues, the oxygen partial pressure
been conducted on this one group of animals. is the important variable so, as long as oxygen supply is

Notothenioids show some remarkable adaptations to life imaintained, capillaryPo, will not be impaired and muscle
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function should not therefore be compromised. However, th@ohnston, 1991; Fernandez et al., 2000). Similar large-diameter
extent to which other cardiovascular and structural adaptatiomsuscle fibres are also found in notothenioid species from the
compensate to minimise impaired peripheral oxygen transpoBeagle Channel living at much higher temperatures (Johnston
is unclear. et al., 1998; Fernandez et al., 2000). The potential problems
The Southern Ocean offers a uniquely stable thermakith oxygen transport in cold-water notothenioids are therefore
environment within which cold adaptation of fishes may beaccentuated by long diffusion distances, which are well beyond
expected to have occurred, obviating the need to retain thbBose normally experienced in cold-acclimated fishes
functional plasticity required in more variable ecosystemgEgginton, 1998). To investigate this further, we have
(Somero, 1995). Specifically, the annual range of the inshormpiled data on the fine structure of slow muscle fibres from
marine environment is only approximately —1.5 to +1.5°C. Inthe locomotory (pectoral) muscle of perciform species
deep water, which occurs closer than around other continentshabiting a wide range of environmental temperatures from
temperature hardly varies from around the freezing point of sehe Southern Ocean to the Mediterranean Sea and used a
water, —1.86°C (Eastman, 1993). The notothenioids wermodelling approach to examine the fundamental structural
presumably part of the ancestral fauna associated with habitdésatures necessary for adequate oxygenation of skeletal muscle
of the continental shelf during its southerly tectonic movemenin different thermal environments.
prior to cooling of the Southern Ocean. However, physical
isolation caused by the opening of the Drake Passage and
establishment of the circumpolar current has provided the
potential for unique features resulting from endemic Animals
speciation, which molecular evidence suggests is a relatively The fish species studied all belonged to the Order
recent event (Clarke and Johnston, 1996). What might at firfterciformes. The Antarctic notothenioiti@matomus newnesi
appear to be a cold adaptation might instead be a specialisati@oulenger) 9—12cm standard length (SL) and 5-24g body
or ancestral characteristic of the notothenioids. mass Kp) (N=5), Lepidonotothen nudifrongL&nnberg)
Many Antarctic fishes use a labriform type of sustainedl2—14cm SL and 30-50Mdb (N=5) andNotothenia coriiceps
swimming, making use of well-developed pectoral fins anqRichardson) 30-37 cm SL and 550-109@g(N=6) and the
associated muscles (Archer and Johnston, 1987). RestighannichthyidChaenocephalus acerat(isinnberg) 42-52cm
metabolic rates are low compared with temperate species, a8l and 615-1470 §lp (N=6) were caught around the South
the factorial scopes for aerobic activity are modest (WellsQrkney Islands (60°4S, 45°36W) during the austral summer
1987; Forster et al., 1987; Johnston et al., 1991). Johnstonwhen sea temperatures are typically —1.0 to 0°C. The sub-
al. (1998) found that the temperature-dependence of stateAdtarctic notothenioid®aranotothenia magellanicg-orster)
respiration of isolated mitochondria in perciform speciesl3—-16cm SL and 37-69p (N=5), Eleginops maclovinus
fitted a single quadratic relationship irrespective of habitafValenciennes) 14-17cm SL and 39-764 (N=5) and
temperature. This indicated that the rate of oxygerPatagonotothen tessellatéRichardson) 17-20cm SL and
consumption per unit mitochondrion volume was relatively69-103gMp (N=5) and the icefistChampsocephalus esox
fixed and that increasing the volume of mitochondrial clusteréGiinther) 23-25cm SL and 75-904y (N=5) were caught in
was the primary mechanism for enhancing the muscle aerohilce Beagle Channel, Argentina, where winter temperatures are
capacity in cold-water fish. Indeed, ultrastructural studies havaround 4°C and summer temperatures reach 10-11°C. The
found high densities of mitochondria in the slow muscle oMediterranean perciform species used for comparison were
Antarctic fish [35.6% in juvenileNotothenia neglecta Lithognathus mormyrud., 12-15cm SL and 38-63 MWl
(Johnston and Camm, 1987), 50.1 % in a@iiaenocephalus (N=5), andCoris juliusL., 9-14cm SL and 6—-23, (N=4),
aceratus(Johnston, 1987) and 45 % Rsilodraco breviceps which were caught in the Bay of Naples during the autumn,
(Archer and Johnston, 1991)] approaching or even exceedinghere temperatures were around 20 °C.
those for myocardium of active endotherms (finch 34 %, mouse
37 %) (Bossen et al., 1978). Cold acclimation also results in an Sample preparation
increase in mitochondrial volume density in the muscle of Four to six fish were selected at random from each group and
many temperate fish species (Johnston and Maitland, 1980riefly sedated in bicarbonate buffered 1:50000 (m/v) tricaine
Egginton and Sidell, 1989). Thus, differences in musclenethane sulphonate (MS222; Sandoz) prior to stunning and
mitochondrial content in Antarctic notothenioids may bespinal cord transection. The pectoral muscles deliver the main
related to their phyletic derivation or simply be an extensiompropulsive force during swimming, with slow (‘red’) fibres
of the response observed during winter in temperate fishéscated mainly adjacent to the pectoral girdle. Samples of the
(cold acclimatisation) that has become fixed in the genom&low adductor muscle were dissected free from skin, subdermal
(cold adaptation). lipid and overlying fast muscle. Muscle was pinned at resting
One striking feature of muscle structure in Antarcticlength to strengthened cork strips and fixed for 2-3h at
notothenioids is the presence of very large diameter fibres; tlagproximately 10°C in a buffered glutaraldehyde solution
fibres can exceed B0n in diameter in aerobic muscles and (Egginton and Sidell, 1989; Archer and Johnston, 1991).
500um in fast muscles (Kilarski et al., 1982; Battram andSamples were then trimmed into pieces with a cut face of

Materials and methods
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approximately 1 mr stored overnight in fresh fixative at 4°C involved (which varies with fibre radius) and oxygen
then post-fixed in buffered 1% OsQn/v) for 1 h, dehydrated permeability (given by the ratio of intracellular lipid to aqueous
in ascending grades of alcohols and vacuum-embedded $@arcoplasm), corrected for the kinetic effects of temperature
epoxy resin (Araldite/Epon). Six blocks per fish were preparedQi0), and partitioned among the distinct structural regions
and one was chosen at random for subsequent analysis.  found in fish muscle fibres (subsarcolemmal and
intermyofibrillar zones).
Light microscopy The input variables used, and adjusted in an iterative manner
Semi-thin (0.5um) sections were stained with Toluidine to explore their relative importance, were: temperature (°C),
Blue to orientate the blocks for true transverse oloxygen permeabilitypo, (molnrlkPals™), rate of oxygen
longitudinal sections of muscle fibres (around 50 per fieldconsumption, Mo, (mol O;m3tissues?), intermyofibrillar
two fields per section) and to quantify the capillary supplyzone radius/fibre radius, mitochondrial volume density,
at a magnification 0k500 as capillary-to-fibre ratio (C:F), Ww(mit,f), lipid volume density,V(lip,f), the number of
using an unbiased sampling rule (Egginton, 1990) andapillaries around a fibre and the angular location of capillaries
rounded to the nearest half-capillary for ease of computatiomround a fibre.
Mean fibre area was estimated as the inverse of fibre densityThe model of necessity invokes a number of assumptions: (i)
per field or as the mean of digitised areas (previouthat muscle fibres have a circular cross section and a radius
experience has shown these approaches to produegqual tothe mean radius for that tissue, derived from empirical
equivalent values). measurements; (i) that capillaries have a circular cross section,
which in red-blooded species is frh in diameter (based
Electron microscopy on measurements fromlotothenia coriicepsslow muscle)
Ultrathin (approximately 80nm) sections (one per blockand in icefish is 4.am (based on measurements from
chosen at random) were double-stained with methanoic uran@haenocephalus aceratakow muscle); (iii) that mitochondria
acetate (30% m/v) and aqueous lead tartrate (2%), armbnsume oxygen at a rate of 4.0 mr@-2min-! at 37 °C and
electron micrographs were taken at an accelerating voltage operate with a ¢ of 2.0; (iv) that capillaries are spaced at
60kV from one or two grids per block (one field per grid,equidistant angles around the muscle fibre; (v) that
20-30 fibres per field). Micrographs were analysed at a finahitochondria are not distributed homogeneously (the respective
magnification of x8750 to x15750 using the transparent volume densities in the subsarcolemmal and intermyofibrillar
overlay of a stereological counting grid. A lattice spacillg ( zones are quantified separately); (vi) that, to accommodate data
of 1.3cm (equivalent to 0.8-1.pin) was used for from different studies, lipid is distributed homogeneously
guantification of subcellular structure using standard pointthroughout the fibre (see below); (vii) that Krogh’s diffusion
counting and line-intercept techniques for area and boundappnstant relative to wateKK) is 5 for lipid (L) and 0.4 for
length estimates, respectively (Egginton and Sidell, 1989kytoplasm Kc) (a cytoplasmic value oKc=0.5 is assumed
Providing that random sampling criteria are applied, volumédor icefish because of their lower protein concentration); (viii)
density {/v) in practice represents the area of any structure ghat permeability is the weighted average of Krogh's
a proportion of a reference cross-sectional area. The large fibdéfusion constants for the lipid and cytoplasmic fraction,
diameter precluded the use of the whole cross section @e,={VW(lip,/)KL+[1-V(lip,f)]Kc}=(Do,*xSo,), where Do,
reference phase, so muscle was subsampled by the methodantiSo, are oxygen diffusivity and solubility, respectively; (ix)
systematic area-weighted quadrats, whereby different regionisat assumed myoglobin is zero or negligible in all species since
are sampled in proportion to their volume fraction, givingmyoglobin is not expressed in notothenioids and would, in any
an unbiased estimate of population means (Cruz-Orivease, be ineffective at low temperatures; (x) that mitochondrial
and Weibel, 1981). Data were collected separately focristae density and respiratory chain enzyme activity are similar
subsarcolemmal and intermyofibrillar zones, from which meaamong species, with the lower cristae density of icefish

fibre volumes could also be calculated. incorporated as a variant; and (xi) that blood flow is maximal
_ _ and capillaryPo, is 6 kPa.
Mathematical modelling The model allows the influence of the following variables to

The combined effect that differences in fine structure havbe examined: (i) Krogh'’s diffusion constant; (ii) fibre size; (iii)
on the intracellular oxygen tension of the aerobic pectoratapillary size (iv) homogeneity of mitochondrial and lipid
muscle fibres was explored by means of a mathematical moddiktribution and (v) interspecific differences when values are
of intracellular diffusion (Hoofd and Egginton, 1997). This normalised for a common temperature.
model is based on the structural parameters affecting both
oxygen delivery and consumption and, hence, provides an Statistical analyses
estimate of the potential for intracellular oxygenation assuming The data were based on mean fibre composition, so
maximal blood flow and mitochondrial respiration. Briefly, thestatistical comparisons accounting for intraspecific variance
potential oxygen delivery (determined by the capillary supplywere not possible, but we used a Studentsst to indicate
is balanced by oxygen consumption (scaled according tehere significant interspecific differences were found on the
mitochondrial volume), allowing for the diffusion distance basis of the mean <p. Po,.
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Table 1.0xygenation of pectoral skeletal muscle fibres in perciform fishes from different thermal environments

Minimum Fibre

Mass SL Temperature Po, Po, area W
Species Region Habitat Activity (9) (cm) (°C) (kPa) (kPa) umB) C:F (mitf)
Trematomus newnesi Ant  Pelagic Active 174  11+0.5 0 5.796+0.099 5.619 238 13 031
Lepidonotothen nudifrons Ant  Demersal/l Moderate 35+6 184 0 4.373x0.531 3.676 1052 1.2 0.29
pelagic

Notothenia coriiceps Ant  Demersal Sluggish 698+82 32+2 0 3.290+0.791 2.303 1638 1.2 0.27
Chaenocephalus aceratus Ant  Demersal Sluggish 1191+94 49+1 0 1.190+£1.531 0 2932 15 0.53
Paranotothenia magellanica Sub  Pelagic Active 65+10 16%1 4 5.815+0.073 5.683 289 2.0 0.27
Eleginops maclovinus Sub  Pelagic Active 52+7 17+1 4 5.762+0.090 5.602 289 3.1 0.33
Patagonotothen tessellata Sub Demersal Sluggish 11622 18+1 4 4.211+0.564 3.510 1345 3.0 0.33
Champsocephalus esox Sub  Pelagic Active 82+8  24+1 4 1.970+1.330 0.668 2427 3.0 0.1
Paranotothenia magellanica Sub  Pelagic Active 65+10 16%1 10 5.723+0.110 5.524 289 2.0 0.27
Eleginops maclovinus Sub  Pelagic Active 65+4  18+1 10 5.642+0.135 5.402 289 3.1 0.33
Patagonotothen tessellata Sub Demersal Sluggish 116+22 18+1 10 3.317+0.847 2.265 1345 3.0 0.33
Champsocephalus esox Sub  Pelagic Active 82+8  24+1 10 0.719+1.511 0 2427 3.0 0.51
Lithognathus mormyrus Med Pelagic Moderate 57+5  14#1 20 5.663+0.122 5.425 327 35 0.13
Coris julius Med Pelagic Active 12+4 101 20 5.052+0.383 5.437 408 28 0.32

Ant, Antarctic; Sub, sub-Antarctic; Med, Mediterranean; C:F, capillary-to-fibre Ntionit,f), mitochondrial volume density; SL, standar
length.
Mean values %.D. are for a distribution of values based on mean structural da@6{ grid points).

Results Trematomus newneand, wherea%v(mit,f) was substantially

The structural variables used as input to the oxygen diffusiofigher (51%) (Table 1), calculate®b, was more than 99 %
model are shown in Table 1. Differences in fibre dimension¥wer in the centre of the fibre (Fig. 1D).
are largely a function of the mean body mass of the fish studied. . )
The slow fibres studied were isolated from the reddest area of Sub-Antarctic species
the pectoral fin adductor muscle (see Fernandez et al., 2000).The sub-Antarctic notothenioids had a simNa(mit,f) to
The data on mitochondrial volume density were taken fronthe high-latitude confamilial species (range 0.27-0.33)
Johnston et al. (1998) and S. Egginton and C. Skilbecklable 1). However, there were approximately twice as many
(unpublished results), whereas the measurements of ti§@pillaries per fibre (C:F 2.0-3.1) (Table 1). Model simulations

capillary bed are from the present study. predicted that the two species with the narrowest fibres,
Paranotothenia magellanica (Fig. 2A) and Eleginops
Antarctic species maclovinugFig. 2B), would have a negligible drop in oxygen

The volume density of mitochondriy(mit,f), in the three ~ tension across the fibre at the average winter (4°C)
red-blooded notothenioids was in the range 0.27-0.3temperature. ThePo, drop in Patagonotothen tessellata

(Table 1). The mean muscle fibre cross-sectional area was €/&9. 2C) was similar to that observed in the Antarctic species
times h|ghe|’ inNotothenia Coriicepsthan in Trematomus Lepidonotothen nudifrortsut half that ifNotothenia Coriiceps

newnesi |arge|y reﬂecting their relative body massesboth of which had slow fibres with a similar mean diameter
(Table 1). The capillary-to-fibre ratio was, however, similar(Fig. 1B,C). At the summer temperature of 10°C, mBan
(1.2-1.3) in all three species (Table 1). Plots of the modelle@as only approximately 2% lower than that in winter for
intracellular oxygen tension against muscle fibre radius foParanotothenia magellanicaand Eleginops maclovinus
these species are shown in Fig. 1A—C. There was no reductiénid- 2E,F), whereas ifPatagonotothen tessellatdig. 2G)

in Po, across the relatively narrow slow fibresToematomus ~ the decrease was 10 times greater (21%). Slow fibres in the
newnesi(Fig. 1A), and a small (16 %) reduction across fibressub-Antarctic icefishChampsocephalus esdxad a similar

in Lepidonotothen nudifronsvhich had approximate|y twice mitochondrial volume density to those in the Antarctic icefish
the mean radius (Fig. 1B). The relationship between fibr€0.51) but a twofold higher capillary-to-fibre ratio (Table 1). In
radius and the calculated intracelluRs, was complex. For summer, the predicted intracellular oxygen tension was 50 %
example, although the fibre radiusNintothenia coriicepsvas  lower than in winter (Fig. 2D,H), being similar to that of the
On|y 239 greater than in_epidonotothen nudifronsthe Antarctic channichthyid:haenocephalus acerat(ﬂéable 1)
reduction in oxygen tension at the centre of the fibres was

substantially (30 %) greater (Fig. 1B,C). The mean slow fibre Mediterranean species

radius in Chaenocephalus aceratusas 3.5 times that of In the warmer, low-latitude perciform species, there was a
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Fig. 1. (A-D). Wire frame plots
of calculated intracellularPo,
(kPa) in slow oxidative fibres of
the locomotory (pectoral) muscles
from  Antarctic notothenioid
speciesPo, is on the vertical axis
and fibre radius ym) on the
horizontal axes, with the centre
at (0,0). The highesPo, value
(6kPa) represents that of
capillaries around a fibre; this
declines both radially and
circumferentially, initially with a
steep gradient that quickly levels
out towards the inner part of the
fibre. The integrated response of
differences in fibre size and
intracellular compartments is
predicted to maintain a similar
level of tissue oxygenation at a
cell temperature of 0°C when
fibre radius is small. When fibre
girth is increased, the decrease in
mean Po, is pronounced, an
effect that is accentuated within
the fibres of the channichthyid
Chaenocephalus aceratugrhere
anoxic regions are predicted to
occur. See text for details. Nototheniacorii ceps Chaenaephalus aeratus

60 % difference invv(mit,f) (Table 1). However, as the fibre intracellular oxygen tension (Fig. 4C). Indeed, mBanvaries
radius was small and capillary supply moderate to high, thdirectly with fibre cross-sectional area, irrespective of species
muscle fibres are predicted to have an intracellBar in  or geographical zone/environmental temperature at which the
excess of 5kPa (Fig. 3), similar to that seeriamatomus notothenioids live (Fig. 5A). Thus, there is little inter-specific

newnesirom the Antarctic at 0°C. difference in mea®o, when the variation ivv(mit,f) among
_ _ species is normalised by calculating the total mitochondrial
Determinants of fibr&o, volume per unit fibre length (Fig. 5B). The complementary

Krogh's diffusion constantK{r, the arithmetic product of changes due to these major influences are illustrated for
the diffusion coefficient for oxygemo,, and the solubility ~Chaenocephalus aceratby iteratively varying fibre radius at
constant for oxygerto,) is conveniently expressed relative to the normal environmental temperature (Fig. 6B) and
that of water, and a value &r=0.4 is appropriate for a environmental temperature at normal fibre radius (Fig. 6A).
nominal cell protein concentration of 30 mgtlHowever,
lower values for trunk muscle protein concentration may _ _
increaseKr to 0.5 or above and, hence, lead to a potentially Discussion
higher mearPo, than that predicted using the standard input The Antarctic fish fauna present a rare opportunity to
variables (Fig. 4A). Most vertebrates have a capillary diametezxamine the response of ectothermic vertebrates to an
of approximately 2.um, although nototheniid vessels are essentially unchanging, very cold environment. In addition, the
somewhat larger, at 3uin, and those from channichthyids are unique endemic speciation within the marine environment
even larger, at 45m. There is an increase in oxygen tensionallows closely related species of differing ecotypes and
across this range of vessel size as the larger vessmrphologies to be compared. However, as a consequence of
circumference allows for an increased outflow of oxygeriow species diversity and predation pressure, these fishes may
(Fig. 4B). Fibre size has a major influence on calculatediot need to conform as fully to the environment compared with
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Patagonotothen teellata

Patagonotothen teellata

Chanpsocephalus esox

Fig. 2. Intracellular Po, (kPa) in slow
pectoral muscle fibres of notothenioids
from the sub-Antarctic region. The
integrated response of differences in fibre
radius and intracellular compartments is
predicted to maintain a similar level of
tissue oxygenation at cell temperatures
experienced during winter (A-D) and
summer (E—H) (4 and 10°C, respectively).
The icefishChampsocephalus esskows

a potential hypoxaemia that is particularly
evident at the higher temperature (H).

other ecosystems and, hence,
challenge the usual concept of all
species evolving to the same
adaptionist pinnacle. In addition, the
relatively short period of stock

isolation may mean that the present
fauna present an incomplete process
of cold adaptation. Indeed, it is

clear from the Channichthyidae that
cardiovascular adaptations do not
compensate fully for the loss of

respiratory pigments. We used a
mathematical model of peripheral

oxygen supply to explore the major
influences on oxygen delivery to

locomotory muscle, accepting that
our current understanding of the
physiology is incomplete and that a
perfect model does not exist.

Temperature

Bearing in mind these limitations,
model iterations are helpful to
illustrate the physiological limits
likely to be imposed by current
phenotype, and also to gauge the
effect of any change in environmental
temperature as a result of climatic
change or altered distribution
patterns. For example, should
Chaenocephalus aceratuse faced
with the annual range of temperatures
experienced by Champsocephalus
esox we calculate a mean fibiRp,
of 0.89+1.51kPa at 4°C and
0.45+1.31kPa at 10 °C (means.i.),
with a significant proportion of
mitochondria along the fibre radius
experiencing anoxia. Clearly, these
animals are well-adapted to the
extreme stenothermal environment of
the Southern Ocean, but structurally
would appear to be ill-equipped to
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high level of tissue oxygenation at ) ¥
a cell temperature of 20°C. Lithognathus mormyrus Coris julius

cope with any perturbation in temperature, indicating a loss afistance over which intracellular diffusion must take place, has
plasticity. The environmental temperature in the Beagle major influence on calculated intracellular oxygen tension.
Channel ranges from 4 °C in winter to a maximum of 10-11 °G-rom the Krogh model, the relationship betw&en and fibre
in summer. This may be extended by several degrees in bathoss-sectional area is much more linear than that betgen
directions in shallow bay waters, and the intertidal nestingnd fibre radius; a fivefold increase in area is equivalent to a
speciesPatagonotothen tessellatand Harpagifer bispinnis 124 % increase in radius. Using the appropriate capillary radius
survive extreme diurnal temperature ranges during summand Kr value, the very large radius of slow fibres in
spawning and in persistent cold water while guarding theichannichthyid muscle probably represents an upper limit to
nests during nocturnal low tides in July and August. adequate oxygenation; if the fibre size were similar to that
There is evidence for a possible adaptation in peripherdbund in nototheniids, there would be a substantial increase in
oxygen transport among the Channichthyes, wittcalculatedPo, (to 3.13+0.99kPa). Indeed, me®&a, varies
Champsocephalus escalculated to exhibit a mean intracellular directly with fibre size, such that a change in fibre area of 50 %
Po, of 1.43t+1.51kPa Kr=0.4) or 2.36x1.20kPaK¢=0.5) would lead to an approximately fourfold difference in
(means *s.b.) at 0°C, far higher than that predicted for calculated oxygen tension. Fibre size normally varies directly
Chaenocephalus aceratas 0 °C. Aerobic muscle performance with body size. Most of the fish studied were relatively small
is likely also to be aided by the presence of ventriculaspecimens, e.g. iPatagonotothen tessellgtahe maximum
myoglobin in some channicthyid species (Acierno et al., 1997diameter of slow fibres was approximately 10® whereas
In Champsocephalus esdke ventricular muscle has an orange-fast fibres reach a diameter of §08, while the icefishes were
pink appearance (J. Calvo, personal observation) that maglatively large compared with the other species examined.
indicate the presence of myoglobin in this species as well, which

would help preserve cardiac output under conditions o Taple 2 Projected oxygenation of pectoral skeletal muscle

metabolic stress, although it may simply reflect cytochrom fibres with homogeneous composition in Antarctic

colour. One captive specimen dhampsocephalus esox nototheniids at different temperatures

survived 6 h of exposure to 14 °C while maintaining the ability —

to swim (J. Calvo, personal observation) at this temperatur Temperature P Mmleum
. . . O2 02

where intracellulaPo, is calculated to average 0.47 kPa, with Species (°C) (kPa) (kPa)

regions of anoxia. In contrast to the channichthyids, th .
red-blooded Antarctic notothenioids, including the sluggist Trematomus newnesi 0 5.7810.10 5.63

Notothenia coriicepsare predicted to show a marked resiIienceLemdonotc.)then nudifrons 0 4.30+0.54 3.60
. T. newnesi 4 5.75+0.11 5.59
to elevated temperature and, with care, may be gradual .

. . . L. nudifrons 4 4.11+0.60 3.35
acclimated in the laboratory to temperatures experienced t+ . 10 5 63+0.16 538
their sub-Antarctic cousins (S. Egginton, unpublished data). F¢_ . difrons 10 3.15;0_91 1.08
example, Lepidonotothen nudifronsvould be predicted t0 T pewnesi 20 5.32+0.29 4.86
decrease mean intracelluls, by 75 % when raised from O to [, nudifrons 20 1.03+1.47 0
20°C, wherea3rematomus newnesiould only have a modest
8% reduction because of its smaller fibre size (Table 2). Input variables: fibre radius, 22u&; capillary radius, 3.Am;

Krogh'’s diffusion coefficientKr)=0.4; mitochondrial volume density,
Fibre cross-sectional area W(mit,f) and capillary-to-fibre ratio, C:F, as in Table 1.

As suggested by the model, fibre radius, representing tt__Values are meansso. (N=961 grid points).
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Fig. 5. (A) The relationship between calculated mean fygeand

4.5 0 fibre cross-sectional arepnt?) for notothenioids living at 0-20 °C;

0 MeanPo, the overall regression (not plotted) B,=6.31-0.002(fibre area)
3.5 o O Minimum Pg, (r2=0.97). (B) The relationship between calculated mean fre
0 and total mitochondrial volume per unit length of fibx&mit,f),
25- is V(mit,H=Vv(mit,f)(fibre area), where/(mit,f) is mitochondrial
o volume density, for notothenioids living at 0-20°C; the overall
1.5- o regression (not plotted) Ro,=5.74-0.00%(mit,f) (r2=0.94).
0.57 O . . . oo
o calculating the total mitochondrial volume per unit fibre length
o A x | (Fig. 5).
15 20 o5 30 35 40 Increasing fibre girth may be a secondary effect of the

differences in habitat temperature during development as a
result of the protracted larval stage of the Antarctic species,
Fig. 4. (A) Influence of Krogh's diffusion coefficient on the which can be extended over most of the winter, spring and
calculated mean (squares) and minimum (circles) fiBg.  summer months (Kock, 1992). The majority of Antarctic and
Arrowheads point to the values derived for nototheniid (left) andsyp-Antarctic notothenioids show an unusual pattern of
chapnichthyiq (right).muscle protein concentrgtions..(B) Influence of,uscle growth characterised by limited fibre recruitment,
f:ap!IIaw radius on intracellular oxygen .t'en3|on. Right arrOWheadr?sulting in slow and fast fibre diameters in excess of 60 and
'f(_:Ef'Sh vgssels; left arrowhead, potothennd vesse_ls. (.C) |r_1f|uer.1ce 50um, respectively (Fernandez et al., 2000). However, it
ibre radius on oxygenation. Right arrowhead, icefish fibres; leff ~ . .
arrowhead, nototheniid fibres. Is likely thgt the presence of .Iarge-dlameter f'lbr'es'has a
phylogenetic explanation and simply reflects a limitation on
fibre recruitment in these species rather than some specific
Large fibre diameter is a function of notothenioid fishes iradaptation to life in cold waters (I. A. Johnston, unpublished
general, rather than of icefishes, and many of the differencegsults). There is taxonomic variation in fibre number, with
observed may be a function of body size. This relationshifleginops maclovinusnly having one-fifth of the number
between fibre cross-sectional area and nfdanwas found of fibres of a salmon of the same body size but 10 times
irrespective of species or geographical zone/environmentahore fibres than other species in the family Notothenidae
temperature at which the notothenioids live and is maintainetthat can reach the same body size (I. A. Johnston,
if the variation inVv(mit,f) among species is normalised by unpublished observations). It may be that low temperature is

Fibre radis (um)
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6 - invariant, such that mitochondrial volume varies directly with

[ A Mo, (Hoppeler et al., 1987). The model uses a standard value
5 2 Q for mitochondrial respiration of 4.0 mk@l-min-1, based on
4 2 studies of whole-muscl®o, at the Mo,max for individual
o species (Hoppeler et al., 1987), scaled for the effect of
3 A temperature (@=2). Although a number of studies have
2 o suggested there is little effect of acclimation or environmental
+ temperature on mitochondrial structure (Egginton and Sidell,
14 PR 0] 1989; Johnston et al., 1994), and hence mass-sp&tific
od + *+ 7 * A recent data suggest that some notothenioids may have an
unusually low respiratory capacity (Johnston et al., 1998). In
-1 — — —T— — this case, the high value fdfv(mit,f) may be an inadequate
0 5 10 15 20 25 30 35 4 index of fibre oxidative capacity, although whether this is a
Temperature°C) result of lower cristae density or is compounded by an altered
6 respiratory chain density is unclear.
] a B However, using the 30% lower cristae surface density
5- W reported by Archer and Johnston (1991) to rescalevibe
@) in the model makes little qualitative difference to our
4 & o conclusions because it would result in a twofold higher
3 A calculated mearPo, in m. pectoralis, e.g. increasing it to
2.62+1.06 kPa (mean &p.) for the channichthyid at 0°C.
24 Even if cristae density were 60% lower than that of
14 + 4 nototheniids assumed in these calculations, the rReamf
. + 7 © Chaenocephalus aceratusould still only be the same as that
0+ * A N of Notothenia coriicepg3.10+0.91kPa) (mean %p.) and
1 : : : : : markedly less than that of the red-blooded notothenioids,
5 10 15 20 25 which have small diameter fibres. However, it would take a
Fibre radius (um) rather modest reduction Mo, of only approximately 10 % to

raise the minimum oxygen tension towards that adequate for
Unimpeded mitochondrial respiration (0.3kPa), a likely
Circles, mean fibr@o,; plus signsPo, standard deviation; triangles, consequepce of a re!atlvely low SpeCIfIC aCtIVIFy of citrate
minimum fibrePo,. Input variables were as follows: fibre radius 12.55ymh_ase !n these anlmals (S. Egginton, S. Skilbeck and S.
um (A), temperature 15°C (B): common variables were Krogh'sCordiner, in preparation).

diffusion coefficient (0.4), the number of capillaries (2),
mitochondrial volume density (0.2) and capillary radius |{@).

Fig. 6. The relative influence of cell temperature (A) and fibre radiu
(B) on calculated oxygen tensions haenocephalus aceratus

Diffusion constant

We have compiled data on the fine structure of slow muscle
fibores from the locomotory muscle of perciform species
permissive for large-diameter fibres, i.e. having large fibremhabiting a wide range of environmental temperatures and
may not be a disadvantage and it may help to reduce restiegamined the consequences for intracellular oxygen delivery.
metabolic rate. This may explain the apparent paradox of larg&'hile the major determinants of tissue oxygen tension are the
fibres under conditions of low diffusivity, suggesting thatcapillary supply and intracellular diffusion distance, other
selection pressure during notothenioid radiation was ndactors such as the composition of the cytosol may play a
primarily directed at maintaining a high intracellular oxygenmodifying role in the diffusivity of oxygen (Hoofd and
tension. Nevertheless, this wide range of fibre size is likely t&gginton, 1997). For example, the value for Krogh’s diffusion
have a direct effect on mean fili?e,. At the extreme of large constant relative to water normally used is based on a nominal
fibres (icefish), calculate®b, was zero at the fibre centre (Fig. cell protein concentration of 30 mgThl whereas we have
1). This may seem odd because mitochondria are distributédund significantly lower values for trunk muscle protein
right to the centre of the fibres in this species (Archeconcentration in channichthyids (N. M. Whiteley and S.
and Johnston, 1991); however, this simply means tha&gginton, unpublished data). It is calculated that, in pectoral
mitochondria can respire at sub-maximdb, and that a muscle fibres o€haenocephalus aceratusis difference may
proportion would be non-functional 8o,max thus limiting  significantly increas&r and hence lead to a potentially higher

aerobic power output. mean Po, than that predicted using the standard input
_ _ variables. Although the value &fr=0.5 used in the present
Mitochondrial content study may be conservative, for the minimuPp, to be

In most vertebrates, the mitochondrial structure and mas#creased above zero would require a more watery muscle than
specific rate of oxygen consumption appear to be relativelis actually found.
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Fibre composition Table 3.0xygenation of pectoral skeletal muscle fibres in

Changes in fibre composition that occur during colc perciform fishes from different thermal environments
acclimation which may affect the intracellular flux of oxygen normalised to similar conditions
include increased lipid and mitochondrial content (Eggintor Minimum
and Sidell, 1989). Because oxygen solubility is higher in lipic Po, Po,
than in agueous solution, and the diffusion coefficient foiSpecies Region (kPa) (kPa)
oxygen was unaltered by acclimation, the calculated diffusioyematomus newnesi Ant 1.431.31 0
constant is greater in cold- than in warm-acclimated fisl_epidonotothen nudifrons Ant 1.16+1.35 0
(Desaulniers et al., 1996; Hoofd and Egginton, 1997)Notothenia coriiceps Ant 1.33:1.33 0
However, in the notothenioid species we examined, thChaenocephalus aceratus Ant 0.45:1.31 0
lipid content was relatively Iow,. §qggesting tha}t otherparanotothenia magellanica  Sub 3.040.84 215
structural parameters may play a limiting role. The influencigjgginops maclovinus Sub 2561.04 1.23
of mitochondrial content has been discussed previoushpatagonotothen tessellata Sub 2531.04 1.26
In addition, as the model uses assumptions designed Champsocephalus esox Sub 2.4@1.31 1.06
examipe the capac.ity for oxygen trgnsport to tissue, anLithognathus mormyrus Med 5.380.18 517
deviations from optimal conditions will clearly reduce the coyis jyiius Med  4.45%0.45 394

apparent efficiency of the process. For example, the mod
assumes a homogeneous cytoplasmic composition in ea Ant, Antarctic; Sub, sub-Antarctic; Med, Mediterranedt,
domain, whereas in reality both capillary supply andkrogh's diffusion coefficient.
mitochondrial distribution are often quite heterogeneou: Input variables: temperature, 10°C; fibre radius, P8
in vivo, leading to some impairment of supply on thecapillary radius, 3.1um; Kr=0.4 for nototheniids an&r=0.5 far
basis of simple diffusion. This is particularly the case forchannichthyids; mitochondrial volume densityy (mit,f), ard
the distribution of intracellular membranes, and theca@pillary-to-fibre ratio, C:F, as in Table 1.
permeability to oxygen is therefore likely to be particularly  Values are meansso. (N=961 grid points).
heterogeneous.

Membranes are unlikely to be oxygen barriers, but ma,
restrict the intracellular distribution of myoglobin and lipid. viscosity (Wells et al., 1990; Egginton and Rankin, 1998).
However, any reticulum of lipid-rich structures such as thdlowever, across this range of vessel size, the boundary
sarcoplasmic reticulum or ribbons of mitochondria may acg¢onditions for oxygen efflux are sufficiently different to
as low-resistance conduits for intracellular flux of oxygencause a higher oxygen supply along the larger vessel
(Longmuir, 1980). Although the model is unable tocircumference, leading to a smaller decrease in oxygen
incorporate such structural heterogeneity, we can estimate tfnsion away from the vessel. At the appropriate capillary
likely influence that different cellular organisation may haveradius and permeability values, melp, in channichthyid
For example, values for intracellul®?o, in Notothenia slow fibres is modest, but it would be dangerously low
coriicepsbased on normalised data (Table 3) but at 0°C wer€0.52+1.22kPa) if their capillaries were similar in size to
3.29+0.79 and 2.30kPa (meansb. and minimum), which those of the nototheniids. Indeed, for the minim@e to be
would be reduced to 3.21+0.80 and 2.42 kPa, respectively, @ove zero would require a 50% greater capillary radius,
the mitochondria were homogeneously distributed betwee@pproaching m (in which case, meafPo, would be
the subsarcolemmal and intermyofibrillar zones across thk99+1.46kPa), whereas if capillary radius were half that
fibre, to 3.20+0.80 and 2.20kPa for homogeneous lipidPbserved, we predict a fivefold reduction in oxygen tension
distribution and to 3.12+0.81 and 2.33kPa if both(to 0.23+0.87 kPa). The model therefore indicates that icefish
components were homogeneously distributed between tH#ilise capillaries of the minimum radius required for efficient
subsarcolemmal and intermyofibrillar zones. The othePXygen delivery, suggesting that larger-diameter capillaries
species were predicted to be affected to a similar degree May incur maintenance costs that impose an upper size limit.

these organelles were not distributed in a heterogeneoyf¢e may assume that there is a mechanical cost involved in
manner. maintaining a microcirculation of greater bore than that

optimised for transport and exchange functions in most other
Capillary radius vertebrate groups. Hence, it would appear that the combined
The influence of capillary radius is not usually considerednfluences on peripheral oxygen transport allow icefish to
in modelling studies as most vertebrates have a similar vesagilise capillaries of a minimum radius commensurate with
bore through which erythrocytes have to deform during tissumaintaining the required level of oxidative metabolism.
perfusion. Our studies have shown, however, that nototheniid
vessels are somewhat larger than the norm for vertebrates, Concluding remarks
while those from channichthyids are considerably larger still. Antarctic notothenioids have large diameter fibres and a high
The large bore of icefish vessels has previously beemitochondrial content, which tend to decrease nfe@n At
discussed exclusively in terms of its influence on bloodhe maximal fibréMo,, capillary supply is unlikely to maintain
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a highPo, for all species: hypoxaemia is likely to develop in Desaulniers, N., Moerland, T. S. and Sidell, B. §1996). High lipid content
the pectoral muscle fibres of the icefiﬁhaenocephalus enhances the rate of oxygen diffusion through fish skeletal muésuoleJ.

¢ hich lack irat . t hil d-blooded Physiol.27, R42—-R47.
aceratus which lacks respiratory pigments, whilie red-bloode Eastman, J.(1993). Antarctic Fish Biology New York: Academic Press.

nototheniids potentially have little problem in maintaining 322pp.
a high Po,. Sub-Antarctic notothenioids have a similar Egginton, S.(1990). Morphometric analysis of tissue capillary supply. In

le fi truct to th ht within the Antarcti Vertebrate Gas Exchange from Environment to Céltlvances in
muscie fine structure to those caught within the Antarctic Comparative and Environmental Physiology, vol. 6 (ed. R. G. Boutilier),

Convergence, resulting in a relatively high mé&an in red- pp. 73-141. Berlin: Springer Verlag.
blooded species. Even within the large diameter fibres of tregginton, S. (1994). Stress response in two Antarctic teleosts

. L . (Chaenocephalus aceratuénnberg andNotothenia coriicepfichardson)
icefish Champsocephalus esoRo, exceeds 1kPa at winter following capture and surgery. Comp. Physiol. R64 482—491.

temperatures (4°C), although oxidative metabolism isgginton, S.(1998). Anatomical adaptations for peripheral oxygen transport
predicted to be impaired at the summer maximum (10 °C). At at high and low temperatureS. Afr. J. Zool33, 119-128.

. 2. Egginton, S. and Rankin, J. C.(1998). Vascular adaptations for a low
the other thermal extreme, related Mediterranean perC|form pressure/high flow blood supply to locomotory muscles of icefish. In

species have a negligible drop in intracellufay, across a Antarctic Fishes: A Biological Overvie(ed. G. DiPrisco, A. Clarke and E.
fibre, and these fibres are of similar size to those of Pisano), pp. 185-195. Berlin: Springer-Verlag.

. . Egginton, S. and Sidell, B. D(1989). Thermal acclimation induces adaptive
Trematomus newnesrom the Antarctic. We tentatlvely changes in subcellular structure of fish skeletal musete.J. Physiol256,

identify a hierarchy of importance for the various influences R1-R9.
on muscle fibre oxygenation as follows: temperature, capillarfernandez, D. A, Calvo, J., Franklin, C. E. and Johnston, 1. A2000).

. . . . . . Muscle fibre types and size distribution in sub-Antarctic notothenioid fishes.
number, fibre size,VW(mit,f), diffusion constant, fibre  ; Fqop BioI.S%p1295—13ll.

composition and capillary radius. No one factor can explain theorster, M. E., Franklin, C. E., Taylor, H. H. and Davison, W. D.(1987).
observed differences among species, e.g. cold-adapted fish stilfhe aerobic scope of an Antarctic fistagothenia borchgrevinkand its

o . . . significance for metabolic cold adaptatiétolar Biol. 8, 155-159.
have a lowPo, at 10°C when normalised for fibre radius, aSHoIeton, G. F.(1972). Gas exchange in fish with and without hemoglobin.

a result of high mitochondrial content and low capillary supply Respir. Physiol14, 142-150.
(Table 3)_ Hoofd, L. and Egginton, S.(1997). The possible role of intracellular lipid in
L . . oxygen delivery to fish skeletal muscRespir. Physiol107, 191-202.
These data suggest that, within a single phylogenetic groufgppeler, H., Kayar, S. R., Claassen, H., Uhlmann, E. and Karas, R. H.
integrative structural adaptations potentially enable a similar (1987). Adaptive variation in the mammalian respiratory system in relation

degree of tissue oxygenation over a 20°C range of to energetic demand. IIl. Skeletal muscles: setting the demand for oxygen.

. | . h heniid h . Respir. Physiol69, 27-46.
environmental temperature In the nototheniids that ISohnston, 1. A. (1987). Respiratory characteristics of muscle fibres in a fish

overwhelmed by the lack of respiratory pigments in the (Chaenocephalus acerajuthat lacks haem pigments. Exp. Biol.133
channichthyids. Importantlf2o, does not correlate with either _ 415-428.

tivit tt logical nich . high | f \(]]phnston, I. A., Calvo, J., Guderley, H., Fernandez, D. and Palmer, L.
activity pattern or ecological niche since nign values are roun (1998). Latitudinal variation in the abundance and oxidative capacities of

at both thermal extremes of the perciform habitat. muscle mitochondria in perciform fishek.Exp. Biol.201, 1-12.
Johnston, I. A. and Camm, J. P(1987). Muscle structure and differentiation
. in pelagic and demersal stages of the Antarctic teiotithenia neglecta
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