
of Germany, have involved chemically adding derivatives
of sialic acid to the side-chain carbohydrates. This work is
a follow-up on our previous studies showing that, when
sialic acid is added to antifreeze glycoproteins, activity is
lost, but when the sialic acid is removed by the enzyme
sialidase (N-acetylneuraminidase), the activity is restored
(Feeney et al. 1978).
This research has been supported by National Institutes of

Health grant GM 23817 and National Science Foundation grant
CHE 84-05390.
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Metabolic characteristics
of muscle tissues from antarctic fishes
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Thermal conditions under which the evolution of antarctic
fish species occurred are unique among waters of the globe.
Sea temperatures in the Antarctic vary little seasonally. Waters
in the area of the Antarctic Peninsula, location of our field
activities, are severely cold, ranging from - 1.10 to + 3°C in
summer to <- 1.1°C in winter (DeWitt 1971). Our experiments
during 1987-1988 were designed to address two biological
questions related to this unique thermal environment:
• Do tissues of antarctic fishes display a greater capacity for

energy metabolism than would be expected for temperate-

zone animals at equally cold body temperature (i.e., are
antarctic species "metabolically cold-adapted")?

• Is energy metabolism of antarctic fish tissues more reliant
upon oxidation of lipid substrates than upon oxidation of
carbohydrate fuels? The latter question is based upon ob-
servations that many cold-bodied fishes, including nototh-
enioids endemic to the Antarctic (Clarke et al. 1984), possess
substantial corporeal lipid stores. Although known to be
associated with buoyancy adaptation in swimbladderless
notothenioids (Eastman and DeVries 1981), the role of these
lipid stores in energy metabolism has not been clearly re-
solved.
Our austral summer 1988 field activities at Palmer Station

were carried out by a research team consisting of Lisa Crockett,
Eric Lund, and Bruce Sidell of the University of Maine and
collaborating scientist William Driedzic from Mount Allison
University (Canada). Five separate fishing efforts were con-
ducted with benthic otter trawls from RN Polar Duke at loca-
tions in the vicinity of Low Island and off Astrolabe Needle in
Dailman Bay. Although specimens of several fish species were
captured, our experiments focused upon Notothenia gibberifrons
and Trematomus newnesi. Animals were transported in tanks
aboard Polar Duke to Palmer Station where they were main-
tained in aquaria until needed for experiments.

We feel that the controversy surrounding metabolic cold
adaptation of polar fishes has emphasized, inappropriately,
Standard or Routine metabolic processes, i.e., maintenance
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costs (e.g., see Holeton 1974; Macdonald, Montgomery, and
Wells 1987). A priori, a more compelling argument can be made
for examining compensation of active metabolism to support
such critical behaviors as locomotion of the animal. Conse-
quently, we have measured at a physiological temperature of
1°C maximal activities of several key enzymes from pathways
of energy metabolism in aerobic skeletal muscle fibers and
heart ventricle of antarctic fishes. These biochemical measure-
ments are conducted in vitro under optimal conditions and
saturating substrate concentration, permitting us to assess the
maximal catalytic capacities per gram of muscle for each en-
zyme. Such data should reflect maximal rates of active energy
metabolism. To facilitate direct comparison with temperate-
zone fishes, we also have measured at 1°C maximal activities
of the same enzymes in homologous/analogous muscles from
ecotypically similar temperate zone marine species. Longhorn
sculpin (Myoxocephalus octodecimspinosus) were compared with
the sluggish bottom-dwelling N. gibberifrons and tautog (Tau-
toga onitis) were used in comparisons with the more active
pelagic T. newnesi. We will illustrate our findings by focusing
upon the former species pair.

Our results clearly indicate that central pathways of aerobic
energy metabolism are metabolically cold-adapted in tissues
from antarctic species (see cytochrome oxidase, citrate syn-
thase in figure 1). Likewise, activities of the putative rate-
limiting step in 13-oxidation of fatty acids, carnitine palmitoyl-
transferase (CPT), are significantly higher in tissues from ant-
arctic fishes. The enzymic marker for aerobic catabolism of
glucose (hexokinase, HK), however, is lower in both tissues
from antarctic species, and those for anaerobic glycolysis of
carbohydrate (6-phosphofructokinase, PFK; lactate dehydro-
genase, LDH) are not compensated in skeletal muscle of the
polar species (figure 1). These data strongly support the con-
cept of metabolic cold adaptation of aerobic metabolism in

polar fishes and further suggest that energy metabolism of
these animals is geared primarily toward catabolism of fatty
fuels. Indeed, when maximal rates of ATP generation are cal-
culated from enzyme activities measured at physiological tem-
peratures for polar (1°C) and temperate zone (10°C) species,
the predilection of antarctic fish tissues for use of fatty fuels
becomes evident (figure 2).

To corroborate the above enzymic data, we measured abil-
ities of the same muscles from N. gibberifrons to oxidize carbon-
14-labeled carbohydrate and lipid fuels. These metabolic ex-
periments were performed at 1°C with isolated, electrically
paced heart ventricles and isolated pectoral adductor muscle
preparations (Jones and Sidell, 1982; Sidell, Stowe, and Hansen
1984). Results confirm that muscular tissues from the antarctic
fish have a greater capacity for ATP regeneration from fatty
substrates (calculated at 129 moles ATP/mole fat) than from
oxidation of carbohydrate substrates glucose (36 ATP/glucose)
or lactate (15 ATP/lactate) (table).

Fatty acid competition experiments further suggest that N.
gibberifrons tissues show a distinct preference for oxidation of
monoenoic unsaturated fatty acids compared to long-chain sat-
urated fats (table). Simultaneous presence of unlabeled mon-
oenoic (oleic acid, 18:1) and carbon-14-labeled saturated fat
(palmitic acid, 16:0) greatly depresses oxidation rate of the
saturated compound. In the reciprocal experiment (cold 16:0,
labeled 18:1), oxidation rate of oleic acid is not depressed sig-
nificantly.

In combination, the above data indicate, first, that aerobic
pathways of energy metabolism are metabolically cold-adapted
in antarctic fishes, and second, that muscles of antarctic species
preferentially catabolize unsaturated fatty acids over either sat-
urated fats or carbohydrate substrates.

We gratefully acknowledge the excellent support provided
by Masters and crew of RN Polar Duke and ANS support per-
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Figure 1. Ratio of enzyme activities between homologous or analogous muscles of the antarctic fish, Notothenia gibberifrons and ecotypically
similar temperate-zone fish, Myoxocephalus octodecimspinosus. All assays were performed at 1°C. CYTOX = cytochrome c oxidase; CS
= citrate synthase; CPT = carnitine pal mitoyltransf erase; HK = hexokinase; PFK = 6-phosphofructokinase; LDH = lactate dehydrogenase.
* = P <0.05; ** = P <0.01; *** = P <0.001.
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Figure 2. Maximal rates of ATP regeneragion from carbohydrate or
lipid fuels by muscles of antarctic (Notothenia gibberifrons = NG)
and temperate zone (myoxocephalus octodecimspinosus = MO)
fishes. ATP regeneration rates were calculated from maximal en-
zyme activities for HK (carbohydrates; 36 ATP/glucose) and CPT
(fatty acids; 129 ATP/palmitoleic acid). Assays for NG tissues were
performed at 1°C and those for MO tissues at 10°C. ** = P <0.01;

peq P <0.001.

sonnel at Palmer Station which has been critical to the success
of our project. This work was supported by National Science
Foundation grant DPP 85-16137.
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Rates of substrate oxidation by Notothenia gibberiftons muscles
calculated from carbon dioxide evolution from radiolabeled

metabolic fuels. All entries are shown as mean ± standard error
for n = 6.

Oxidation ratea

	

Heart	Pectoral
Substrate	 ventricle	adductor

5 millimoles carbon-14-6-glucose	34.70 ± 13.96	3.04 ± 1.86

0.2 millimole carbon- 14-U-lactate	7.29 ± 4.17	3.15 ± 0.47

0.5 millimole carbon-1 4-1 -palmitate	8.77 ± 2.90	2.44 ± 0.22

0.5 millimole carbon-i 4-oleate	27.47 ± 4.20	2.30 ± 0.40

0.5 millimole carbon- i4-i-oleate,	23.07 ± 6.43	3.78 ± 0.65
0.5 millimole "cold" palmitate

0.5 millimole carbon-14-1-palmitate,	3.00 ± 1.29	1.29 ± 0.15
0.5 millimole 'cold" oleate

a in nanomoles per gram per hour.
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Purification of peptides
from the tubulins of antarctic fishes

by high-performance liquid
chromatography
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The cold-stable cytoplasmic microtubules of antarctic fishes
assemble from their subunit proteins, tubulin alpha-beta di-
mers and microtubule-associated proteins (MAPs), at temper-
atures (-1.8 to + 2°C) substantially below those necessary for

polymerization, at comparable concentration, of the microtu-
bule proteins of warm-blooded animals. The adaptations re-
sponsible for the efficient polymerization of these cold-stable
microtubules appear to reside in their tubulin subunits (Detrich
1985; Williams, Correia, and DeVries 1985; Williams and De-
trich 1986; Detrich et al. in preparation), perhaps largely in
their unique alpha chains (Detrich 1986; Detrich 1987; Detrich,
Prasad, and Ludueña 1987). One of the goals of our project is
to determine, at the molecular level, the nature of the assem-
bly-enhancing adaptations of the tubulin subunits of antarctic
fishes.

During the 1987-1988 austral summer, we obtained speci-
mens of two nototheniids, Notothenia gibberifrons and N. con-
iceps neglecta, and of one ice fish, Chaenocephalus aceratus, by
bottom trawling from RIV Polar Duke near Low Island and in
Dallmann Bay near Brabant Island. We also evaluated a po-
tential fishing ground near Astrolabe Island but found the
composition of the benthos, dominated by tunicates and
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