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Summary

Rates of oxygen consumption and CO2 production were
measured in Virginia opossums (Didelphis virginiana)
during fasting and prolonged exer cise to quantify changes
in total ener gy expenditure and oxidativefuel selection. We
hypothesized that fasting would cause metabolic depression
and a progressive shift towards lipid utilization to spare
alternative substrates. It was also predicted that prolonged
exercise would cause the same relative changes in fuel
preference as fasting, but on a compressed time scale. The
results show that hypometabolism is not used by the
Virginia opossum to cope with food deprivation. However,
a rapid exhaustion of limited carbohydrate reserves is
prevented through a sixfold reduction in the percentage
contribution of carbohydrates to total energy expenditure
made possible by an increasein lipid utilization. No protein
sparing is observed in this species. Prolonged low-intensity
exercise elicits a potent mobilization of lipids that allows

maximal running time to be extended by delaying the
depletion of limited carbohydrate reserves. We conclude
that fasting and prolonged low-intensity exercise cause
similar changes in the relative use of lipids and
carbohydr ates, but on a different time scale, supporting the
idea that endurance exer cise is the metabolic equivalent of
‘accelerated fasting’. The absence of metabolic depression
and protein sparing during fasting shows that such
physiological strategies have not been necessary for the
rapid range expansion towards the North recently shown
by this species.

Key words: oxidative fuel utilization, lipid, carbohydrate, protein,
nitrogen excretion, energetics, food deprivation, indirect calorimetry,
energy expenditure, marsupial, Virginia opossum, Didelphis
virginiana.

Introduction

One of the keys to survival and reproductive success is the
ability to adjust rates of energy expenditure and to select
adequate metabolic fuels in response to changing
environmental conditions. Coping with periods of fasting and
exercise can only be achieved if the mobilization of available
energy reserves is tightly orchestrated. A reduction in
metabolic rate is one of the first lines of defence to prolong
survival during food deprivation, a strategy widely used by
mammals, even those physiologically incapable of torpor or
hibernation (Craven, 1951; Markussen and Oritsland, 1986;
Newsholme and Leech, 1983; Nordoy et &a., 1990; Taylor,
1975). The ability to endure fasting is enhanced by the
progressive mobilization of lipid storesto spare small reserves
of carbohydrates and proteins (Cahill, 1970; Le Maho et al.,
1987). Interestingly, the gradual changes in relative fuel
selection produced by fasting are also usually observed during
prolonged locomotion (Terjung and Kaciuba-Uscilko, 1986),
although on a much shorter time scale, leading to the idea that
endurance exercise is metabolically equivalent to ‘accelerated
fasting'.

The Virginia opossum (Didelphis virginiana) has been one
of the most successful mammalian species in recent history, as

demonstrated by the dramatic expansion of its range from
central Americato southern Canada (Austad, 1988). However,
it is not known whether fasting-induced hypometabolism has
been a necessary physiologica mechanism for the ecological
success of this species. Marsupials in general (Dawson and
Hulbert, 1970; MacMillen and Nelson, 1969; McNab, 1978)
and D. virginiana in particular (Fournier and Weber, 1994)
already have much lower resting rates of energy expenditure
than placental mammal's, and the opossum may not be capable
of further metabolic depression when exposed to food
restriction. Moreover, it may not be exposed to long periods of
fasting in the wild because of its opportunistic feeding pattern
and omnivorous diet (Gardner, 1982). Previous studies have
shown that it relies mostly on carbohydrates to support short-
term aerobic locomotion (<30min) even though large lipid
reservesarereadily available (Fournier and Weber, 1994). Like
many other mammals, including humans (McClelland et al.,
1999; Shaw et al., 1975; Weber et a., 1993; Wolfeet a., 1990),
the opossum may have the capacity for a much stronger
stimulation of lipid metabolism when exercising for several
hours, but its metabolic response to such a stress has never
been measured. Therefore, the goal of this study was to
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quantify the effects of fasting and of prolonged submaximal
exercise on energy expenditure and oxidative fuel selection in
D. virginiana, a marsupial species that does not use torpor
(Gardner, 1982). We hypothesized that fasting would decrease
metabolic rate and cause a progressive shift towards lipid
utilization to spare aternative substrates. It was also predicted
that endurance exercise would cause the same rel ative changes
in metabolic fuel preference as fasting, but on a compressed
time scale.

Materials and methods
Animals

Y oung wild-caught Virginia opossums Didel phis virginiana
Kerr were obtained from Arcadia, Florida, USA. They were
kept in individual cages (70cmx45cmx60cm), alowed
continuous access to water and fed dry puppy chow (Ralston
Purina, Canada), apples and bananas. The animals were
maintained at 24+1°C, at 60% relative humidity, and on a
reverse 12h:12h light:dark photoperiod with the light on
between 22:00 and 10:00h. Fasting experiments were carried
out on six animals (three females and three males), 8 months
after their arrival, when they had reached adult size
(3.80+0.48kg, mean = sE.M., N=6). Exercise experiments
were carried out on juvenile opossums (body mass
1.34+0.02kg for low-intensity exercise and 1.80+0.03kg for
high-intensity exercise, means + s.e.m., N=4; two females and
two males). These animals were selected from the same litter
of nine siblings for their ability to perform prolonged treadmill
exercise comfortably. We chose juveniles for the exercise
experiments because they can easily run on a treadmill,
whereas older opossums do not achieve the same running
ability as adults, even when they start their training as
juveniles.

Rates of Oz consumption and CO» production

Rates of oxygen consumption (Vo,) and CO2 production
(Vco,) were measured using an Oxymax system (Columbus
Instruments, Columbus, Ohio, USA) in closed acrylic
respirometers (54 cmx38.cmx67 cm) supplied with room air at
3-14Imin~1 depending on body mass and experimental
protocol (Fournier and Weber, 1994; Weber et al., 1997). A
small fan enclosed in the ceiling of the respirometer ensured
that the air was well mixed during the measurements. Air flow
rate through the respirometer was continuously monitored with
a volume-flow regulator accurate to within 1% of full scale.
Oxygen and CO2 concentrations were measured every 5min
(fasting experiments) or every 30s (exercise experiments) in
the inflow and outflow air, after removing water vapour by
passing the air through a calcium sulphate column (Drierite,
W. A. Hammond, Xenia, Ohio, USA). The Oz (electrochemical
sensor) and CO; analyzers (infrared sensor) were calibrated
before measurements (exercise experiments) or once every
24 (fasting experiments) with known reference gas mixtures.
All Vo, and Vco, values were corrected for dry gas under
standard temperature and pressure (stP) conditions. Gas

analyzers and data acquisition were controlled by a personal
computer. The measuring system was found to be accurate to
within +2.5% by bleeding known rates of CO2 and N2 or to
within £1.8 % by burning known amounts of ethanol within the
respirometer.

Fasting experiments

The animals were transferred to the respirometer 48 h before
starting the measurements to familiarize them with the
experimental apparatus. After this acclimation period, rates of
O2 consumption and CO2 production were monitored for 6
days. The animals were fed during acclimation and during the
first 3 days of measurements, but they were fasted for the last
3 days. They had continuous access to water throughout the
experiments. Measurements were interrupted every day for
30min at 14:00h, 2h into the opossums active cycle, to
calibrate the anayzers and to weigh the animals. The
respirometer floor was modified to alow the collection of urine
in acontainer placed onice. The volume of urine produced was
measured every 24h, and a daily subsample was frozen to
measure urinary nitrogen. The total nitrogen content of the
urine was quantified in duplicate using the Kjeldahl method
(Tecator analyzers, 1007 Digester and Kjeltec System 1002
distilling unit).

Exercise experiments

All exercise measurements were carried out during the dark
cycle when this nocturnal species is normally active in the
wild. For 1 month before the experiments, the animals were
trained 3-5 times a week to run on a horizontal, motorized
treadmill enclosed in the respirometer. Measurements were
carried out in the post-absorptive state, 18 h after the last meal.
Each animal was transferred to the treadmill 1h before
measurements. Pre-exercise resting values were then obtained
for 5min before starting an exercise protocol. Two exercise
protocols of different intensity and duration were used
(0.2ms™ for 2h and 0.5ms™ for 30min), and every animal
was measured twice for each protocol. Successive
measurements using the same animal were always separated
by more than 2 days without exercise.

Calculations and statistical analyses

Rates of lipid, carbohydrate and protein oxidation were
caculated from Vo,, Vco, and nitrogen excretion using the
equations of Frayn (1983). For the exercise experiments,
nitrogen excretion could not be measured over such a short
period, and the mean 24h value of 0.13mgNkg1tmin
obtained in post-absorptive animals was used for all
individuals in the calculations. In the fasting experiments,
statistical differences were assessed using analysis of variance
with repeated measures (ANOVA), with time and individua
animal as the main factors. Changes in respiratory quotient
over time were tested with a non-parametric ANOVA
(Kruskal-Wallis)  because the variances were not
homogeneous. All percentages were transformed to the arcsine
of their square root before analysis. Results from the low-



intensity exercise experiments were assessed by linear
regressions, but only for values between 30 and 120min of
exercise. All values given are means + S.E.M.

Results
Fasting experiments
Mean body mass decreased from 3.80+0.48kg (N=6) at the
beginning of the experiment to 3.49+0.45kg (N=6) after 3 days
of fasting (P<0.001). Fig. 1 shows Vo,, Vico, and respiratory
exchangeratio (RER) for 3 dayswith accessto food and 3 days
of fasting. The areas under the Vo, or Vico, curves (top and
middle panels of Fig. 1) were averaged for each day to assess
the effect of fasting on overall energy expenditure. Mean daily
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Fig. 1. Daily changes in rates of oxygen consumption (Vo,) and
carbon dioxide production (Vco,) and in respiratory exchange ratio
(RER) of adult Virginia opossums (Didelphis virginiana) measured
for 6 days (3 days fed and 3 days fasted). Light and dark vertical
zones indicate photoperiod. Data were collected every 5min for 24h
aday throughout the experiments except for a 30 min break each day
when the animals were weighed and the analyzers calibrated. Values
are means (dark lines) +s.e.M. (shaded areas) for six animals.
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area under these curves showed no significant decline over
time (P>0.05) and, therefore, no metabolic depression
was observed (areas under the Vo, curve were 9145+
573ml O2kglday? in fed animas and 10125+
802ml Ozkg1day~1 during fasting). Areas during periods of
light and darkness were also analyzed separately over time to
detect potential changes that had occurred only at night or only
during the day, but no significant effect of fasting on energy
expenditure was observed (P>0.05). Daily RER showed an
overall decline (P<0.001), and mean daily values during
feeding (days 1-3) were al significantly higher than daily
means during fasting (days 4-6) (P<0.05).

The rate of nitrogen excretion (Fig. 2) showed a significant
increase over time (P<0.05) and differed among individuals
(P<0.01). Fig.3 shows absolute rates of lipid (top),
carbohydrate (middle) and protein oxidation (bottom). Fasting
caused an overdl increase in the rates of lipid oxidation
(P<0.01) and protein oxidation (P<0.05) and an overal
decrease in the rate of carbohydrate oxidation (P<0.001). The
oxidation rates of lipids, carbohydrates and proteins were
significantly different among individuals (P<0.01). The
relative contributions of lipid, carbohydrate and protein
oxidation to total oxygen consumption are summarized in
Fig. 4. The percentage contribution of lipids increased from
45.1+7.2 to 75.8+2.4% of Vo, (N=6, P<0.001), whereas the
contribution of carbohydrates decreased from 43.6+6.0 to
7.4+1.1% (N=6, P<0.001) throughout the experiments. The
percentage contribution of protein oxidation to Vo, was
11.3+1.5% at the beginning and 16.8+2.7 % at the end of the
experiments, but these values were not significantly different
(N=6, P=0.34).

Exer cise experiments
Mean vaues for Vo,, Vco, and RER during 2h of low-
intensity exercise at 0.2ms™1 are shown in Fig. 5. Linear
regressions on values between 30 and 120min of exercise
reveal that Vo, was stable (P>0.05) but that Vco, decreased
significantly (P<0.001). Prolonged low-intensity exercise aso
caused a progressive decline in RER (P<0.001) from a
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Fig. 2. Rates of nitrogen excretion of adult Virginia opossums
(Didelphis virginiana) (3 days fed and 3 days fasted). Values are
means = s.E.M. (N=6).
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Fig. 3. Absolute rates of lipid (top), carbohydrate (middle) and
protein oxidation (bottom) in adult Virginia opossums (Didelphis
virginiana) (3 days fed and 3 days fasted). Values are means + s.e.m.
(N=6).

maximal value of 0.957+0.012 after 12min of exercise to a
minimal value of 0.823+0.027 at the end of exercise.

Fig. 6 plots changes in the rates of carbohydrate and lipid
oxidation throughout the 2h of low-intensity exercise. The
rate of carbohydrate oxidation decreased from a maximal
value of 16.79+1.75ml O2kg=1min~1 at 22 min of exercise to
8.16+2.08 ml O2 kgt min~1 at the end of exercise (P<0.001).
The rate of lipid oxidation showed a progressive increase
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Fig. 4. The energy budget of adult Virginia opossums (Didelphis
virginiana) (3 days fed and 3 days fasted). Values are mean (+S.E.M.)
relative rates of lipid, carbohydrate and protein oxidation given as a
percentage of total metabolic rate (N=6).
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Fig. 5. Changes in rates of oxygen consumption (Vo,) and carbon
dioxide production (Vco,) and in respiratory exchange ratio (RER) of
Virginia opossums (Didelphis virginiana) during 2h of low-intensity
exercise at 0.2ms™L. Values are means (dark lines) +s.e.m. (shaded
areas) (N=8 measurements).

of more than fivefold from a minimal vaue of
2.23+0.77 ml O2 kgL min~1 measured after 10 min of exercise
to a maximum of 11.70+1.88ml Oz2kg1min~1 at the end of
exercise (P<0.001).

Mean values for Vio,, Vico, and RER during 30min of high-
intensity exercise at 0.5ms™ are presented in Fig. 7. Vo, and
Vco, increased rapidly at the beginning of exercise and stayed
at approximately three times resting levels until the end of
exercise. RER reached a maximal value of 1.106+0.003 after
8min of high-intensity exercise before declining progressively
to 1.052+0.003 by the end of exercise.

Discussion
Absence of metabolic depression during fasting
Several potential reasons can be proposed to explain why D.
virginiana does not enter a hypometabolic state during fasting.
First, it is possible that post-absorptive marsupials aready
show the lowest basal metabolic rate attainable by mammals
at normal body temperatures. Their known 30% saving in
resting energy expenditure compared with placental mammals
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Fig. 6. Changes in rates of carbohydrate and lipid oxidation of
Virginia opossums (Didel phis virginiana) during 2 h of low-intensity
exercise at 0.2ms, Values are means + s.e.M. (N=8 measurements).

(Fournier and Weber, 1994) may be achieved by lowering key
maintenance functions (e.g. transmembrane ion pumping;
Hochachka, 1986) to minimal levels for a normothermic
mammal, making any further reduction in metabolic rate
impossible without decreasing body temperature and entering
torpor (McNab, 1983). If this is true, even desert marsupias
may be incapable of normothermic metabolic depression
during fasting, and future respirometric studies of desert-
adapted marsupials, together with measurements of ion fluxes
across marsupial cell membranes, will be needed to resolve this
issue.

Another possible way to lower metabolic rate during
fasting isto decrease the size of some organ systems (e.g. the
digestive and reproductive organs, Blank and Degjardins,
1985; Bronson, 1989), but our results show that the Virginia
opossum does not seem to use this mechanism. Taken
together, these observations suggest that this species may
never be naturally exposed to prolonged periods of food
deprivation, possibly because of its ability to survive on a
very wide variety of food items (Gardner, 1982). We cannot
totally exclude the possibility that D. virginiana is capabl e of
fasting-induced metabolic depression but that it takes more
than 3 daysto initiate such aresponse. However, this scenario
is unlikely because other mammalian species that use
hypometabolism show a significant reduction in energy
expenditure after a much shorter period without food: less
than a day for laboratory rats (Markussen and Oritsland,
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Fig. 7. Changes in rates of oxygen consumption (Vo,) and carbon
dioxide production (Vco,) and in respiratory exchange ratio (RER) of
Virginia opossums (Didelphis virginiana) during 30min of high-
intensity exercise at 0.5ms™. Vaues are means + s.Em. (N=8
measurements).

1986; Cumming and Morrison, 1960) and seals (Halichoerus
grypus and Phoca groenlandica) (Nordoy et al., 1990;
Worthy and Lavigne, 1987) or just a few hours for desert-
adapted species such as Bedouin goats (Choshniak et al.,
1995) and spiny mice (Acomys russatus) (Merkt and Taylor,
1994).

Changesiin fuel selection during fasting

Fasting for 3 days caused a sixfold reduction in the relative
use of carbohydrates (from 44 to 7% of Vop,) that was
compensated by an increase in the rate of lipid catabolism
(from 45 to 76 % of Vo,) (Figs 3, 4). This integrated response
in fuel selection is absolutely necessary because the Virginia
opossum stores enough carbohydrates to survive for only afew
hours, wheress its large lipid reserves can sustain life for at
least a week (Fournier and Weber, 1994). A shift in lipid and
carbohydrate preference of similar magnitude is known to
occur in most birds and mammals, but it is usually
accompanied by a decrease in protein utilization to protect this
critical substrate until shortly before death occurs (Cahill,
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1970; Le Maho et a., 1987; Young and Scrimshaw, 1971).
Protein sparing is most pronounced in animals that routinely
face prolonged periods of food deprivation (penguins, Cherel
and Le Maho, 1985; seals, Nordoy et a., 1990; hibernating
mammals, Harlow, 1995; Nelson, 1980), but it is also observed
inthelaboratory rat (Cherel et al., 1992) and in humans (Cahill,
1970). In the present study, the absence of even a blunted
tendency to save proteins suggests that the opossum is poorly
adapted for prolonged fasting.

Effects of exercise on fuel metabolism

At the onset of low-intensity exercise (0.2ms™), total
energy expenditure doubled (Fig. 5), and this change was
entirely supported by a threefold increase in the rate of
carbohydrate metabolism because the rate of lipid
oxidation decreased to half the resting value (Fig. 6). After
15min, lipid oxidation was progressively stimulated until the
end of exercise, when over 50% of total ATP was provided
through fat catabolism. The relative importance of
carbohydrates declined gradually throughout exercise,
while lipid oxidation became the dominant pathway for
energy metabolism. After 2h of running, the rate of
carbohydrate oxidation had decreased to half the maximal
value reached at approximately 20min. Therefore, this
coordinated response in fuel metabolism allows the animal to
run for at least twice as long because total carbohydrate
reserves are known to limit maximal endurance time in D.
virginiana (Fournier and Weber, 1994). This finding is
ecologically relevant because field measurements of wild
Virginia opossums have shown that they travel at average
speeds of approximately 0.3ms™1 (Ryser, 1992). Earlier
experiments had failed to demonstrate that lipid metabolism
can play such an important role because measurements were
carried out only during short-term exercise lasting for up to
30min (Fournier and Weber, 1994). Surprisingly, this
rather sedentary mammal shows the same ability as more
athletic species for an important mobilization of lipid
reserves that avoids the rapid depletion of carbohydrate
reserves during more prolonged low-intensity exercise
(McClelland et al., 1994, 1998, 1999; Roberts et al., 1996;
Wolfe et al., 1990).

Intense exercise (0.5ms™1) caused a threefold increase in
metabolic rate, and the animals were able to sustain this
intensity for at least 30 min (Fig. 7). RER climbed above 1
shortly after the start of high-intensity exercise and was
maintained above this value throughout exercise. This
indicates that part of the ATP needed by the locomotory
muscles was provided by anaerobic metabolism, and that
changes in blood and tissue pH were probably taking place.
Unfortunately, such changes precluded the use of Vco, to
caculate substrate oxidation because, under these
circumstances, the COg/bicarbonate pool was not in
steady state. Therefore, we could not quantify the
respective contributions of lipid and carbohydrate
oxidation to total energy expenditure during high-intensity
exercise.

Concluding remarks

This study shows that metabolic depression is not used by
the Virginia opossum to cope with food deprivation and,
therefore, that such an energy-saving strategy has not been
necessary for the rapid range expansion recently shown by
this species (Austad, 1988). During fasting, rapid depletion
of limited carbohydrate reserves is prevented through a
sixfold reduction in the percentage contribution of
carbohydrates to total energy expenditure made possible by
an increase in lipid utilization. However, this marsupial does
not show protein sparing, even after 3 days without food. The
absence of metabolic depression and of protein sparing
suggest that the Virginia opossum is poorly adapted for
fasting. Prolonged low-intensity exercise elicits a potent
mobilization of lipid stores that allows this animal to extend
its maximal running time by delaying the depletion of
limiting carbohydrate reserves.

This work was supported by research and equipment grants
from NSERC to J-M.W.

References

Austad, S. N. (1988). The adaptable opossum. Scient. Am. 258,
98-104.

Blank, J. L. and Degardins, C. (1985). Differential effects of food
restriction on pituitary—testicular function in mice. Am. J. Physiol.
248, R181-R189.

Bronson, F. H. (1989). Mammalian Reproductive Biology. Chicago:
University of Chicago Press.

Cahill, G. F. (1970). Starvation in man. New Engl. J. Med. 282,
668-675.

Cherel, Y. and Le Maho, Y. (1985). Five months of fasting in king
penguin chicks: body mass loss and fuel metabolism. Am. J.
Physiol. 249, R387-R392.

Cherel, Y., Robin, J. P., Heitz, A., Calgari, C. and LeMaho, Y.
(1992). Relationship between lipid availability and protein
utilization during prolonged fasting. J. Comp. Physiol. B 162,
305-313.

Choshniak, |., Ben-Kohav, N., Taylor, C. R., Robertshaw, D.,
Barnes, R. J., Dobson, A., Belkin, V. and Shkolnik, A. (1995).
Metabolic adaptations for desert survival in the Bedouin goat. Am.
J. Physiol. 268, R1101-R1110.

Craven, C. W. (1951). Oxygen consumption of the rat during partial
inanition. Am. J. Physiol. 167, 617-620.

Cumming, M. C. and Morrison, S. D. (1960). The total metabolism
of rats during fasting and refeeding. J. Physiol., Lond. 154,
219-243.

Dawson, T. J. and Hulbert, A. J. (1970). Standard metabolism, body
temperature and surface areas of Australian marsupials. Am. J.
Physiol. 218, 1233-1238.

Fournier, R. A. and Weber, J.-M. (1994). Locomotory energetics
and metabolic fuel reserves of the Virginia opossum. J. Exp. Biol.
197, 1-16.

Frayn, K. N. (1983). Calculation of substrate oxidation rates in vivo
from gaseous exchange. J. Appl. Physiol. 55, 628-634.

Gardner, A. L. (1982). Virginia opossum (Didelphis virginiana). In
Wild Mammals of North America (ed. J. A. Chapman and G. A.



Feldhamer), pp. 3-36. Baltimore, London:
University Press.

Harlow, H. J. (1995). Fasting biochemistry of representative
spontaneous and facultative hibernators: the white-tailed
prairie dog and the black-tailed prairie dog. Physiol. Zool. 68,
915-934.

Hochachka, P. W. (1986). Defense strategies against hypoxia and
hypothermia. Science 231, 234-241.

Le Maho, Y., Robin, J.-P. and Cherd, Y. (1987). The metabolic
features of starvation. In Compar ative Physiol ogy of Environmental
Adaptations, vol. 2 (ed. P. Degjours), pp. 177-187. Basdl: Karger.

MacMillen, R. E. and Nelson, J. E. (1969). Bioenergetics and body
size in dasyurid marsupials. Am. J. Physiol. 217, 1246-1251.

Markussen, N. H. and Oritdand, N. A. (1986). Metabolic
depression and heat balance in starving rats. Comp. Biochem.
Physiol. 84A, 771-776.

McCléelland, G. B., Hochachka, P. W. and Weber, J.-M. (1998).
Carbohydrate utilization during exercise after high-altitude
acclimation: A new perspective. Proc. Natl. Acad. Sci. USA 95,
10288-10293.

McClelland, G. B., Hochachka, P. W. and Weber, J.-M. (1999).
Effect of high-altitude acclimation on NEFA turnover and lipid
utilization during exercise in rats. Am. J. Physiol. 277,
E1095-E1102.

McClelland, G., Zwingelstein, G., Taylor, C. R. and Weber, J.-M.
(1994). Increased capacity for circulatory fatty acid transport in a
highly aerobic mammal. Am. J. Physiol. 266, R1280-R1286.

McNab, B. K. (1978). The comparative energetics of neotropical
marsupias. J. Comp. Physiol. 125, 115-128.

McNab, B. K. (1983). Energetics, body size and the limits to
endothermy. J. Zoal., Lond. 199, 1-29.

Merkt, J. R. and Taylor, C. R. (1994). ‘Metabolic switch’ for desert
survival. Proc. Natl. Acad. Sci. USA 91, 12313-12316.

Nelson, R. A. (1980). Protein and fat metabolism in hibernating bears.
Fedn. Proc. 39, 2955-2958.

Newsholme, E. A. and Leech, A. R. (1983). Biochemistry for the
Medical Sciences. Chichester: John Wiley & Sons.

Johns Hopkins

Opossum energetics 1371

Nordoy, E. S., Ingebretsen, O. C. and Blix, A. S. (1990). Depressed
metabolism and low protein catabolism in fasting grey seal pups.
Acta Physiol. Scand. 139, 361-3609.

Roberts, T. J., Weber, J.-M., Hoppeler, H., Weibel, E. R. and
Taylor, C. R. (1996). Design of the oxygen and substrate
pathways. Il. Defining the upper limits of carbohydrate and fat
oxidation. J. Exp. Biol. 199, 1650-1658.

Ryser, J. (1992). The mating system and male mating success of the
Virginiaopossum (Didelphis virginiana) in Florida. J. Zool., Lond.
228, 127-1309.

Shaw, W. A., Issekutz, T. B. and Issekutz, B., Jr (1975).
Interrelationship of FFA and glycerol turnovers in resting and
exercising dogs. J. Appl. Physiol. 39, 30-36.

Taylor, C. R. (1975). Temperature regulation and water requirements
of desert mammals: physiological strategies and constraints of
domestication. In Physiological Adaptation to the Environment (ed.
F. J Vernberg), pp. 131-142. New York: Intext Educationa
Publishers.

Terjung, R. L. and Kaciuba-Uscilko, H. (1986). Lipid metabolism
during exercise: Influence of training. Diabetes/Metabolism Rev. 2,
35-51.

Weber, J.-M ., Fournier, R. and Grant, C. (1997). Glucose kinetics
of the Virginia opossum: possible implications for predicting
glucose turnover in mammals. Comp. Biochem. Physiol. 118A,
713-719.

Weber, J.-M., Roberts, T. J. and Taylor, C. R. (1993). Mismatch
between lipid mobilization and oxidation: Glycerol kinetics in
running African goats. Am. J. Physiol. 264, R797—R803.

Wolfe, R. R., Klein, S., Carraro, F. and Weber, J.-M. (1990).
Role of triglyceride—fatty acid cyclein controlling fat metabolism
in humans during and after exercise. Am. J. Physiol. 258,
E382—E3809.

Worthy, G. A. J. and Lavigne, D. M. (1987). Mass loss, metabolic
rate and energy utilization by harp and gray seal pups during the
postweaning fast. Physiol. Zool. 60, 352—364.

Young, V. R. and Scrimshaw, N. S. (1971). The physiology of
starvation. Scient. Am. 225, 14-21.



