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Abstract

Heat production of male frogs, Rana temporaria, was measured in a microcalori-
meter through which a continuous flow of gas was passed in order to generate constant
normoxic, hypoxic or anoxic conditions. The normoxic heat flow was 163 = 37 uW/g
body weight in frogs that had not been treated with curare and 149 + 69 uW/g in
animals immobilized with curare. During anoxia, frogs, whether curarized or not,
decreased their heat production to about 25% of the respective normoxic control. In
graded hypoxia (10% to 3% O,), curarized frogs decreased their heat rate according to
the grade of hypoxia they were subjected to.

1. INTRODUCTION

The primary purpose of energy metabolism is the production of adenosine tri-
phosphate (ATP) which is used for powering physiological processes. ATP can be
produced in aerobic pathways (using O, as final electron acceptor), and this mode of
ATP production has substantial advantages over anaerobic energy production. From
1 mole of glucose 38 moles of ATP can be synthesized aerobically, compared to only 2
moles anaerobically. Moreover, in aerobic metsbolism the main foodstuffs,
carbohydrate and fat, are fully oxidized to harmless and readily excretable end pro-
ducts, CO, and H,0, whereas anaerobic metabolism is restricted to carbohydrate and
gives rise to (usually) acidic products. Yet vertebrates, particularly fresh-water fish and
amphibia, may encounter oxygen deficiency in their habitats and hence must be able to
cope with temporary hypoxia and anoxia.

In anaerobiosis, glycogen is the main substrate and lactic acid is the only signifi-
cant end product in most vertebrates. Hence, if the aerobic turnover of ATP is to be
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maintained during anaerobiosis, this would require a rapid breakdown of glycogen to
compensate for the meagre anaerobic yield of ATP and would lead to a massive
production of lactate and protoms. Due to the lack of metabolic energy and the
decrease in pH, physiological processes would come to a halt and the animal would die.
The sequelae of anaerobiosis can be delayed by decreasing the energy expenditure.
Vertebrates have the capacity to decrease their metabolic rate during hypoxia, but the
mechanisms by which this is brought about are poorly understood {for reviews and
references, see Hochachka 1980; Hochachka and Guppy 1987; Wegener et al, 1986;
Wegener 1988).

One prerequisite for studying anaerobiosis is to measure metabolic rates indepen-
dent of oxygen consumption. Recently, sensitive calorimeters have been used for this
purpose, but most studies have been confined to aquatic systems. We wanted to measu-
re heat production of terrestrial animals during well-defined hypoxia/anoxia. This can
be achieved by using a gas flow system. A stagnant atmosphere would continucusly
change due to the metabolic activity of the experimental animals.

In this work we report a method by which heat production of terrestrial organisms
can be measured at high sensitivity in a microcalorimeter through which a constant
flow of gas is flowing during the experiments. The system is used to follow the effects
of anoxia and graded hypoxia on heat production of frogs, but it could easily be adapted
for studying a variety of other physiolagical and ecological problems.

2. MATERIALS AND METHODS

Animals

Common frogs (Rana temporaria) were kept in plastic containers in the laboratory
at 19°C and were fed locusts, tobacco hornworms and crickets. Male frogs of 19to 33 g
body weight were used in the experiments.

Calorimetry

A Setaram Calvet-MS 80 twin-calorimeter, equipped with circulation cells of
100 ml volume, was used in the isothermal mode. The calorimeter was calibrated with
"Joule cells". A flow of gas was passed through the calorimeter at 20.8° C and at a
constant rate of 600 £ 1 mi/h per cell. The gas flow was continuously measured by
means of high precision flow meters (MF-200, Setaram/ Caluire, France) and the rate
was readjusted, if necessary, using micro-valves (Millimite, Hoke/Mass., USA).
Preliminary experiments had shown that a constant gas flow is an absolute necessity for
reliable heat measurements. Another problem with gas flow systems is due to the fact
that animals evaporate water which causes evaporative heat loss. To overcome this
problem, 2 ml of water was added to the reference cell, and the gas was moistened
before it passed through the calorimeter, With these provisions no heat effect due to
evaporation was noted.

The animals were transferred to the experimental cell of the calorimeter and
allowed to adapt for at least 14 hours before data were collected. Some frogs were im-
mobilized by a subcutaneous injection of curare (tubocurarine chioride from Astra/
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Bielefeld, 10 pg/g body weight) 90 min before the readings.

Synthetic air {Messer Griesheim, Frankfurt/Main), a mixture of 20% oxygen and
80% nitrogen, was used to generate normoxic conditions, while anoxic conditions were
created with pure nitrogen. Graded hypoxia was produced by mixing nitrogen and
oxygen using the Digamix SA 27 pump (Wésthoff/Bochum).

The experimental set-up is given in Figure la and 1b.

3. RESULTS

Heat production under normoxic conditions

Under normoxic conditions, frogs produced heat at a rate of 163 + 37 uW/g body
weight (mean t SD, n=10). Under the same conditions animals immobilized with curare
had a heat production of 149 t 69 pW/g body weight (n=7).

Heat production under anoxic conditions

Frogs were kept in the calorimeter under normoxic conditions for at least
14 hours, then the gas flow was switched from air to pure nitrogen for two hours, 10-
15 minutes after switching the gas flow to N,, a precipitous decrease in heat
production was noted. After about 90 min the heat production had reached a steady
state which was 26 + 9% (n=5) of the normoxic control in frogs that were not curarized

(Figure 2)
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Fig. 2: Heat production of a frog (27.2 g), Fig. 3: Heat production of a frog (30.6 g),
not treated with curare. immobilized with curare.
Peaks are due to muscular activity.
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and 24 ¢ 7% in frogs immobilized with curare (Figure 3). After two hours N, was
replaced by synthetic air and the animals were allowed to recover in the calorimeter.
Recovery was characterized by an initial steep increase in heat production which often
reached a plateau above the normoxic control level.

Heat production under hypoxic conditions

The normoxic heat rate of frogs showed great individual variability. Therefore,
the effect of different grades of hypoxia on heat production was expressed in relative

terms using the normoxic heat rate of the
individual frog as a reference. Eight frogs
were used in these experiments. Each frog
was immobilized with curare and its normoxic
heat rate was measured and set at 100%.
After 90 to 120 min the oxygen content was
reduced to 10% or less. This resulted in a
decrease in heat production until a new stea-
dy state value was reached after about 90
min. When a steady state was reached the
oxygen content was further reduced. As with
anoxia, the effect of hypoxia was noted after
10-15 min. The results of these experiments
are listed in Table 1. After changing the gas
flow back to air the heat rate increased ra-
pidly and frogs recovered completely. Some
frogs produced more heat during posthypoxic
recovery than they had done under normoxic
conditions before the experiment was started.
Figure 4 shows one of the experiments in de-
tail.

Table 1

heat production (mWw)
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Fig. 4: Heat production of a frog
(19.4g), treated with curare. The
animal was subjected to different
grades of hypoxia. On the right heat
production rates are given in percent
of the normoxic rate,

The effect of graded hypoxia on heat production in frogs immobilized with curare

oxygen content heat production (n)
(%) (%) of normoxic control
20 100 (8)
10 85 (1)
8 71 (6)
6 57 (5)
4 40 {2
3 28 (2)
0 24 (3
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4. DISCUSSION

Normoxia

Under normoxic conditions, frogs immobilized with curare produced somewhat less
heat than frogs not injected with curare. Curare blocks contraction of skeletal muscle
and hence prevents respiratory movements. The observation that curare did not cause
a significant decrease in heat rate, therefore, suggests that skin respiration was
effective at the chosen temperature (20.8°C) in the relatively small frogs used in the
experiments.

Anoxia

After changing the gas flow from air to nitrogen (or back to air) changes in the
heat curve were first seen after 10 to 15 min. This lag depends on several factors such
as the time required to change the gas in the system and the time it takes to use up the
oxygen stores of the blood (cf. Jones 1972). The anoxic decrease in heat production
appears to have a similar time course as the decrease in heart rate and the loss of
function of parts of the brain that had been shown in previous experiments (Wegener et
al. 1986, Thuy 1987).

Frogs, whether immobilized with curare or not, reduced their heat production to
about 25% of the normoxic rate during anoxia. This is close to the 29% as has been
measured in anoxic goldfish at 20°C (van Waversveld et al. 1989 a, b) and somewhat
above the heat rate of turtles submerged in oxygen-free water, which was 15% of
controls (Jackson 1968). Calorimetric studies on anoxic frogs have not yet been
reported, but heat production in toads submerged in water was reported to be 20% of
air breathing controls (Leivestad 1960).

The 75% decrease in heat flow upon anoxia indicates a marked decrease in energy
expenditure. However, the corresponding decrease in ATP turnover can not be
calculated exactly because such a calculation would require knowledge of all reactions
taking place and precise information as to their thermodynamic parameters under both
normoxic and hypoxic conditions. This information is not available. Some aspects of the
problem have been discussed by Gnaiger (1983).

Recovery from anoxia

All frogs recovered spontaneously when air was readmitted after 2 hours of
anoxia. Artificial reanimation is not required because of the efficient skin respiration.
This is one of the reasons why frogs are particularly well-suited for experiments on
anaerobiosis in vertebrates (for discussion, see Wegener 1988). During recovery a heat
production above the normoxic control level was often maintained for several hours.
Excess heat production during postanoxic recovery has recently been reported in
goldfish (van Waversveld et al, 1989 b) and the mussel Mytilus edulis (Shick et al. 1986).
Obviously, the extra heat reflects additional metabolism required for restoring pre-
anoxic conditions. Restoration of metabolite concentrations to normal values requires
regeneration of the phosphagen- and ATP-pools, disposal of anaerobic products and
replenishment of substrates, A reduced efficiency of oxidative phosphorylation, due to
anoxic darnage to mermbranes, and the repair of damaged structures may also
contribute to the increase in heat production.
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Hypoxia

Because of the great individual variability in heat production of normoxic frogs
the effects of graded hypoxia could not be assessed by comparing different animals.
Therefore, in individual frogs the heat production was first measured in normoxia and
then, in the same experiment, during hypoxia of different degrees. All frogs in the
experiments were immobilized with curare to eliminate heat production due to muscu-
lar activity. This procedure allowed us to express the hypoxic relative to the normoxic
heat production which was used as a reference. Heat production and oxygen content are
correlated (see Table 1) suggesting that during hypoxia aerobic mechanisms contribute
to ATP synthesis according to the concentration of oxygen that is available to the
animals.
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