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THE TIME COURSE OF EVOLUTION OF OXIDATIVE
RECOVERY HEAT OF FROG'S MUSCLE

BY D. K. HILL

From the Department of Physiology, University College, London

(Received 28 May 1940)

IN an earlier paper [D. K. Hill, 1940] a method was described for deter-
mining the time course of oxygen consumption of stimulated frog's
muscle at 00 C. Comparison was made with the time course of oxidative
recovery heat production under the same conditions and the results
given in this paper were there quoted.

In the past there have been investigations at 00 C. of the initial heat
production and of the negative phase in the anaerobic delayed heat, but
never of the oxidative delayed heat. The reason is that the latter is
evolved very slowly at such a low temperature and the thermopile-
galvanometer system previously available did not possess the necessary
combination of sensitivity and stability. The difficulty has now been
overcome. The method and technique are due to A. V. Hill and have
already been described in detail [A. V. Hill, 1937, 1938, 1939]. Accurate
analysis of the galvanometer record over the complete period of recovery
is greatly simplified by virtue of a certain property of the modern
thermopiles. It is that the rate of fall of temperature at the hot junctions
is almost exactly proportional to the temperature difference between the
hot and the cold junctions: this means that a control heating curve has
a logarithmic form. The application of this property in the analysis has
been outlined by A. V. Hill [1939]. It will be seen that the oxidative
delayed heat at 00 C. is not complete for about 30 min. and analysis for
a period as long as this by the old method would be very laborious. By
the new method the analysis can be completed in less than an hour.
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METHOD
The method has been described by A. V. Hill [1939]. The following

points require mention:
(1) The solution for preliminary soaking of the muscles must have

the same composition as that used in the experiments on oxygen con-
sumption to ensure comparison under identical conditions. It consists
of Ringer's solution containing 10 mg. P/100 c.c. in the form of phosphates
at pH 7-2.

(2) The adequacy of supply of oxygen to the innermost layers of the
muscle must be considered. The thickness of muscle lying on the thermo-
pile is never more than 1 mm. The resting rate of oxygen consumption
at 00 C. is 10-4 c.c./c.c. x min. Krogh's diffusion constant may be taken
as 1.1 x 10-5 at 00 C. The concentration of oxygen at a depth of 1 mm.
in the muscle is (by calculation) 29-5 mm.3/c.c. [see A. V. Hill, 1928].
With a 12 sec. tetanus the total quantity of oxygen required for complete
recovery is 26 mm.3/c.c. of muscle. There is thus adequate supply. In
two experiments the durations of tetanus were 18 and 24 sec. respectively
and there is thus some possibility of lack of oxygen in the innermost
layers of muscle. However, by reference to the previous paper [D. K.
Hill, 1940] it will be seen that the oxygen consumption occurs so slowly
after activity as to allow ample time for replenishment by diffusion.

(3) The duration of tetanus was varied from 2 to 24 sec. for different
experiments. It will be seen that the time course of recovery heat pro-
duction is nearly independent of stimulus duration over this range so
that for purposes of comparison with the time course of oxygen con-
sumption the duration need not be exactly specified.

RESULTS
The time course of delayed heat production at pH 7-2

The results are given in Table I. The total quantity of delayed heat
(anaerobic plus oxidative) is given at one minute intervals up to 30 min.
for ten different experiments. The figures for the last six experiments
have been added together. The average duration of tetanus for this
group is 11 sec. which is approximately the duration of stimulus employed
in the oxygen consumption experiments. In order to make a comparison
of the time courses of oxidative delayed heat and oxygen consumption
the former has to be obtained by subtracting from the total delayed heat
that part of the delayed heat which is still present in the absence of
oxygen. It was shown by Hartree [1932] that this is a justifiable pro-
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OXIDATIVE RECOVERYHEAT4
cedure: he found that the early stages of the delayed heat at 170 C. are
identical in the presence of oxygen and in the earliest runs of a series in
the absence of oxygen. Included in Table I, therefore, is a column giving
the figures for the earliest runs of a series in nitrogen. The figures are
expressed as percentage of the initial heat. The sum of the six delayed
heat experiments is brought to a final maximum of 100. The total
delayed heat is very nearly equal to the initial heat [A. V. Hill, 1939]
so the latter may be taken as 100 and the figures for the anaerobic
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Fig. 1. Oxidative recovery heat following a 12 sec. tetanus at 00 C. A, pH 7-2; B, pH 6-2.

delayed heat at the corresponding times subtracted. The result gives the
time course of the oxidative delayed heat (see Fig. 1). The determination
of the anaerobic delayed heat is the subject of a later paper.

The time course of delayed heat production at pH 6
Oxygen consumption following a tetanus is considerably slowed by

lowering the pH of the medium used for the preliminary soaking [D. K.
Hill, 1940]. It is desirable to determine the time course of oxidative
delayed heat production of muscle at 0° C. and pH 6 for comparison
with the time course of oxygen consumption under these conditions.

The solution for preliminary soaking was made identical with that
used in the oxygen experiments, namely Ringer's solution containing
25 mg. P/100 c.c. in the form of phosphates at pH 6. The results are
shown in Table II. Each series is the mean of three runs taken with one
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pair of muscles. At this pH the time course of total heat production
varies with the duration of tetanus to a greater extent than at pH 7-2.
For comparison with the time course of oxygen consumption, therefore,
the duration of tetanus must be specified: it should be 12 sec. The time
course of oxidative delayed heat for this duration of tetanus is derived,
in the same way as at pH 7-2, by subtraction of anaerobic heat from total
heat (Table II and Fig. 1).

DIsCUSSION
This research was done for the specific purpose of obtaining a com-

parison of recovery heat and oxygen consumption under identical con-
ditions and for that reason is deficient in one respect: the variation of
the time course of heat production with duration of tetanus has not been
fully explored. The results in Table I do not demonstrate clearly the
trend of variation with change in stimulus duration and experiments
should be done using much shorter and much longer durations. The
observed changes in time course of oxygen consumption with the longer
stimuli is consistent with Hartree's results and the existence ofa maximum
possible rate of oxygen consumption is also to be correlated with Hartree's
discovery of a maximum possible rate of oxidative recovery heat pro-
duction. It is probable that corresponding changes would be found in
the recovery heat production at 00 C.

At present the time course of oxygen consumption cannot be in-
vestigated accurately with stimuli of less than about 5 sec. so that com-
parison with very short durations of tetanus (up to 1 sec.) is impossible.
It would nevertheless be worth while exploring these lower reaches
especially for the purpose of investigating further a point mentioned by
Hartree, namely that with short durations of stimulus the times to
maximum of the rates of production of anaerobic and oxidative heat vary
in a similar manner as the duration of stimulus is changed. This acquires
special significance in view of the conclusions of the next paper where it
is shown that the early rapid phase of production of the anaerobic
delayed heat must be attributed to the breakdown and not to the re-
synthesis of phosphocreatine. It would seem probable that the break-
down products of phosphocreatine are responsible for the initiation of
the oxidative recovery processes in muscle.

a SUMMARY
1. Owing to improvements in technique it is possible to determine

the time course of oxidative recovery heat production of frog's muscle
at 00 C.
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2. Following a 12 sec. tetanus this heat production is half complete
in 7 min. at pH 7-2 and in 12 min. at pH 6.

3. At pH 7-2 the duration of tetanus was varied from 2 to 24 sec.
This is not a sufficiently wide range to bring out clearly the dependence
upon stimulus duration and further experiments are required using
shorter and longer durations.
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