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Temperature and the Viscosity of Protoplasm.
By
C. F. A. Pantin, B.A.,
Assistant Physiologist at the Plymouth Laboratory.

With 1 Figure.

Durine the investigation of amceboid activity (17) it became necessary
to know the effect of temperature on the viscosity of protoplasm. In
the marine amoebz studied the viscosity appeared to rise as the tem-
perature fell, especially near 0°C. Greely (9) has noted similar changes
in the protoplasm of fresh-water amcebz and other protozoa. An increase
in viscosity with a fall of temperature also accounts for the parallel
effects of cold and loss of water on the protoplasm of various animals
(Greely, 7 and 8).

The amoebse were not suitable for the quantitative determination of
relative changes in viscosity. Weber (20 and 21) investigated these
changes quantitatively in certain plant cells. He found that the viscosity
rose as the temperature fell in the same way that it does in protein
solutions, but more rapidly. Perhaps this might be expected since
Chick (3) has shown that for protein solutions the rise in viscosity as the
temperature falls becomes greater as the concentration of protein in-
creases, and the protein concentration in protoplasm is probably high.

However, Heilbrunn (11) has shown that the viscosity of sea-urchin
eggs falls as 0° C. is approached. In his most recent paper (13) he has
determined quantitatively the effect of temperature on the viscosity of
Cumingia eggs. He finds the viscosity to be maximum near 15° C., and
to fall rapidly as the temperature is raised or lowered from this point.
Near 0° C. the viscosity rises again very sharply.

Heilbronn (10) has obtained somewhat similar results with certain
Myxomycetes, though the variations of the viscosity are less marked.
He suggests that the viscosity of protoplasm, as opposed to a purely
physical system, can undergo “ auto-regulation ”’ by the protoplasm itself.

Temperature thus has widely different effects in different cases, and
until more have been studied it is difficult to draw conclusions as to the
general effect of temperature on the viscosity of protoplasm. But since
the viscosity of the constituents of protoplasm must rise as the tem-



332 C. F. A. PANTIN.

perature falls, we would expect the rise in viscosity first mentioned, noted
by Weber (21 and 22) and others, to be the normal effect of a fall in
temperature on protoplasm, unless secondary changes occur. Weber
points out that in other cases the peculiar variations of viscosity are
probably brought about by such secondary changes (e.g. changes in
permeability).

Again, variations in the viscosity must arise from changes in the state
of the protoplasm itself, and such changes must have an influence on
processes taking place in the protoplasm. But although Heilbrunn (13)
points out that the viscosity temperature curve for Cumingia eggs is
roughly similar to the curve showing the relation of crossing-over in
Drosophila to temperature, yet the curves showing the relation of the
majority of biological processes to temperature show no relation to such
a viscosity temperature curve. For instance, the curve relating tem-
perature to the rate of beat of the Terrapin heart (19) is a smooth curve
gradually reaching zero near 0° C.: if the state of the protoplasm
changed with the temperature, as in Cumingia eggs, one would expect the
change to be reflected by a deviation from the observed smooth curve,
this deviation being maximal where the viscosity was maximal. On the
other hand, the gradual manner in which this and similar curves reach
zero near 0° C. is in keeping with the assumption that in most of these
cases the viscosity rises regularly as the temperature falls, becoming very
great near 0° C.

MaTERIAL, METHODS, AND RESULTS.

The viscosity of the protoplasm of the immature eggs of Nereis diversi-
color (the normal, not the heteronereis form) appears to rise as the
temperature falls. The following experiments were performed to deter-
mine this rise quantitatively, and thus to find the order of magnitude
of the viscosity changes in cases such as this.

The method employed was that of Heilbrunn (12). Individual worms,
full of eggs, were opened and the eggs washed out with natural sea-water
(pH 7-8 to 8-2 in all experiments). During the experiment the eggs were
kept in a dish surrounded by water containing ice; if kept at room
temperature the viscosity was found to alter slightly before the end of
the experiment. Kggs were taken from the dish and centrifuged in a
hsematocrit attachment to the centrifuge at a given temperature for
different periods. The temperature was controlled by enclosing the
hematocrit attachment in a small inner chamber, surrounded by a large
outer chamber containing water (or ice) at the desired temperature. The
hamatocrit attachment was first heated or cooled to the desired tem-
perature, and then rapidly fixed on to the centrifuge spindle in the inner
chamber and the apparatus closed. A thermometer entered the inner
chamber, and as soon as the desired temperature was registered the eggs
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were centrifuged. The hamatocrit attachment was 14-5 cm. in diameter,
and in these experiments it was turned at 108 revolutions per second.

After centrifuging for a certain time a black granular cap formed at
the lower side of the egg. The time required for this cap to form was
used as a measure of the viscosity of the protoplasm. Some eggs form
the cap a little more readily than others, so that as the duration of
centrifuging increases the proportion of eggs with fully developed caps
increases. The change from the condition in which caps are absent to
that in which all the eggs have caps occurs over a definite range of the
duration of centrifuging.

All intermediate stages of cap development occur. An arbitrary
standard was therefore applied above which the cap was considered to
be developed. The standard taken was that degree to which the cap
must be developed so that it be just visible when viewed normally,
though readily visible when viewed in profile. In this way the number
of eggs that had developed the cap could be counted for a particular
duration of centrifuging. Table 1 shows the results of a typical experi-
ment giving the ratio of capped to uncapped eggs for various periods of
centrifuging at different temperatures. The experiments had to be done
as rapidly as possible, so the counts were limited to 40 eggs.

TasLe 1.
Egqgs of Nereus diversicolor.
Centrifugi
Temperature. ant;;:;:gmg Eggs Eggs Capped.  Time for 50% to
in seconds. Dot capped. capped. N5t capped. form cap.
60 0 40 ®
e 50 11 29 2-6
R 40 28 12 0443 e
30 40 0 0
30 0 40 ®
: 25 12 28 2-3 )
+10 20 39 3 0-95 23D secs.
15 38 2 0-05
25 0 40 )
= 20 4 36 9-0
+19 15 33 7 021 180 secs,
10 40 0 0
16 1 39 390
y 12 28 12 0-43
+30 1 a7 3 008 13-2 secs.

3 40 0 0
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By interpolation an approximate value for the time required for 509,
of the eggs to become capped was determined for each temperature (see
last column). These times give a relative measure of the viscosity at
that temperature. :

The difference between the logarithm of the time required for the cap
to form at any temperature and the logarithm of the time taken at 10° C.
gives the logarithm of the relative viscosity compared with that at 10° C.
By taking the mean of these logarithmic differences from several experi-
ments for a particular temperature, the mean viscosity at that tem-
perature relative to the viscosity at 10° C. is found.

RELATIVE
VISCOSITY

L

L, A 1 1 A= 1

ge 10° 20° 30°

Fre. 1.—Curve showing relative viscosity of Nereis eggs at different temperatures. The
curve is the mean of eight experiments, the particular values of which are plotted
about the curve. Several of the values fall upon the same point.

Table 2 gives the mean relative viscosity at different temperatures
from eight experiments, taking the relative viscosity at 10° C. as unity.
Fig. 1 shows the curve obtained by plotting these mean values against

TABLE 2.
Hercl eaus’ !' : Protoplasm of
Mean Mean relative, Nereis eggs. phaseolus

temperature.| viscosity. : (21).
_07°C 1-95 Temperature. Q10. Q 10.
+10-0 1-00 ' 0°=10° 1-84 1-51
20-0 071 | 10°-20° 1-40 141
30-0 067 | (20°-30° ¢} 126 1-37
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the temperature. The individual values obtained in each experiment
have been reduced proportlonally and plotted about the curve to indicate
the order of aceuracy.

Table 2 also gives the calculated temperature GO(,fﬁClen‘fZS and, for
comparison, the temperature coefficients found by Weber (21) for the
viscosity of the starch sheath cells of Phaseolus multiflorus.

It will be seen that in both plant protoplasm and in the protoplasm
of Nereis eggs the viscosity rises in a similar manner as the temperature
falls, though the rise is more rapid in the latter. We are probably
justified in assuming that in cases where the viscosity of protoplasm rises
with a fall in temperature, the rise is of the order of magnitude shown in
the above cases.

Discussion.

The velocity of a chemical reaction taking place in protoplasm must
be affected by changes in the conditions of the protoplasm itself. Since
no account has been taken of these changes, the validity of applying
Van’t Hoff’s law to the rate of biological processes has been questioned
(1) (16). Even if it be assumed that a chemical reaction does underlie
these processes, the conditions of the protoplasm must modify its velocity
considerably, because the temperature coefficient of these processes
is not almost constant as it is in most chemical processes (Krogh,
p. 98 (14).)

Various causes have been suggested to account for this variation of the
temperature coefficient of biological processes. Snyder (20) and Rogers
(18) have suggested that in even the simplest processes several chemical
reactions with different reaction velocities are involved. It seems un-
necessary to assume this until full allowance can be made for temperature
changes in the conditions of the protoplasm.

It has also been suggested that limiting factors such as the availability
of oxygen (14) may affect the velocity of underlying processes. If the
temperature coefficient of the oxygen consumption of Mytilus gills is
corrected for the diminished solubility of oxygen in sea-water at high
temperatures, the temperature coefficient becomes constant between 10°
and 30°. Gray (6) has suggested, tentatively, that this may be of sig-
nificance. But the rate of oxygen consumption of unstriped muscle (5)
does not vary with the oxygen tension, although the effect of temperature
on the rate of oxygen consumption appears to be similar to its effect in
the case of Mytilus gills.

It is therefore of great importance to determine how variations in the
conditions of the protoplasm will affect the velocity of processes occurring
in it. Weber (21) points out that changes in viscosity are directly deter-
mined by these changes of conditions in the protoplasm. Moreover,
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Snyder (20) has drawn attention to the suggestion of Van’t Hoff that the
temperature coefficients of even simple chemical reactions should be
corrected for changes in the viscosity of the medium.

The temperature coefficient of a simple chemical reaction is not quite
constant : it falls as the temperature rises, but to a smaller extent than
in the case of most biological processes. Snyder shows that if the tem-
perature coefficient of a simple chemical reaction (e.g. Hy0,+2H1=
2H,0+-1,) is corrected for changes in the viscosity of the medium (water),
the corrected temperature coefficient becomes almost constant. It seems
probable therefore that the temperature coefficients of biological pro-
cesses should be corrected for changes in the viscosity of the protoplasm,
or of that part of the protoplasm in which the processes occur : and that
by correcting for changes in viscosity we are approximately correcting
for changes in the conditions of the protoplasm.

It is possible that certain structural changes might occur in the proto-
plasm for which no allowance was made by correcting for viscosity,
although they might affect processes taking place in the protoplasm.
But a particular case may be noted here. In certain cases biological
activities are probably unaffected by changes in the viscosity of the
protoplasm. Such a case is the development of tension by striped
muscle during isometric contraction. In this case the tension developed
seems to depend on the amount of the antecedent chemical reaction
(production of lactic acid) rather than on its velocity, which alone would
be affected by the viscosity. Nevertheless if structural changes capable
of affecting biological processes occurred in the protoplasm we might
expect them to affect the degree of tension developed in this case.

Now, the tension developed by muscle appears to be a surface effect ().
The tension developed at different temperatures during isometric con-
traction seems to show that the effect of temperature on the underlying
physical process is unaltered : the temperature coefficient is small and
negative (4). But if a change of temperature produced structural changes
great enough to affect biological processes, they would probably be great
enough to affect the temperature coefficient in the case considered : they
do not appear to doso. There is some probability, therefore, that viscosity
is the chief modifying factor in hiological processes.

To correct the temperature coefficients of various processes for changes
in viscosity with temperature demands knowledge of these changes for
the particular protoplasm in each case. These are not known ; but if the
relative changes are of the order of those occurring in Nereis eggs we
should find that the temperature coefficients of various processes would
tend to become constant if corrected by viscosity values obtained from
these eggs. There will, however, be greatest divergence near 0° C. The
viscosity rises rapidly in this region, and if in other kinds of protoplasm,
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this rise occurred a little earlier or later than it does in Nereis eggs, the
correction would be imperfect. Table 3 gives the temperature coefficients
of ciliary, heart and amaeboid activities corrected by factors derived from
the viscosity changes in Nereis eggs. It will be seen that the greatest
divergence occurs near 0°C. The enormous rise in the temperature
coefficient near 0° C. of, for instance, the rate of beat of the Terrapin
heart, may indicate that the viscosity of the protoplasm rises far more
rapidly in this case than it does in Nereis eggs.

TABLE 3.

Temperature Coefficients corrected for Changes in Viscosity.

Q10 observed

Corrected QIO= Cm

Temperature range : °~10° 5°-15° 10°-20° ' 15°-25° 20°-30° 22-5°-32-57
Q10 Nereis eggs . . 1-84 1-59 1-40 1:30 1-26 1-24
Q10 observed . 31 2.7 2-3 2-15 1-95 1:92
Ciliary activity—
(6) Q10 corrected . 1-68 1-70 1-64 1-65 1-55 - 1-85
Q10 obzerved . 10-2 35 2.2 2-1 1-9 1-9
Rate of Terrapin heart beat—
(19) QL0 corrected . 55 2:2 1-57 1-61 1-51 1-53
Temperature range . 0°-5° 5°-10° 10°-15° 15°-20° — —
Q10 observed 16-9 3-19 2.51 2.04 - ik
Velocity of Ammha—
(17) Q10 corrected . 8-55 el PR o 1-53 —— -

In view of the previous considerations, the corrected temperature
coefficients are as constant as could be expected The values of the
corrected temperature coefficients are of the order of the corrected values
for chemical reactions. For the reaction H,0,-+2H1=1,+2H,0 with
an observed temperature coefficient about 2, the corrected temperature
coefficient is 1-56 (20).

It has been mentioned that Heilbrunn (11) found that the viscosity of
sea-urchin eggs does not rise, but falls, as 0° C. is approached. Perhaps
it is significant that Loeb (15) found the temperature coefficient of the
rate of oxidation in sea-urchin (Arbacia) eggs to be approximately con-
stant, instead of rising as the temperature falls, as in most biological
Processes.

It may be pointed out finally that the rate of most biological pro-
cesses gradually reaches zero near 0°C. This is in keeping with the
assumption that the viscosity of a watery solution such as protoplasm
is important in modifying the rate of these processes.

We may conclude that variations of viscosity of protoplasm with
temperature are probably of the order of magnitude required to make
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the corrected temperature coefficients of biological processes constant ;
and that the value of the corrected temperature coefficients would pro-
bably be of the order of the corrected temperature coefficients of
chemical reactions.

SUMMARY.

(1) The effect of temperature on the viscosity of the protoplasm has
been determined in the unripe eggs of Nerews diversicolor by the
centrifuge method.

The viscosity rises as the temperature falls, the rise becoming
rapid near 0° C.

(2) These changes of viscosity with temperature are similar to those

described by Weber (21) in the protoplasm of certain plant cells.

(3) Attention is drawn to the fact that the temperature coefficients of
biological processes should be corrected for the viscosity of the
protoplasm in which they occur.

(4) Tt is shown that the relative changes of protoplasmic viscosity with
temperature are probably of the order required to make the
temperature coefficients of biological processes constant when
corrected for the viscosity factor.

(5) The magnitude of the temperature coefficients of hiological pro-
cesses when corrected for viscosity changes is probably of the
same order as that of the temperature coefficients of a chemical
process when corrected for changes in the viscosity of its medium.
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