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Abstract--l. Heat production of Reuber H35 rat hepatoma cells and murine C1300 neuroblastoma cells
at different stages of the cell cycle were measured microcalorimetrically.
2. Reuber H35 monolayer cultures of G I-phase cells and cells in S-phase were trypsinized, reincubated
in suspension culture and immediately used for microcalorimetric measurements. There was a remarkable difference in the heat evolution of H35-cells in suspension derived from a monolayer culture of
Gl-phase cells and that of cells in S-phase of the cell cycle. Heat production of GI-cells was relatively
continuous during the experiment, in contrast to S-phase cells that showed a decrease in heat production
after an initial maximum.
3. Neuroblastoma cells synchronized by mitotic shake-off and cultured in suspension progressed
through their cell cycle. They showed maximal heat production shortly before and during mitosis.

INTRODUCTION

LIVING CELLS produce heat. The produced thermal effect is dependent on the cell type used and on
the culture conditions. In general, the heat production
of cells is a reflection of the activity and the viability
of the cells (Kemp, 1980; Spink, 1980). Only very few
data are known about in-vitro heat production of cultured mammalian cells (Schaarschmidt & Reichert,
1981). For Reuber H35 hepatoma cells in suspension
culture we demonstrated a mean heat production of
15 pW/cell at 37°C (Loesberg et al., 1982). Data about
the cell-cycle dependence of cellular heat production
have never been published. The data presented here
approach this question. In this study we used two cell
lines which differ in their substratum-dependency for
growth. The rat hepatoma cell-line Reuber H35
requires attachment to a plastic or glass substratum
for proliferation. In order to study its heat production
at different cell-cycle phases Reuber H35 cells in
monolayer culture were accumulated in a Gl-state by
serum deprivation. Addition of serum to such Gl-cultures stimulates DNA synthesis and cell division (van
Wijk et al., 1979a). At various stages during their progress through the cell cycle, cell suspensions were prepared and the heat production was determined microcalorimetrically.
Cells of the murine C1300 neuroblastoma cell line,
clone Neuro-2A, are able to progress through their
cell cycle during incubation in suspension in serumcontaining medium. The heat production of this cell
line was determined continuously during incubation
of a synchronized cell population in suspension in the
microcalorimeter. Synchronization of the latter population was performed by accumulating cells in rectaphase with Nocodazole, an antitumural agent which
interferes with the formation of microtubules (de Brabander et al., 1976). The rounded and looselyattached mitotic cells were obtained by mechanical
shaking of the monolayer (Terasima & Tolmach,
1963). The data obtained from both cell types lead to
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the opinion that the major changes in the thermogenesis curves occurred after completion of the process of DNA synthesis.
MATERIALS AND METHODS

Culturing of Reuber H35 cells
Reuber H35 hepatoma cells (Schamhart et al., 1979)
were grown as monolayers on 165 cm 2 tissue-culture
Petri dishes (Falcon plastics, Los Angeles) at 37°C.
The culture medium was Eagle's basal medium
enriched 4-fold with vitamins and amino acids, except
for glutamin. The medium was buffered with tricine at
pH 7.4. Foetal and newborn calf serum was added to
a final concentration of 5 and 10%, respectively. Cells
were synchronized by incubation in a serum-free
medium for 3 days (van Wijk et al., 1979a). Growth
was reinitiated by addition of fresh serum-containing
medium. At various times after serum readdition 6
Petri dishes with Reuber H35 cells (density 2 at
300,000 cells/cm2) were washed twice with buffered
saline and then trypsinized (0.059/0 trypsin, 0.02~o
EDTA) for 5 min at room temperature. Then, ice-cold
growth medium was added and the cells were collected, centrifuged at 300 g for 4 rain, washed with,
and resuspended in, 2.5 ml of ice-cold fresh medium.
The temperature of the suspension was raised to 37;C
immediately before 2.0 ml of the suspension was used
in the calorimeter. Determination of the heat production of the hepatoma cells was started by addition of
the cell suspension through an inlet into the temperature-equilibrated (100 ml) medium.
Culturing of Neuro-2A cells
Murine C1300 neuroblastoma cells, clone Neuro2A, were grown in Dulbecco's modified Eagle's
medium (DMEM) without bicarbonate, but with
25 mM N-2-hydroxyethylpeperazine-N-2 ethane sulphonic acid (HEPES) buffer pH 7.6 supplemented
with 10% foetal calf serum. The procedure of cell
synchronization consisted of selective detachment of
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cells accumulated in mitosis by Nocodazole. The protocol in this procedure was that exponentially-growing monolayer cultures were grown for 24h, then
shaken to remove loosely-attached and dead cells,
and subsequently incubated for 7 h with Nocodazole
at the final concentration of 0.15/zgml-'. Mitotic
cells were isolated by shaking and collected by centrifugation for 4 min at 200 g, washed with and resuspended in 2.5 ml of ice-cold fresh DMEM.
Further treatment for the measurement of heat production was as described for Reuber H35 cells. The
number of mitotic cells per experiment was 3 × 107.
These cells divided into approx. 6 x i0 T cells at the
time they were introduced in the incubation medium
of the microcalorimeter.
Determination of the heat production of the cells
The diathermic isoperibol reaction calorimeter consisted of a demountable Dewar vessel equipped with a
stirrer, a heater, a thermistor (1 kfl) and an inlet for
introducing a second component. This system was immersed in a very stable thermostat (TRONAC) with a
temperature stability well within I mK (Loesberg et
al., 1982). The temperature was measured with a
Wheatstone bridge which was fed with a constant current supply. The limit of detection in the temperature
measurement was 1.8 x 10-4K, this corresponded
to a heat effect of 1.5 x 10 -~ J. A heater was used for
internal calibration and for speeding up the reaching
of the equilibration temperature. A constant ct~rrent
supply stable within 0.01% was used for the heat
input. These constant current supplies were homemade and described elsewhere (Schaake et al., 1979).
The inbalance of the bridge was measured at regular
time intervals by a microcomputer system (Apple 11)
which was equipped with a digital voltmeter (Leeds &
Northrup 4.5 digits) and a timer card. The apparatus
was calibrated by determining the heat of a solution
of KCI; the result for 10 measurements being
17346Jmo1-~ with a standard deviation of
34J mol-~. Measurements of the heat production
were performed as described before for Reuber H35
cells (Loesberg et al., 1982) and the heat production
was derived from the derivative of the temperature
against time (dT/dt).

Laat et al., 1980; Boonstra et al., 1980; van Zoelen et
al., 1981) including an average cell-cycle duration of
9 h, the theoretical yield of mitotic cells can be calculated for various periods of Nocodazole treatment.
Experimentally, treatment for more than 7 h did not
result in a higher yield of mitotic cells. By cinematography it was found that cells escaped from the mitotic round-cell configuration after longer times of
Nocodazole treatment. Thus, in our procedure, mitotic cells from a culture treated for 7 h, with Nocodazole at a final concentration of 0.15#gm1-1, were
then specifically detached by shaking (yield more than
95% mitotic cells) and incubated in suspension culture.
We used the continuous incubation of [3H]thymidine to monitor the DNA synthetic phase of these
cells. Figure 1A shows the period of DNA synthesis
from 2.5 to 7 h, resembling the Neuro:2A cell cycle in
monolayer culture, The thermogram of a synchronized Neuro-2A cell population in suspension is shown
in Fig. lB. After a small decrease the cellular heat
production increased slightly during the early GI
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DN A and protein synthesis
Procedures for cell counting, DNA and protein
synthesis measurements were described before (van
Wijk et al., 1972).
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Chemicals
All tissue components were purchased from Flow
Chemical (U.S.A.). [3H]Thymidine and [3H]leucine
were from the Radiochemical Centre (Amersham,
U.K.), Nocodazole (methyl[5-(2-thienyl-carbonyl)
1H-benzimidazol-2-yl]carbamate) was a product from
Aldrich Chemical Co. Inc.
RESULTS
Heat production of synchronized Neuro-2A cells isolated by mitotic shake-off
Treatment of an asynchronous culture of Neuro-2A
cells with Nocodazole arrested these cells in metaphase. Based on the cell-cycle data of this cell line (de
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Fig. 1. A. DNA-synthesis of Nocodazole-synchronized
murine C1200 neuroblastoma cells, clone Neuro-2A in suspension culture. Neuroblastoma cells, synchronized by
Nocodazole in metaphases, collected by mitotic shake-off,
were introduced in suspension culture at 37°C under stirring conditions. [aH]Thymidine (100 #Ci) was added to the
medium and at various times samples were taken (continuous label). B. Heat production of 3 × l0 T neuroblastoma
cells synchronized in metaphase by Nocodazole (in roW).
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Fig. 2. Initiation of DNA synthesis and mitosis after serum
addition. Reuber H35 rat hepatoma cells were synchronized by a 72-h incubation in serum-free medium. After
serum readdition [3H]thymidine incorporation at various
times was determined by 30-rain [3H]thymidine pulse
labelling (O). Percent mitotic cells (eL
period, but remained relatively constant. Heat production started to increase slowly when cells were in
S-phase. It increased very rapidly in cells at the end of
their S-phase, reaching double of its value at 2 h after
the end of the DNA synthetic phase, i.e. during initial
mitosis. Then a slight decrease was observed again.
The accuracy of the measured values for the total heat
production (in roW) was calculated to be in the order
of 2-5%. Assuming that the uncertainty in the equilibrium temperature may amount to 50 #V and that the
error in the constant L is 10% or 4 x 10 -6 S - t . This
would lead to an error in the heat production of
0.16 roW. The heat production of the cell masses used
is in the order of 3--10 mW, so this error being about

5-2%.
Heat production of synchronized Reuber H35 cells
Proliferation of Reuber H35 hepatoma cells
requires attachment to a plastic or glass substratum
and the presence of serum in the growth medium.
When the medium is depleted for serum the multiplication of cells in a monolayer culture ceased and the
population becomes arrested in the early G l-phase of
the cell cycle. Such serum-depleted monolayer cultures remain viable and growth can be reinitiated by
adding back fresh serum. Figure 2 shows the cell
cycle. After a delay there is an increase in the rate of

[3H]thymidine incorporation in DNA. A more
detailed analysis of variations in some molecular
events of the Reuber H35 hepatoma cell cycle has
been reported previously (van Wijk et al., 1979a, van
Wijk et al., 1979b).
At four different stages (0, 7, 14 and 24 h) after reinitiation of growth by serum addition, suspension
cultures were prepared. Heat production of the suspension cultures were measured microcalorimetrically
at 37°C. A total of 12 heat-production measurements
were performed in three different experimental
sessions. The results being fairly reproducible. A representative example of the obtained thermograms is
given in Fig. 3. The heat production of hepatoma cells
as determined immediately after transfer to the suspension culture in the microcalorimetry vessel showed
low values for cells at Gl-phase times of 0 and 7 h
after serum readdition. Increased initial values were
observed for cells at later times of their cell cycle. The
average values for the first 15 min of incubation in
suspension were 22.5, 28, 36.5 and 37 pW/cell at 0, 7,
14 and 24h after serum readdition. Moreover the
thermograms showed a remarkable difference
between the heat evolution in a suspension of
H35-cells derived from Gl-phase monolayer cultures
(early and late) and that of cells in later phases of
their cell cycle (Fig. 3). In Gl-cells heat production
was relatively continuous during the measurement. In
contrast cells in later phases showed a sudden decrease in heat production after an initial maximum.
The absence of the transiently increased heat production in Gl-phase cells did not favour the explanation
that our method induced these heat-production overshoot effects as a consequence of the temperature
step-down and step-up procedure. Instead, ceils in the
late part of their cell cycle had a selective heat-producing process that is stopped soon after their incubation in suspension culture. This alteration in cell conformation might play a crucial role in chromatin replication (Wittelsberger & Folkman, 1981).
We decided to study this chromatin replication and
used for this purpose an asynchronous Reuber H35
cell culture which showed a similar decrease in heat
production after some time in suspension culture (Fig.
4). Figure 5 shows that after the introduction of the
Reuber H35 cells into suspension, DNA synthesis is
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Fig. 3. Total heat production of 2 x l0 s synchronized H35
cells (in mW) at 0 ( - - - ) , 7 (. • -~ 14 ( - ' - ) and 24 h (
.)
after serum readdition.
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Fig. 4. The heat production (in mW) of a-synchronous
H35-cells in suspension culture.
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Fig. 5. Rate of D N A (4A) and protein (4B) synthesis in asynchronous H35-cells in monolayer and after
transfer into suspension culture. Label was added at zero time, 1 h later the medium was removed and
stored, cells washed, trypsinized and resuspendedin the original medium containing the respective label.
At various times during continuous incubation at 37°C the amount of the incorporated label was

determined.

inhibited nearly immediately (Fig. 5A). In contrast to
the inhibition of DNA synthesis, the rate of protein
synthesis is hardly affected by the transition from a
monolayer to a suspension culture (Fig. 5B).

DISCUSSION
In this study two cell types have been used which
differ in the regulation of their chromosome cycle,
including DNA replication, condensation and cell
division. The rat hepatoma cell-line Reuber H35 was
not capable of any initiation of the chromosome cycle
in suspension culture. In monolayer culture, cells were
strongly attached to the surface and initiation of the
chromosome cycle was completely serum dependent.
A mitotic shake-off procedure for this hepatoma cell
line did not result in any selective detachment. Two
reasons were found. At first, cells were only in a
round cell shape for a short period of time, independent of the concentration of mitotic inhibitor, and
then flattened again. The second reason was that even
in its rounded shape the intercellular contacts completely inhibited selective cellular detachment.
The Neuro-2A cell showed a different behaviour.
This cell line was capable of initiating and performing
its chromosome cycle in suspension culture. This cell
type was less sensitive towards serum and was difficult to synchronize by serum deprivation. However,
this cell type appeared to be sensitive for the mitotic
inhibitor Nocodazole, a compound which had been
used in several other cell-cycle studies. In any case, by
the used procedures large populations of synchronized cells of both cell types could be obtained to study
thermogenesis at several stages during cell-cycle progression. One of the major conclusions arising from
the thermographic data was that the heat production
per cell type was strongly different. For the neuroblastoma cells it changed during the cell cycle between 60
and 120pW/cell, while for Reuber H35 cells it
changed between 20 and 40 pW/cell. Nevertheless the
values could be compared with those obtained from

some other mammalian cell types (Schaarschmidt &
Reichert, 1981).
A second major conclusion is that heat production
during the progression of the cell through its cell cycle
was not linear. Especially cells in the later part of
their cell cycle of their chromosome cycle showed an
increased heat production. Theoretically this could be
explained in two ways:
(l) At the end of the cell cycle there is a sudden
change in energy production leading to corresponding
increased heat losses.
(2) During the cell cycle there is only a gradual
increase in energy production but the experimentallyfound changes in the loss of heat reflect inversely the
enthalpy of the system.
In view of the latter possibility it might be speculated
that the heat loss was related to the condensation
cycle of the chromatin. It is known that a decondensed state occurs during S-phase, while maximal
condensation occurs in mitosis (Sawicki, 1979; Beall,
1979). This will be further explored in our laboratory.
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