How hot are single cells?

Robert S. Balaban®

All energy conversion processes of the cell generate heat, as
these processes are invariably inefficient. This is true for the
generation of ATP via glycolysis or oxidative phosphorylation, as
well as work functions. Thus, heat generation is an inescapable
aspect of cellular physiology. The evolution of endothermy
maintaining body temperature of 37-39°C in mammals has been
proposed to allow for environmental niche expansion due to
enhanced thermoregulatory capacity (Crompton et al., 1978;
McNab, 1978; Ruben, 1995) and peak sustained performance
(Bennett and Ruben, 1979; Ruben, 1995). An increase in basal, or
resting, metabolic rate in endotherms is thought to be generated
by the high mitochondrial content and metabolic demand of
internal organs. The cause of this high resting-metabolic rate
remains a source of controversy, but processes such as high ion
permeability of plasma and mitochondrial membranes and high
protein and membrane turnover have been proposed to underlie
this phenomenon (Ruben, 1995). Importantly, the maintenance
of homeothermic endothermy can be enhanced by dynamic
“insulation” from the environment provided by feathers and fur,
as well as more static structures such as subcutaneous fat and
large body mass that greatly decreases the resting heat loss to the
environment (Boldrinia et al., 2018). Oyama et al., in the current
issue of Journal of General Physiology, present well-designed ex-
periments measuring the surface temperature of different iso-
lated cells during alterations in the energy metabolism to
examine topology of heat production in single mammalian cells.

As discussed above, heat generation is a basic property of an
endotherm cell. However, isolated single cells, without any in-
sulation factors or summation of adjacent cells (Baffou et al.,
2014), cannot maintain a high cellular temperature, which is
why we heat perfusion chambers for single-cell studies. How-
ever, with the bath at physiological temperature and the cell in
close thermal contact with the bath/chamber, does a tempera-
ture gradient exist between cell and bath as well as between
cellular organelles? If dynamic temperature gradients exist be-
tween organelles, this could represent a cellular regulatory
mechanism that has been overlooked (Lane, 2018).

Over the years there have been many attempts at measuring
cellular and intracellular temperature using different physical
approaches with many groups interpreting this data to represent
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a large temperature gradient in isolated cells (Zohar et al., 1998;
Zeeb et al., 2004; Suzuki et al., 2007; Gota et al., 2009; Okabe
et al., 2012). Chretien et al., (2018) interpreted localized tem-
perature sensitive fluorescent probe data to support the notion
of a large temperature gradient between the mitochondria and
cytosol with the mitochondria matrix approaching 50°C. The
magnitude of this gradient was a very surprising result (Lane,
2018).

A brief comment on the potential of cellular mitochondria
matrix reaching 50°C, as these insights also apply to the general
temperature gradient issues inside single cells. Isolated mito-
chondria become uncoupled at temperatures >45°C (Zukiene
et al., 2010; Anderson and Gillooly, 2018) questioning the via-
bility of mitochondria at 50°C. NADH fluorescence decreases
with increasing temperature. 50°C would almost eliminate both
free and bound NADH fluorescence, extrapolating the data from
Zelent et al. (2007). However, NADH fluorescence from mito-
chondria far exceeds the cytosolic emission (Avi-Dor et al., 1962;
Estabrook, 1962), enabling mitochondrial NADH fluorescence to
image mitochondrial structure in muscle cells (Eng et al., 1989;
Rothstein et al., 2005; Llewellyn et al., 2008). Consistent with
these NADH fluorescence amplitude measures, the mitochon-
drial NADH lifetime in intact cells is similar to isolated mito-
chondria in the nanosecond range (Wakita et al., 1995; Blacker
et al., 2014), implying similar temperature environment. Thus,
the temperature dependence of oxidative phosphorylation and
the behavior of the intrinsic chromophore, NADH, do not sup-
port the notion of “hot” mitochondria. Finally, mitochondrial
NADH fluorescence in the heart has been shown to be insensi-
tive to workload (Heineman and Balaban, 1993), again incon-
sistent with a change in matrix temperature with increases in
oxidative phosphorylation. NADH fluorescence is sensitive to
many parameters besides temperature, including binding and
enzyme activity, but the results are not consistent with a dy-
namic matrix temperature approaching 50°C.

Clearly recording an intracellular organelle at this high a
temperature is unexpected and can also be challenged when
considering the basic thermal conductivity and power genera-
tion of cellular organelles (Baffou et al., 2014; Lane, 2018).
Physical modeling predicting a gradient more than 10~ K cannot
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exist in a single cell (Baffou et al., 2014). This so-called “10-5 gap”
(Lane, 2018; Suzuki and Plakhotnik, 2020) between theory
and the interpretation of intracellular temperature measures—
found using many approaches—has generated considerable
debate (Baffou et al., 2014; Takei et al., 2014; Baffou et al., 2015;
Suzuki et al., 2015; Lane, 2018; Suzuki and Plakhotnik, 2020).
Potential explanations for this discrepancy have included the
size of heat source, the homogeneity of cellular thermal con-
ductivity and “nonthermal” alterations in temperature probe
performance (i.e., artifacts). On the last point, intracellular
probes, especially in the protein- and membrane-rich organelle
environments, are likely sensitive to more than temperature
alone. Indeed, a common summary of most of these discussions
on the 1075 gap is that “...the experimental results should also
be critically considered, and new methods of temperature
measurement more accurate and less susceptible to artifacts
should be developed” (Suzuki and Plakhotnik, 2020).

Toward this goal, the article from Oyama et al. (2020) in this
issue of the Journal of General Physiology provides a new method
and procedures to monitor the surface temperature of isolated
cells avoiding many of the pitfalls of intracellular measure-
ments. These authors used a ratiometric approach on cells
grown directly on a fluorescent thermometer nanosheet. The
nanosheet was a poly(methyl methacrylate) membrane embed-
ded with a temperature-sensitive fluorescent probe (EuTTA)
and temperature-insensitive probe (rhodamine 101 [Rh101]) for
ratiometric compensation of optical artifacts. Growing different
cell types, including cardiac myocytes, HeLa cells, brown fat
cells, and neurons, on this membrane permitted the dynamic
imaging of the cellular surface temperature under a wide variety
of conditions. The authors employ a careful technical approach
in attempting to measure temperature gradients on the order of
a fraction of a degree. The technical problems they encountered
are illuminating with regard to the difficulty of these measures,
even on the surface of the cell. The most surprising result, from
a technical perspective, was the observation that EuTTA fluo-
rescence in the gel was sensitive to not only temperature
but also small changes in the cell-gel interface. This “non-
temperature” sensitivity was demonstrated with dead cells
on the gel or contracting cardiomyocytes that altered EuTTA
fluorescence independent of temperature. The nature of the
surface contacts interfering with gel-based EuTTA fluorescence
is yet ill-defined, but likely due to an optical interference at the
cell-gel interface. The authors, to their credit, detected this
error and developed a ratiometric method with a temperature-
insensitive fluorescent probe (Rh101), with fluorescent prop-
erties close to EuTTA but spectrally distinct, to compensate for
both primary and secondary filter effects (Kubista et al., 1994).
This compensation system using an inert reference compound
has been used in prior biological fluorescence studies (Koretsky
et al., 1987; Resch-Genger and Ameloot, 2008; Lee et al., 2009)
and was apparently effective in this application. This was best
demonstrated in contracting cardiomyocytes where EuTTA
fluorescence was changing with each beat (Fig. 1 A), but this
was due to a gross optical artifact affecting Rh101 emission to
the same extent. The ratio of EuTTA and Rh101 emissions
demonstrated no specific change in EuTTA or associated
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change in temperature with stimulated contraction and asso-
ciated cellular work. These unexpected artifacts, such as cells
binding to the gel or contracting, underlines the difficulty of
performing these highly sensitive experiments all while look-
ing for minute changes in temperature. The authors must be
commended for identifying these artifacts and providing a
reasonable correction getting closer to the physical measure
desired. This is not always the case for single-cell fluorescent
experiments in the literature where optical artifacts have im-
pacted many interpretations over the years. With a properly
corrected system, Oyama et al. (2020) undertook an impressive
set of studies on a wide variety of cell types and protocols pre-
viously shown to apparently generate a localized temperature
gradient effects inside cells. In agreement with the 10-° gap cal-
culations, these authors found no evidence for a large increase in
external temperature associated with alterations that should
greatly stimulate energy conversion processes in a variety of
cells. This is a very important “negative” result in that implies any
temperature gradient is confined to intracellular compartments.

From my own experience, the most convincing demonstra-
tion of the lack of correlation of surface temperature with
metabolic rate was the authors’ cardiac myocyte experiment
with CCCP uncoupler (reproduced in Fig. 1 B) a condition that
should induce maximum mitochondrial heat production. Similar
results were found in brown fat cells. Importantly, car-
diomyocytes have many subsarcolemmal mitochondria located
just under the plasma membrane (Glancy et al., 2017), posi-
tioning these potential heat sources close to the temperature-
sensitive membrane. As seen in Fig. 1 B, no significant change
in the EuTTA/Rh1O1 fluorescence was detected in cardiac
myocytes treated with CCCP, consistent with theoretical cal-
culations even in this highly energetic cell. Similar results
were obtained on all the cell types studied with different
methods of stimulating cellular energy metabolism. Again,
this is an important contribution to this controversial field
and clearly limits the possibility of cellular temperature gra-
dients to localized intracellular sites.

The authors point out that many intracellular fluorescent
temperature probes have non-temperature influences on their
fluorescent emission much like the effects that they corrected
for with EuTTA. They specifically point out these nonthermal
issues with thermo yellow but nevertheless used this probe in
these studies as a point of comparison with their extracellular
measures. It must be noted that this new extracellular temper-
ature measurement cannot be used to rule out the existence
of intracellular thermal gradients, with the caveat of sub-
sarcolemma mitochondria in cardiomyocytes would be very
close to the temperature sensitive gel. The fact that multiple
methods apparently detect intracellular gradients cause the
authors to speculate that local temperature gradients do exist in
the cell with “high probability” despite the 10-° gap.

With the clear demonstration by Oyama et al. (2020) that
essentially no thermal gradient exists from the cell to the ex-
tracellular space, how could intracellular organelle temperature
gradients exist? One possibility is that the heat source is highly
localized in mitochondria or in ATP using ATPase activity such
as SECA or myosin. However, given the maximum flux per
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Oyama et al. (2020).
cytochrome chain and most ATPase proteins, it is unlikely that Acknowledgments

only a few localized reactions could meet the energy metabolism
needs of the cell. Histochemistry studies also show a relatively
diffuse distribution of these enzymes in their organelles.

Another possibility is limited thermal conductance due to
membranes and proteins which would “trap” heat near intra-
cellular organelles. However, thermal conductivity of protein
and lipids are lower by only a factor of 2 to 4, they do not ap-
proach the 107 gap (Leitner, 2008; Nakano et al., 2010; Baffou
et al., 2014; Bastos et al., 2019; Suzuki and Plakhotnik, 2020).
That is, in vitro measures of thermal conductivity of these bio-
logical structures do not support a local “containment” of a heat
source in the cell. Indeed, if the bilayers and proteins provided
large barriers (10° times greater than water) for heat dissipation,
then common fluorescence imaging methods such as confocal
microscopy, which deposits large amounts of heat into optically
absorbent organelles, would be problematical. Indeed, Schénle
and Hell (1998) demonstrated the importance of radial heat
dissipation in high resolution cellular optical microscopy to re-
duce the local thermal load. With these theoretical concerns,
it would be ideal to measure heat propagation across a single cell
to determine if “excluded” regions exist, assuming that heat
insulation is reciprocal. An approach to do this was recently
presented by Yang et al. (2011) in plants using the intrinsic
fluorescence from chlorophyll as a temperature indicator and an
external localized heat source. As the subcellular thermal con-
ductivity of the living cells is still one of the assumptions in the
10-5 gap theoretical calculation, this type of study might prove
useful in mammalian cells to evaluate the existence of thermal
barriers within the cell.

The work by Oyama et al. (2020) clearly demonstrates that
the surface temperature of isolated mammalian cells is not af-
fected by the rate of energy metabolism in the cell. Thus, if
temperature gradients exist, they must be restricted to small
intracellular events. I look forward to new approaches of
imaging temperature gradients within cells, as the 1075 gap
between some measures and theory remains. If intracellular
temperature gradients do exist, it would lead to a very new
biophysical picture of the cell, as well as potential cellular
regulatory networks.
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