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Abstract

A new calorimetric technique is described that allows high-throughput heat production rate measurements on small biological
tissue samples. The technique is based on the widely used thermopile chip technology combined with an innovative method
for precise transport and positioning of samples of different biological materials at the thermal power detector inside the
calorimeter. The new transport and positioning technique is a combination of fluidic and mechanical transport, where the
latter is realized by a magneto-motor drive. The transport facility ensures good diffusive oxygen penetration into the sample,
which is essential for highly metabolically active materials. The proper functioning of the device is demonstrated by measur-
ing the heat production of metabolically active brown adipose tissue, biopsied tegu lizard muscle, and live Drosophila larvae
at different stages and temperatures.
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Introduction of isolated cells, tissue samples, whole organs, or whole

organisms is the subject of what is known as biocalorim-

The driving force of metabolic processes within a bio-
logical entity is determined by its internal entropy produc-
tion, which is released to the environment as heat. Entropy
production is the result of the chemical work associated
with the numerous biochemical reactions taking place
[1]. Therefore, measuring the heat production of living
material can provide important insights into its metabolic
behavior. The quantification of the heat production rate
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etry. In accordance with the usual conventions, the deter-
mination of the enthalpy of biomolecular interactions,
such as protein—ligand-binding [2] or antigen—antibody
coupling [3], is also included in the broad field of bio-
calorimetry. When calorimetry is applied in the frame of
biological investigations, the quantities “heat” and ‘“heat
production rate” are often used as analytical parameters
among others to quantify cell numbers and their change
dependent on time. The determination of cell numbers has
practical implications for the analysis of bacterial contami-
nations in body liquids [4, 5], the evaluation of the inhibi-
tory efficacy of antibiotic drugs [6], and the monitoring of
growth rates, e.g., for bioreactor control [7, 8]. Because
heat production is coupled to metabolic flux, changes in
the metabolism, initiated by specific inhibitory or stimula-
tory compounds (metabolic switches), can be analyzed in
real-time [9, 10]. As an analytical tool, calorimetry mainly
competes with respirometry (indirect calorimetry) which
utilizes different technologies to monitor O, consump-
tion and/or CO, production and applies caloric equiva-
lents to determine heat production. Calorimetry, however,
directly quantitates the heat production rate and other than
respirometry monitors both, anaerobic and aerobic heat
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production. For research addressing the thermogenic activ-
ity and underlying mechanisms of tissues and animals,
heat or heat production rate represents the primary readout
and is not an auxiliary parameter as in most other biologi-
cal applications of calorimetry.

Calorimetry qualifies as the gold standard for studies
aiming to elucidate the responsible biochemical mecha-
nisms and signaling pathways for the recruitment of ther-
mogenic capacity. But practical application of this technol-
ogy encounters several challenges, also including the lack
of suitable equipment available off the shelf. In the present
work, we aim to describe a calorimeter specifically suited
for measurements on small samples of thermogenic tissues.
A wide variety of calorimeters are available to measure heat
production in bacterial and other cell suspensions. These
range from macro-calorimeters in the form of heat-balanced
bioreactors [8] to classical isothermal microcalorimeters
(IMCs), to miniaturized calorimeters constructed on the
basis of silicon chips for measurements in the nano- and
picoliter range (chip calorimeters) [11]. In contrast with that,
the experimental options for an easy calorimetric analysis of
aggregated samples such as small living animals or compact
tissue pieces are limited. With the calorimeters available so
far, samples have to be placed discontinuously in the meas-
urement chamber, which leads to a time-consuming meas-
urement preparation mainly caused by the time needed for
temperature equilibration. As a result, the sample material
may lose activity due to oxygen depletion if it is not continu-
ously perfused with incubation medium. Typically, measure-
ments on tissue samples are performed with commercially
available IMCs, such as the multi-channel calorimeter calS-
creener from SymCel (Stockholm, Sweden) [12, 13] or, in
the past, the well-known 2277 Thermal Activity Monitor
(ThermoMetric AB, Jirfilla, Sweden) [14, 15]. Especially
for tissue samples and organs with high metabolic activity,
specific sample preparation is required to ensure aerobiosis
throughout the sample volume [16, 17].

With the calorimeter presented here, it is possible to con-
tinuously transport and measure aggregated sample materi-
als such as small pieces of tissue obtained by biopsy, but also
small multicellular organisms, e.g., fly larvae. This allows
automated calorimetric investigations on such biological
samples. First attempts to realize an automated transport of
tissue samples through the measuring channel of a chip calo-
rimeter were made by us using the segmented flow technique
[18-20]. In this technique, samples are moved because of
the interface tension between an aqueous medium segment
containing the sample and a water-immiscible carrier liquid.
To work with a wider variety of sample materials and to
increase the reliability of sample transport and positioning,
we have combined a fluidic and a mechanical transport.

We here showcase the utility of our newly developed calo-
rimeter for quantitation of heat production rates in small
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organisms and high metabolic rate tissues in the fruit fly
Drosophila melanogaster, the skeletal muscle of the tegu
lizards, and the brown adipose tissue of the mouse:

Measurements on larvae of different stages and at dif-
ferent temperatures demonstrated how to quantify the heat
production rate of highly mobile small animals. They were
performed as part of a research project to study the effect of
alternative oxidase (AOX) in the mitochondrial respiratory
chain (RC) on thermogenesis in animals. In an alternative
respiratory chain (aRC), Gibbs energy is less conserved by
charge separation across the inner mitochondrial membrane.
Instead, the energy is dissipated as heat [27].

We also showed that calorimetry is a valuable tool for
analyzing specific heat sources in muscle cells. Due to
the miniaturized measurement technique, tissue samples
obtained by biopsy can be measured. The identification and
quantification of the different heat sources in tegus muscles
is necessary to understand the facultative endothermy during
the reproductive phase of tegus [21]. Here, we used calo-
rimetry to investigate the contribution of ANT-dependent
uncoupling ([22]) to total heat production in tegu skeletal
muscle tissue.

With measurements on mouse interscapular brown adi-
pose tissue, we addressed the methodological aspects rel-
evant for calorimetric measurements on highly metabolically
active biological material. For this application, the experi-
mental challenge is to ensure a sufficiently high oxygen sup-
ply in the given miniaturized calorimeter. Brown adipocytes
are the main source of non-shivering thermogenesis in mam-
mals. They generate heat by uncoupling the mitochondrial
electron transport system from ATP synthesis.

Heat production in brown adipose tissue has already been
quantified by calorimetry in the past [16, 23]. However,
calorimetry holds great promise for addressing emerging
research questions. These include quantifying the rate of
heat production by uncoupling protein 1 (UCP1)-independ-
ent thermogenic mechanisms not only in brown adipose
tissue but also in brown-like brite (brown in white) adipo-
cytes that are recruited in white adipose tissue depots. This
is relevant for preclinical research in obesity, diabetes, and
cancer cachexia models, but also has translational implica-
tions ([24, 25]).

Materials and methods

Chip calorimetry

Basic technology

The chip calorimeter described here is a modified version

of the calorimeters we have been using for biological inves-
tigations for several years [18, 20, 26]. Its basic technology
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is characterized by the use of a silicon chip with four inde-
pendently readable thermopiles (TP1 ... TP4), surrounded
by two nested thermostats, which serves as a heat power
detector. An essential feature is a linear, thin-walled Tef-
lon flow channel (i.d. 1.8 mm) with a uniform cross-section
along the entire length to avoid clogging of the sample mate-
rial (Fig. 1A). Inside the calorimetric detector, the channel
is enclosed by a PMMA mold that forms the measurement
chamber, which is tightly attached to a thermopile chip. Up
to two samples are introduced into the flow channel as 12-pL.
segments containing the samples embedded in aqueous cul-
ture medium. In addition, a reference segment containing
inert material is required to define a reference signal. In
contrast with the new mechanical transport technology, in
the previous versions, the segments were transported to the
calorimetric detector only by a water-immiscible carrier liq-
uid (perfluoromethyldecaline, F2 Chemicals, Preston, UK).
When a sample arrives at the measurement position, it is
detected by a light barrier, and the flow is stopped for heat
measurement. For periodic measurement of the same sam-
ples, the segments can be moved back and forth in the flow
channel by repeatedly reversing the carrier flow.

Mechanical-driven sample transport and positioning

The interface tension between the aqueous medium segment
and the carrier liquid provides the force to move aggregated
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sample material such as beads covered with microorganisms,
soil and ore particles, and, depending on their consistency,
pieces of biological tissue. To work with a wider variety of
sample materials and to increase the reliability of sample
transport, we have implemented a new technique for sample
transport and positioning. In this new version of the calo-
rimeter, the samples (maximum two) are transported by a
polymer fiber. The fiber has knots between which the sample
material is held (Fig. 1B). To move the sample segments
in a defined manner, an iron anchor is attached to one end
of the fiber, which is magnetically coupled to a homemade
linear stepping motor drive. A mass attached to the other
end of the fiber provides the counterforce to move the sam-
ples backwards (not shown). The mechanical transport can
be synchronized with a fluidic transport. This means that
the fixed samples and the surrounding medium are moved
simultaneously at the same speed. For treatment purposes,
the medium inside a segment can be replaced by any other
medium containing, for example, a compound to stimulate or
inhibit metabolic activity during the experiment. To do this,
the sample segment is placed in the treatment port (Fig. 1A)
so that the old medium can be replaced with new medium
using syringe 1 (Fig. 1C). By positioning the segment at
syringe 2, the displaced (old) medium is removed by syringe
2. However, this technique should only be used when a rapid
treatment effect is expected. Otherwise, external treatment
is required.
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Fig. 1 Schematic representation of the calorimetric device. A Calo-
rimeter with thermopile chip inside, the 1.8-mm flow channel, the
transport fiber with fixed reference segment and two sample segments
(one at the measurement position), the treatment port and the mag-
net drive. B An aggregated sample is held between two knots and

surrounded by aqueous medium (red). C To change the medium of
a segment, the new medium (magenta) is injected using syringe 1
(Syrl), displacing the old one (red). D Excess medium is removed by
syringe 2 (Syr2)
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In the case that simple knots were not sufficient to hold
the sample material reliably (Fig. 2A), special holders were
designed. When measurements were made on fast-moving
L3 instar larvae, special seals were applied to prevent them
from escaping the sample segment (Fig. 2B and C). It is
well known that measuring highly active material such as
brown adipose tissue is quite challenging. The high oxygen
consumption rate of such material requires a high surface-
to-volume ratio to avoid the formation of anaerobic cores
inside the sample [15, 27]. For measurements on soleus
muscles of young rats and BAT of adult rats, Chinet et al.
[16] implemented a rigid frame of stainless steel threads
in the measurement chamber to string thread-like sample
fragments approximately 20 mm long and 1 mm thick with a
mass of 10-25 mg, which prevented the sample from furling.
However, such a preparation is challenging to implement in
a miniaturized calorimeter. To ensure short internal diffu-
sion lengths, in this work, thread-like tissue fragments were
strung along the transport fiber using attached stainless steel
loops (Fig. 2D-F).

Measurements on Drosophila larvae

Drosophila strains and cultures
The Drosophila strain w'!!® was used as control, and the
AOX-expressing strain 3xtubAOX, which carries three cop-
ies of the C. intestinalis AOX cDNA under control of the
constitutive a-tubulin gene (Drosophila aTub84B) pro-
moter, was used as experimental. The flies were cultured
in vials containing approximately 6 mL of standard food as
described [28]. In each vial, 20 female flies and 10 males
were left for 12 h at 25 °C for mating and egg laying. After
this period, the adult flies were discarded, and the embryos
were allowed to grow until they reached the wandering third-
instar larval stage (L3) or pre-pupae stage at either 25 °C or

12 °C, under a 12-h light/dark cycle. The individuals were
randomly collected, briefly washed in distilled water, and
dried in delicate task wipes for 10 s before weighing.

Conduction of calorimetric measurements

Calorimetric measurements were performed in stationary
medium mode using two segments for parallel measurements
of two samples. The two segments contained two individual
larvae each surrounded by 8 uL of phosphate buffer solution.
Fixation of larvae in the L3-stage was challenging. Because
of their high mobility, fibers with two cylindrical sponge
seals in each segment were used to prevent the larvae from
escaping. The reference segment also consisted of pieces
of sponge material surrounded by buffer solution. The heat
production of wild-type individuals in the pre-pupa and
L3-stages was measured at 13 °C and 25 °C, respectively, in
order to demonstrate the possible temperature working range
of the calorimeter which could be relevant for the investiga-
tion of cold resistance effects. In general, three cycles with
a cycle time of approximately 20 min were performed in
each measurement.

Measurements on tegu lizard muscle tissue
Sample preparation

Tegu lizards were anesthetized using 5% isoflurane mixed
with 100% oxygen through a facemask in an open cir-
cuit. Once the withdrawal reflex was no longer present,
an endotracheal tube was inserted, and isoflurane at
approximately 1% volume was administered at a rate of
0.5 mL min~! using a VetCase machine (Brasmed, Sio
Paulo, Brazil). A surgical incision of 2 cm was made on
the foreleg, and a skeletal muscle sample of approxi-
mately 40 mg was collected. The surgical procedure was

~oB— g

B Sponge seals

0.2 mm fiber

Stainless steel loops 1 mm

SUSY = e

Fig.2 Sample mounting. A Knots to hold samples in place. B Addi-
tional sponge seals for measurements on larvae. C Captured moving
L3 instar larvae of Drosophila. D Stainless steel loops to fix filamen-
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tous tissue fragments. E, F: A 1 mm X7 mm fixed BAT sample strung
along the fiber
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conducted under sterile conditions, and animals received
intramuscular injections of meloxicam (0.2 mg kg™
for analgesia and the antibiotic agent enrofloxacin
(5 mg kg™!), following recommended dosages for tegus
[29]. The permeabilization of muscle fibers was adapted
from [30]. Briefly, the muscle samples were promptly
immersed in BIOPS buffer (2.77 mM CaK,EGTA,
7.23 mM K,EGTA, 20 mM imidazole, 0.5 mM dithio-
threitol, 20 mM taurine, 50 mM K-MES, 6.56 mM MgCl,,
5.7 mM ATP, and 14.3 mM phosphocreatine; pH 7.1) kept
on ice. Subsequently, the fibers were gently separated with
tweezers under a magnifying glass. The samples were
divided in two parts and were incubated in BIOPS buffer
containing saponin (50 ug mL~!) for 30 min for chemi-
cal permeabilization of the fibers. Afterward, the tissue
was transferred to 2 mL of modify MiRO05 solution (3-mM
MgCl,.6H,0, 20 mM taurine, 10 mM KH,PO4, 20 mM
HEPES, 60 mM potassium lactobionate, and 110 mM
sucrose; pH 7.1) maintained at 30 °C, without BSA and
EGTA, to avoid the fatty acids quelation and to balance
the amount of free calcium within the treatment solutions.
This process was repeated three additional times of 10-min
incubation period each one. Substrates for cell metabo-
lism (10 mM pyruvate, 5 mM malate, 1.6 M glutamate,
1 M succinate, 0.1 mM ATP, and 20 mg L' phenol) and
inhibitors of Nat/K*ATPase (0.12 mM ouabain) and ATP
synthase (oligomycin 1 ug mL™") were added to the last
MiRO05 incubation for the basal solution to the calorimetric
measurements. For inhibiting the adenine nucleotide trans-
locase (ANT) uncoupling contribution for heat production,
carboxyatractylate (CAT, 2.4 M) was added to the basal
solution.

Conduction of calorimetric measurements

Calorimetric measurements were performed in stationary
medium mode using two segments for parallel measurements
of two samples. The two segments contained tissue pieces
of approximately 3 mg each surrounded by 8 uL of medium.
The sample mass was determined after the measurements.
The reference segment consisted of pieces of sponge mate-
rial surrounded by deionized water. After four measurement
cycles, the cycling was stopped, and one of the tissues (Seg-
ment 2) was removed from the channel and treated in 500
puL of CAT solution for 5 min. The tissue was then rein-
serted into the measurement channel, now surrounded by
CAT solution, and the measurement continued for at least
four more cycles. The tissue in Segment 1 served as con-
trol sample to exclude any faults that may occur due to the
removal and re-introduction of Segment 2. Measurements
were performed at 25 °C. The measurement cycle time was
approximately 20 min.

Measurements on brown adipose tissue (BAT)
of mice

Animals

Mice used for tissue dissection were bred and raised in a
specific pathogen-free (SPF) mouse facility at the Animal
Research Center (ARC, Technical University of Munich),
registered at the veterinary office of the local district gov-
ernment in Freising, Germany (Az. 32-568). All procedures
were conducted in compliance with the German Animal
Welfare Act by trained personnel. Mice are group housed
under controlled climate conditions in individually venti-
lated cages adjusted to 55% relative humidity at room tem-
perature (23 °C). They were kept in a 12/12-h light—dark
cycle with ad libitum access to water and regular chow (for-
tified complete feed for breeding mice from ssnift Spezialdi-
aeten GmbH, Soest, Germany; metabolizable energy 14 MJ/
kg, #V1124-300). All mice used in this study are derived
from inbred strains (C57BL/6 J/N or 129S6sv/sv Tac).

Tissue collection and preparation

Interscapular brown adipose tissue was sampled from adult
mice at the age of 6-11 weeks. Mice were euthanized by
exposure to CO,. For dissection, the body was positioned
in prone orientation, and the fur soaked with 70% ethanol.
An incision was made between the shoulder blades and
expanded to reveal the brown adipose tissue depot beneath
the skin. The depot was blotted on Whatman paper and sepa-
rated from adhering white adipose tissue and muscle fibers.
The excised tissue was covered with buffer to prevent desic-
cation. Using a sharp scalpel and magnifying glasses, the tis-
sue was then sliced into slender strips which were threaded
through the loops of the sample holder (Fig. 2D and E).

Conduction of calorimetric measurements

Calorimetric measurements were performed in both station-
ary medium mode and continuous flow mode. In stationary
medium mode, two segments were used for parallel measure-
ments of two samples. The two segments contained compact
pieces of BAT of 0.3-3 mg surrounded by up to 10 pL of
medium A (DMEM XF pH 7.4, 25 mM glucose, 1 mM pyru-
vate, and 2 mM glutamate). This medium is usually used in
experiments with isolated adipocytes. To avoid loss of tis-
sue, small pieces of inert sponge material were added. The
reference segment also consisted of pieces of sponge mate-
rial surrounded by buffer solution. In general, three cycles
with a cycle time of approximately 20 min were performed
for each measurement. Due to heat production rate drift,
only the heat production rate value of the first cycle was
used. In the continuous flow mode, only one piece of BAT
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was placed in the calorimeter and continuously perfused
with the medium. The sample mass varied between 0.5 and
3.5 mg. It was determined immediately after each meas-
urement. To be consistent with the measurement conditions
described in [16], we also performed measurements with
Medium B (: Krebs—Ringer buffer: pH 7.3, 11 mM glucose,
1.2 mM Mg CI2.6H,0, 2.5 mM Ca CI2.2H,0, 1.2 mM Na
H, PO,, 20 mM NaHCO;, 117 mM NaCl, and 4.7 mM KCI).
Changing from medium A to medium B had no effect on
the heat production rate (not shown here). Therefore, we
used Medium B for all further measurements. In a third set
of measurements, samples were incubated in the medium
B for 15 min prior to the measurements. The medium was
continuously gassified with carbogen (95% oxygen and 5%
carbon dioxide). In addition, a few indicative measurements
were performed using the technique described in [10], which
allows flushing of the channel jacket and a surrounding gas
chamber with carbogen. All measurements were performed
at 37 °C. The operating procedures and the derivation of
the heat production rates from the thermopile signals are
explained in the “Operation modes” section.

Results and discussion
Methodological studies
Operation modes

The calorimeter can be operated in different modes, a sta-
tionary medium mode and a continuous flow mode. With
respect to the medium, the first one is a stop-flow mode.
This means that the medium segments are transported syn-
chronously with the sample pieces using the segmented
flow technique, and that the medium is stationary during the
measurement period. In continuous flow mode, the sample is
held at the measurement position during the measurement
period while being perfused with an appropriate medium
at a constant flow rate. In this mode, no additional carrier
liquid is used.

A major advantage of stationary flow mode is that indi-
vidual sample segments with different media can be meas-
ured simultaneously (sequentially) and cyclically repeated
[18]. In addition, the calibration effort is low [18], and the
measurement accuracy is higher than in the medium flow
mode, also because TP4, the thermopile furthest from the
sample, can be used to compensate for the effect of external
temperature disturbances. The stationary flow mode is not
applicable when the oxygen uptake rate of the sample is lim-
ited by the oxygen diffusion rate through the measurement
chamber and the flow channel wall.

A typical signal (output voltage of TP2 corrected by TP4)
of a measurement cycle obtained in stationary medium mode

@ Springer

from the larvae measurements is shown in Fig. 3A and B.
The reference segment and the two sample segments are
successively placed at the measurement position and then
measured statically. From the differences of the steady-
state signals, the heat power is derived using the calori-
metric sensitivity. Due to the axial heat transfer, the signal
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Fig.3 Representative thermopile signals obtained in stationary
medium mode (A, B) and in medium flow mode (C). A, B Signal
response (TP2) for one measurement cycle in an experiment with one
Drosophila pre-pupa in each of the two sample segments. A Frac-
tion of the complete signal shown in B above line a-a, separately dis-
played for better resolution. Steady state is reached approximately 5
min after sample positioning. The heat production rates correspond to
the differences ul and u2, respectively, with respect to the signal level
for the reference segment. Due to incomplete temperature control of
the sample during transport, the positioning of the segments is associ-
ated with strong exothermic signal peaks. C Signal response (TP3)
for a measurement on a BAT sample in medium flow mode. An endo-
thermic signal shift at constant medium flow (20 uL. min~') measured
for the reference is due to incomplete sample temperature control.
The transient exothermic heat effect observed after sample position-
ing is caused by metabolic heat production. A defined heat production
rate is obtained when the sample is perfused at constant medium flow
(20 pL min~"). Negative deflections of the thermopile voltage corre-
spond to exothermic heat effects
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contributions of the adjacent thermopiles TP6 and TP8 must
be added.

Samples with high metabolic activity must be continu-
ously perfused to ensure a sufficiently high oxygen delivery
rate (continuous flow mode). Since the efficiency of the heat
exchange between the medium flow and the thermostat is not
perfect in the given instrument, a flow effect is measured in
the signal, the magnitude of which depends on the flow rate
and the ambient temperature. Therefore, timely reference
measurements must be made at the same flow rate.

The signal shown in Fig. 3C represents a measurement on
a BAT sample in which the reference flow effect was meas-
ured before the sample was placed in the measurement posi-
tion. The sample was then moved to the thermopile (TP3),
causing a strong exothermic deflection of the signal, the
magnitude of which rapidly decreased mainly due to oxygen
depletion. The oxygen depletion is then counteracted by a
subsequent medium flow. The difference between the steady-
state signal levels provides the heat production rate value.
Sensitivity was determined experimentally by Joule heating
using a cylindrical platinum wire resistor placed above TP3.
The resistor was attached to a fiber and transported to the
heat power detector in the same manner as the sample seg-
ments. Due to convective heat transfer in the flow direction,
the samples were placed above TP3. The flow rate dependen-
cies of the total sensitivity and the contributions of the four
thermopiles are shown in Fig. 4 for a heat source at TP3. For
comparison, the static sensitivity and the total sensitivity at
20 uL min~! are also shown for a heat source at TP2.

Sodium sulfite tests
To clarify the oxygen supply to the measurement chamber

in stationary medium mode, the oxidation of small samples
of sodium sulfite (10 uL of 0.6 M aqueous solution each)

- 5 St ‘ 777777 ‘— ***** —‘ ————————————
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Fig.4 Flow dependence of the calorimetric sensitivity for a heat
source positioned at TP3 and a flow directed from TP4 to TP1. The
total sensitivity S, is the sum of the contributions from all four ther-
mopiles. S, (Pos. TP2) is the total sensitivity for a heat source at TP2
and a flow rate of 20 uL min~!. S, is the sensitivity at TP2 and zero
flow

was measured. Since the oxidation of sulfite to sulfate is
fast [31], the oxygen consumption rate derived from the
measured heat production rate using the reaction enthalpy
(AH=-540kJ mol™! 0O, [32]) can be assumed as the maxi-
mum oxygen supply rate. Once the oxygen dissolved in
approximately 10 pL is consumed within less than 1 min,
the oxygen supply is then diffusion controlled and rapidly
decreases, depleting the oxygen in the measurement chamber
environment (Fig. 7).

Measurements on Drosophila larvae

The heat production rate data were derived from the
calorimetric signals according to Fig. 3. As shown by
the measured heat production rate curves (Fig. 5A), the
heat production of the larvae generally changes slightly
with time. Therefore, comparisons were made using the

5 m_ A
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1 A —&6— Larvae 2
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Average Heat Power/uyW
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Exothermal
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Fig. 5 Heat production rates of Drosophila larvae. A Heat production
rate of two individual L3-stage larvae measured over three cycles. B
Average heat production rates of L3 and pre-pupa (PP) individuals
at 13 °C and 25 °C. C Typical calorimetric signal from an L3-stage
larva (c—standard deviation of the noise, Ref—reference segment,
and Lvl and Lv2—two individual larvae). Negative deflections of the
thermopile voltage correspond to exothermic heat effects
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average of the first cycle data. As expected, the heat pro-
duction rate of L3-stage larvae exceeds that of pre-pupae
(Fig. 5B). This was observed at both 25 °C and 13 °C.
From the heat production rates measured at both tem-
peratures, a temperature coefficient of about Q10=2 is
obtained for both larval species, which is in good agree-
ment with corresponding observations for Drosophila
melanogaster [33]. When L3-stage larvae are encaged
in a segment, they move strongly (see video in Fig. S1).
The motion of the encaged larvae considerably affects the
characteristics of the calorimetric signal. In contrast with
the smooth signals obtained from pre-pupae (Fig. 3A),
highly noisy signals were observed for L3-stage larvae
(Fig. 5C). The standard deviation of the noise can be used
to quantify the motion intensity. There are significant dif-
ferences between wild-type and AOX larvae. For the for-
mer, we found a standard deviation of =0.5+0.04 pV,
while for AOX larvae, we measured =0.9 +0.1 pV. This
is in agreement with our previous publication showing
more peristaltic movements and crawling by the AOX-
expressing flies [34].

Measurements on tegu lizard muscle tissue

To apply calorimetry to study the contribution of ANT-
dependent uncoupling ([35]) to the overall heat produc-
tion in skeletal muscle tissue of tegu, pieces of muscle
tissue were treated with the ANT inhibitor, CAT. The
heat production rate data of a CAT treated sample and
a control sample of one measurement cycle are derived
as shown in Fig. 3. The variation of the heat production
rate with time is shown in Fig. 6 for one measurement
example. After starting the treatment with CAT, a clear
inhibition effect was observed. The inhibition effect was
quantified by linear regressions and extrapolations of the
heat production rate curves before and after the start of
treatment, as shown in Fig. 6. In general, a slight decrease
in the heat production rate with time was observed, per-
haps due to the change of the incubation conditions. To
determine the inhibition effect StepCAT (Fig. 6), linear
regressions of the heat production rate curve before and
after the start of treatment were performed. StepCAT is
read as the distance between the regression lines at the
mean time of the last point before and the first point after
the start of treatment. To account for variations in sam-
ple mass, heat production rate steps were normalized to
the average heat production rate of the four cycles prior
to the start of treatment. On average, inhibition reduced
heat production by approximately 36%. This fraction is
related to the heat production sustained by mitochondrial
respiration (actions of RC complexes I-IV) and the ANT-
induced leak.
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Fig.6 Time dependence of the heat production rate of a treated and a
control sample, respectively, of tegus muscle tissue. Treatment with
CAT was started after the fourth cycle. MeanVP: average heat pro-
duction rate of the four cycles prior to the start of treatment. Step-
CAT: CAT treatment effect

Measurements on brown adipose tissue (BAT)
of mice

We here addressed the methodological aspects relevant to
calorimetric measurements on highly metabolically active
biological materials, showcased for interscapular brown
adipose tissue of the mouse. For this application, the exper-
imental challenge is to ensure a sufficiently high level of
oxygen supply in the given miniaturized calorimeter. In par-
ticular, the sample must be prepared to avoid anoxic cores
in the interior, as observed in different operation modes
and sample preparations. To optimize these parameters,
the heat production rates of BAT samples from WT mice
were measured as a function of mass (Fig. 8). Measurements
were performed in two modes, stationary medium mode and
continuous flow mode. The results differ drastically for both
operation modes. The lower heat production rates of the
samples measured in the stationary medium mode are most
likely explained by oxygen limitation. Since the treatment
with antimycin A had no significant effect on the heat pro-
duction rate (data not shown here), it is assumed that the
measured heat production rate is not caused by mitochon-
drial respiration and could, therefore, be mainly determined
by anaerobic metabolism. In continuous flow mode, oxygen
is supplied by perfusion, resulting in increased heat produc-
tion. However, even in continuous flow mode, a saturation
effect can be observed above 2 mg of BAT mass.
Approximately 10 min after sample introduction, which is
the time required to obtain a near steady-state signal, an oxy-
gen delivery rate of approximately 10 pmol s~! should still
be available (Fig. 7). This corresponds to a heat production
rate of 4.3 uW at an oxycaloric equivalent of 430 kJ mol ™!
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Fig.8 Heat production of BAT samples as a function of mass, meas-
ured in stationary medium mode (blue circles) and in continuous flow
mode (red squares). Data obtained for samples measured in continu-
ous flow mode but pre-incubated for 15 min in medium gassified with
carbogen are shown separately (yellow diamonds). Two data points
(green triangles) represent heat production rate data measured in a
surrounding carbogen atmosphere

O, [16], considerably higher than the heat production rate
data measured in stationary medium mode. When the sam-
ple is continuously perfused with medium (continuous flow
mode) at a flow rate of 20 mL min~!, the oxygen delivery
rate due to liquid flow is constant throughout the experiment
at 73 pmol s~!, assuming an oxygen solubility in water at
37 °C of 0.218 mmol L™'. As shown by the calorimetric
data obtained in the continuous flow mode, a significantly
increased oxygen delivery rate leads to an increased heat

production of the sample. The limitation at 11 uW, corre-
sponding to an oxygen consumption rate of 26 pmol s,
above a sample mass of 2 mg cannot be explained by the
given oxygen delivery rate alone. To explain the discrepan-
cies, limitations of oxygen diffusion into the sample with
increasing sample size must be considered.

When oxygen enters the sample, it is metabolized. There-
fore, it cannot penetrate the entire sample if its size exceeds
a critical limit. As a result, an anaerobic core is formed,
and the mass specific heat production is reduced ([15] and
references therein). This so-called "crowding effect" was
observed by Singer et al. [15] when they measured the heat
production of rat liver tissue slices. The critical depth of tis-
sue aerobiosis depends on the specific heat production per
unit mass, the diffusion coefficient and the solubility of oxy-
gen in the sample material, as well as the partial pressure of
oxygen in the medium. Assuming a cylindrical geometry of
the sample, Daut and Elzinga [27] calculated a critical par-
tial pressure depending on the radius of the sample, which is
the minimum pressure to achieve complete aerobiosis. Based
on the model used, a critical radius of a cylindrical sample
can be calculated for the atmospheric oxygen pressure in
the medium. With a mass specific heat production of 5 mW
cm™>, derived from the heat production rate curve in Fig. 7,
and using Daut’s data for diffusion coefficient and oxygen
solubility (D =1.09-10° cm? s™!,=0.0296 mL cm~> atm™!
for rat heart muscle tissue), a radius of »=0.3 mm results.
This is close to the radius of a BAT tissue sample of 7-mm
length and 2-mg mass (0.27 mm). This is a rather rough
estimate because the samples are not truly cylindrical as
shown in Fig. 2E and F, additional curling may occur during
transport, precise data for D and are not available for BAT,
and there may be local oxygen gradients in the surround-
ing medium. Nevertheless, it seems obvious that diffusion
limitations within the sample are mainly responsible for the
saturation effect in the heat production rate curve (Fig. 7).
When the samples were incubated in medium prior to the
calorimetric measurements, slightly increased heat produc-
tion rates were observed (Fig. 8, continuous flow mode
(pre-incubation)), possibly due to improved oxygen diffu-
sion insight of the sample. In this case, a mass specific heat
production rate of about 9 uW mg~! was measured, which
is considerably higher than the basal heat production rate
measured by Girardier et al. [36] for rat BAT in both summer
and winter (5.5 uW mg~" and 1.9 uyW mg™!, respectively).

Diffusion limitation can also explain the exceptionally
low values obtained in the stationary medium mode. In
this case, the samples are very compact and have an almost
spherical shape. In addition, they are in contact with the
channel wall, which further restricts the access of oxygen
into the sample. In conclusion, the useful mass range could
be extended by more precise sample preparation to further
reduce furling and by increasing the oxygen partial pressure
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in the medium. As it was demonstrated previously [10], the
small size of a chip calorimeter provides the opportunity to
create a defined gas atmosphere around the measurement
chamber quite easily. First indicative measurements have
shown that using the technique described in [10], but flush-
ing the channel jacket and the surrounding gas chamber with
carbogen, no saturation effects could be observed at least up
to 3-mg BAT mass (Fig. 8).

Conclusions

Calorimetry is a useful tool to quantify non-specifically the
overall intensity of metabolic processes in living matter. The
method is particularly interesting if the sources of thermo-
genesis in bodies have to be analyzed. If investigations have
to be performed at the tissue level or in case of the study of
the heat production in small animals, direct calorimetry is
the preferred method in comparison with indirect calorim-
etry, because the directly measured heat includes anaerobic
contributions.

An efficient sample handling technique is a prerequisite
for the practical application of direct calorimetry for meas-
urements on tissue samples or small animals if a sufficiently
high throughput is to be achieved. A new sample transport
system adapted to a highly sensitive chip calorimeter meets
the requirements for routine use of the method in a biomedi-
cal laboratory.

The degree of miniaturization of the device, resulting
from the use of thin-film silicon thermopile heat power
detectors, allows measurements to be made on small sam-
ples in the lower milligram range and below, which, in turn,
simplifies the design of the transport facilities. Sample min-
iaturization is of practical interest, for example, when biopsy
tissue samples need to be measured. It has been shown again
[20], that the small thermal time constants of chip calorime-
ters, which are a consequence of the small sample size, allow
the quantification of the motion intensity of living samples.

By the standards of modern biomedical and biochemical
analysis, the calorimeter described here does not represent
high-throughput technology, nor are the sample volumes
used spectacularly small. High-throughput technology
is generally defined as a sample throughput of > 10,000
samples per day [37]. And today, microfluidic technology
also allows the generation of sample droplets down to the
picoliter range [38]. However, compared to state-of-the-art
microcalorimeters, and especially compared to their ability
to measure aggregated samples such as tissue pieces (e.g.,
calScreener from SymCel), the reduction of the measure-
ment duration or measurement cycle time to approximately
10 min represents a significant advance. This is made pos-
sible not only by the newly developed sample transport
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technology. Sample sizes in the microliter and submicro-
liter range are another prerequisite.

The instrument is suitable for testing a wide variety of
sample materials. Heat production of live Drosophila lar-
vae, biopsied tegu lizard muscle, and metabolically active
brown adipose tissue have been successfully measured.
Treatment with biochemical inhibitors allows the analysis
of specific heat sources in muscle cells as demonstrated
with tegu lizard tissue. The contribution of ANT-driven
uncoupling in mitochondria to the decoupled (i.e., with
suppressed OXPHOS) heat production in muscle cells
was quantified. Similarly, the contribution of SERCA-
catalyzed Ca**-futile cycling, another important source
of heat in muscle cells, could be determined. This would
open the possibility to study the seasonal dependence of
these thermogenic effects in tegus lizards. The measure-
ments on Drosophila L3 larvae demonstrated the potential
of high dynamic chip calorimetry to elucidate short-term
thermal effects, such as those caused by movement. The
potential for measurements below room temperature may
be of interest when investigating cold resistance effects,
for example, in genetically modified species [39].

Measurements on BAT samples have shown that biologi-
cal tissues with extremely high metabolic activity can be
measured if sufficient oxygen is supplied to the samples.
This can be achieved by providing a large sample surface
and short diffusion paths in the sample by using a special
sample holder, operating the calorimeter in flow-through
mode, and completely flushing the surroundings of the
measuring chamber and the sample channel with oxygen.
Under these conditions, the calorimeter presented here may
also be of interest for the investigation of other highly active
tissues, such as the flight muscles of various insects [40].
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