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Abstract

Many animals downregulate body temperature to save energy when resting (rest-
phase hypothermia). Small birds that winter at high latitudes have comparatively
limited capacity for hypothermia and so pay large energy costs for thermoregu-
lation during cold nights. Available evidence suggests this process is fueled by
adenosine triphosphate (ATP)-dependent mechanisms. Most ATP is produced
by oxidative phosphorylation in the mitochondria, but mitochondrial respira-
tion may be lower during hypothermia because of the temperature dependence
of biological processes. This can create conflict between increased organismal
ATP demand and a lower mitochondrial capacity to provide it. We studied this
in blood cell mitochondria of wild great tits (Parus major) by simulating rest-
phase hypothermia via a 6°C reduction in assay temperature in vitro. The birds
had spent the night preceding the experiment in thermoneutrality or in tem-
peratures representing mild or very cold winter nights, but night temperatures
never affected mitochondrial respiration. However, across temperature groups,
endogenous respiration was 14% lower in hypothermia. This did not reflect gen-
eral thermal suppression of mitochondrial function because phosphorylating res-
piration was unaffected by thermal state. Instead, hypothermia was associated
with a threefold reduction of leak respiration, from 17% in normothermia to 4%

Abbreviations: ATP, Adenosine triphosphate; BAT, Brown adipose tissue, i.e., brown fat; EGTA, Egtazic acid; E-L coupling efficiency, Flow control

ratio indicating how tightly electron transport is coupled to ATP production when the mitochondria are maximally stimulated by an artificial

uncoupler; E-R control efficiency, Flow control ratio indicative of surplus respiratory capacity; that is, the proportion of maximum working capacity

remaining during endogenous respiration; ESM, Electronic supplementary material to accompany the main text; ETS, Electron transport system;

here in the context of its maximum respiration capacity when uncoupled from ATP synthase; FCCP, Cyanide-p-trifluoro-methoxyphenyl-hydrazone;

a mitochondrial uncoupler; FCR, Flow control ratio; that is, a ratio between two different mitochondrial respiration states; Hepes, Hydroxyethyl
piperazineethanesulfonic acid; ID, Subject identification number; K2-EDTA, Dipotassium ethylenediaminetetraacetic acid; LEAK, Mitochondrial
respiration to offset proton leak across the inner mitochondrial membrane when no ATP is being produced; Im, Linear model; Imer, Linear mixed
effects regression model; MiR05, Mitochondrial respiration medium 05; OXPHOS, Mitochondrial respiration driving oxidative phosphorylation

during ATP synthesis; PIT tag, Passive integrative transponder; here used for non-contact body temperature measurement; R-L control efficiency,
Flow control ratio indicating the proportion of endogenous respiration channeled toward ATP production via oxidative phosphorylation; RMR,
resting metabolic rate; ROS, Reactive oxygen species; ROUTINE, Baseline mitochondrial respiration on endogenous substrates; SERCA, Sarco/
endoplasmic reticulum Ca**-ATPase; i.e., an ion pump that moves Ca>" from the cytosol into the sarcoplasmic reticulum.
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1 | INTRODUCTION

Endothermic animals, such as mammals and birds, use con-
siderable amounts of energy to regulate a high and relatively
stable body temperature across a wide range of air tempera-
tures. The associated energy cost of thermoregulation can
sometimes become prohibitively high, for example, when
food is scarce or when weather conditions deteriorate. Many
small to medium-sized endotherms use rest-phase hypother-
mia, a regulated reduction of resting body temperature below
normal levels, to mitigate such energetic challenges. This may
reduce metabolic demands by 50% or more." It follows that
most animals using rest-phase hypothermia have high met-
abolic intensity, lose heat quickly, and rely on high-energy or
ephemeral food sources.” This fits the description of “the lit-
tle bird in winter”;’ i.e., small (<25g) songbirds that are year-
round residents at high latitudes where they routinely meet
environmental temperatures 50-60°C below body tempera-
ture during the cold season. Yet, most birds in northern forests,
such as tits and chickadees, typically show daily variation in
body temperature within 5 °C (e.g., Refs. [4-6]) and generally
do not exceed 7-8°C even in severe cold, (""° but see Ref. [10]
for an exception). Theoretical models predict that even such
moderate body temperature reduction can carry survival ben-
efits."'2 However, the modest extent of hypothermia means
that the little bird in winter can never forego a significant in-
crease in energetically costly heat production to counter win-
ter cold, even when maximally hypothermic (e.g., Ref. [13]).
Most of the energy used by the working body is in the
form of adenosine triphosphate (ATP) which is produced
mainly by oxidative phosphorylation in the mitochondria.'*
Since more energy is needed to stay warm in winter, it is not
surprising that many endotherms upregulate mitochon-
drial content and/or respiration rate in key metabolic tis-
sues when exposed to cold, such as in the wintertime, !>
However, little is known about mitochondrial adjustment
in response to shorter-term variation in air temperature, for
example, during a sudden drop in night-time temperature
coincident with a clearing of an overcast sky. Moreover, a
potential problem for a hypothermic animal is that the ac-
tivity of the respiratory chain could be slower in a colder

in hypothermia. Thus, the coupling of total respiration to ATP production was
96% in hypothermia, compared to 83% in normothermia. Our study shows that
the thermal insensitivity of phosphorylation combined with short-term plasticity
of leak respiration may safeguard ATP production when endogenous respiration
is suppressed. This casts new light on the process by which small birds endure
harsh winter cold and warrants future tests across tissues in vivo.

blood cells, body temperature, cell respiration, great tit, mitochondria, thermoregulation

body (e.g., Ref. [20]), causing a conflict between increased
organismal demand for fuel but reduced mitochondrial ca-
pacity to provide it. However, not all the proton motive force
is used to produce ATP since some protons backflow into
the mitochondrial matrix bypassing ATP synthase. This
is mediated by three principal mechanisms. Physiological
properties maintain a basal level of proton conductance
of the mitochondrial membrane that can be further up or
downregulated under the influence of uncoupling proteins
(reviewed by Ref. [21]). A functionally similar phenomenon
occurs when protons spontaneously “slip” back through
the proton pumps of the electron transport chain, though
the contribution of slippage to total uncoupling is probably
low.! Compensation for these processes makes up what is
known as leak respiration. This constitutes some 20%-25%
of resting metabolic rate in endotherms,?*?® meaning there
is scope to adjust the coupling of electron transport to ATP
production according to the animal's need. For example,
increased mitochondrial uncoupling in brown adipose tis-
sue (BAT) is the basis for non-shivering heat production in
mammals.* Birds, by contrast, lack BAT and so are thought
to produce heat mostly using ATP-dependent shivering in
skeletal muscles, that is, without non-shivering contribu-
tions such as mitochondrial uncoupling or futile pumping
of Ca®* in the SERCA pump®** (but see Refs. [26,27] for
possible exceptions). Thus, in birds, it can be speculated
that acute cold exposure could be associated with im-
proved mitochondrial coupling, to make ATP production
more effective for a given respiration rate, which has been
suggested for other energy-demanding processes such as
fasting (e.g., Refs. [28-31]). This could secure adequate
fuel delivery even when cell respiration is reduced, such
as when heat production must remain high, but rest-phase
hypothermia causes the mitochondria to work at a slower
pace. There is support for this compensation hypothesis
from studies on ectotherms®~* (but see Refs. [35,36] for
exceptions). Similar studies on endotherms suggest that
while phosphorylating respiration is often suppressed in
hypometabolic animals, non-phosphorylating (i.e., leak)
respiration is sometimes reduced, sometimes unaltered,
and sometimes increased (reviewed by Ref. [37]).
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Previous endotherm studies have largely been performed
in mammals during hibernation or in deep torpor; thermal
states characterized by substantial metabolic downregula-
tion' beyond what is feasible in most birds (but see Ref. [38]).
Thus, previous data are not easily extrapolated to the prob-
lems faced by the little bird in winter that must increase en-
ergy expenditure sharply to counter cold temperature even
when hypothermic, and must do so using ATP-dependent
thermogenesis. Hence, we studied mitochondrial responses
to both cold environments and rest-phase hypothermia in
the great tit (Parus major L.)—a small (16-20 g) songbird that
winters at high latitudes and shows pronounced diel varia-
tion in body temperature.*** We exploited the fact that birds
contain functional mitochondria in their red blood cells.
Previous studies have found that avian blood cell mitochon-
dria respond in the short-term to variation in energetic de-
mands,** over longer time periods in line with age-related
metabolic senescence® and according to environmental
context.'® There is also evidence suggesting blood cell res-
piration in mammals and birds is correlated to respiration
in tissues that are important for heat production (skeletal
muscle) and energy management (heart, kidney, brain),***
all of which show pronounced seasonal acclimatization in
small, northern birds.*’ This emphasizes the need for fur-
ther studies exploring the utility of blood cell respirometry
as a minimally invasive method for assessing mitochondrial
responses to environmental stressors. On this basis, we, first,
tested if the immediate thermal environment of the bird im-
pacted mitochondrial function by manipulating the night
preceding measurements to be representative of mild or
very cold winter temperature, or thermoneutrality. Then, we
performed an in vitro simulation of rest-phase hypothermia,
to test if lower body temperature caused a reduction in mi-
tochondrial respiration and if this was associated with any
changes in the efficiency of ATP production. We expected
that low night-time temperature would be associated with
increased mitochondrial respiration rate to facilitate ATP-
dependent heat production. In contrast, we predicted that
lower assay temperature would cause thermal suppression
of respiration traits. However, if better-coupled mitochon-
dria serve as an adaptation to safeguard ATP production
when cold ambient temperatures increase organismal-level
demand for ATP, or when a low body temperature reduces
overall energy expenditure of the cell, we expected tighter
coupling of electron transport to ATP production both in re-
sponse to lower air temperature at night and during in vitro
hypothermia.

2 | MATERIALS AND METHODS

The experimental design and timeline are outlined in
Figure 1.

Th.”_ 30f14
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Metabolic measurement
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Cold night Thermoneutrality
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FIGURE 1 Overview of the experimental design and timeline
of events when studying the effects of night temperature and an in
vitro simulation of thermal state (normothermia or hypothermia)
on functional properties of mitochondria in avian blood cells.
Studies were performed using wild great tits (Parus major) that
wintered outside the city of Lund in southernmost Sweden.

2.1 | Study site and animals

Great tits were caught at two sites in the vicinity of Lund
in southernmost Sweden - Réften (n = 37) and Vomb
(n = 21)—between January and February 2021. Riften
(55°43'N, 13° 17’ E”) is an oak (Quercus robur) dominated
32ha woodlot surrounded by arable fields. The Vomb site
(55° 39'N, 13° 33’E) is part of a pine (Pinus sylvestris)
plantation with a rich deciduous understory composed
mainly of sallow (Salix spp.), birch (Betula pendula), and
rowan (Sorbus aucuparia). Birds in Réften were caught
in mist nets close to feeders baited with sunflower seeds
that were erected 1.5 m above ground in January 2021.
The birds in Vomb were caught shortly before sunrise
when roosting in nest boxes. Four to eight birds were
caught each day of the study and were brought to Lund
University within 2 h of capture, where they were al-
ternately allocated to temperature treatment groups in
batches of four. We housed the birds in cages measur-
ing 77x44x 77 cm (length x width x height) at 5°C under
simulated natural photoperiod and provided sunflower
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seeds, peanuts, and water ad libitum. One-two days after
capture, the birds were implanted with a temperature-
sensitive PIT tag (BioTherm13, Biomark, Boise, ID, USA)
into the intraperitoneal cavity under local anesthesia (5%
lidocaine) as part of a different study. Eight to 32h later,
the birds were put in a 1 L hermetically sealed respirom-
etry glass container placed inside a climate chamber
(Weiss Umwelttechnik C180, Reiskirchen, Germany).
The respirometry chamber was ventilated with dry, pres-
surized, air at 400-500mLmin~" (recorded using a FB-8
mass flow meter, Sable Systems, Las Vegas, NV, USA) for
measurement of resting metabolic rate (RMR; calculated
from oxygen consumption recorded in carbon dioxide-
free air using a FC-10 oxygen analyzer, Sable Systems) and
body temperature (recorded using a custom-built multi-
plexed antennae system from BioMark). These measure-
ments were performed at thermoneutrality (25°C; n = 20)
[13], during a simulated mild winter night (5°C: n = 19)
and during a simulated very cold winter night (—15°C;
n = 19) for 13-15h. Four birds were measured each night.
Mean RMR was 0.36+0.01W (mean+1 standard error.),
0.51+0.01W, and 0.68 +0.02W in +25, +5, and —15°C, re-
spectively. Mean nightly body temperature was 37.9+0.3
°C (range of individual means: 35.2-40.1°C; mini-
mum: 33.8°C), 39.3+0.1°C (range of individual means:
37.6-40.2°C; minimum: 37.0°C), and 39.2+0.1°C (range
of individual means: 38.0-40.3°C; minimum: 37.6°C), in
the cold, mild, and thermoneutral night conditions.

Air temperature in Lund (10-40km from the study
sites) ranged from —12.5 to +4.6°C during the study pe-
riod and photoperiod ranged from 8:20 to 10:20h.*®

2.2 | Blood sampling and mitochondrial
measurement in whole blood

In the morning after the metabolic measurements, a 100-
150pL blood sample (i.e., <10% of the estimated total
blood volume) was obtained from the jugular vein using
a heparinized syringe within 5 min of removing the bird
from the metabolic chamber. The sample was stored at
10-12°C in 2 mL K2-EDTA (dipotassium ethylenediami-
netetraacetic acid) tubes (BD Vacutainer®, Franklin Lakes,
NJ, USA) without agitation until analyzed 0.5-2 h later.
All birds were released at the site of capture within 2 h of
blood sampling.

We measured mitochondrial respiration in whole
blood using an Oxygraph O2k high-resolution respirom-
eter (Oroboros Instruments, Innsbruck, Austria), follow-
ing the protocol described in Nord, Chamkha & Elmér. ¥
To test how rest-phase hypothermia affected mitochon-
drial function, we ran duplicate samples from the same
individual simultaneously in each of two thermal states: a

representative normothermic daytime bird body tempera-
ture (41°C; henceforth “normothermia”) and a hypother-
mic night-time body temperature in the lower range of the
measured natural variation (35°C; henceforth “hypother-
mia”)* using two respirometers. These were calibrated at
assay temperature (i.e., 35 or 41°C) daily, and we changed
instrument/assay temperature combinations between days
to avoid confounding experimental results by any variation
pertaining to the specific instruments. The main purpose
of our study was to demonstrate the presence of a putative
mitochondrial response to acute body temperature change.
To achieve this goal, we purposely selected a low but biolog-
ically relevant hypothermic assay temperature, under the
assumption that any phenotypic response would be linear
over the range of in vitro temperatures considered.

The blood samples were allowed 5-10 min on a ro-
tating mixer at room temperature before the start of the
assay. Then, we added a 50 pL sample to 1.95mL MiR05
respiration medium (0.5 mmol L~!' EGTA, 3mmolL™"
MgCl,, 60 mmol L~!'K-lactobionate, 20mmol L' taurine,
10mmol L' KH,PO,, 20mmolL~" Hepes, 110mmol L™
sucrose, free fatty acid bovine serum albumin (1 gL™),
pH 7.1) that was contained within the respirometer cham-
bers and so was pre-equilibrated at assay temperature. The
final volume contained in the respirometer chamber was,
thus, 2 mL.

Mitochondrial respiration rate was measured as the
rate of decline in O, concentration in the chamber. Once
the O, consumption had stabilized upon closing the
chamber, baseline O, consumption on endogenous sub-
strates (“ROUTINE”) was recorded for 2-3 min. Then,
we assessed mitochondrial function by sequential ad-
dition of three mitochondrial agonists and antagonists.
First, we added the ATP-synthase inhibitor oligomycin
at a final concentration of 5 pmolL™", which blocks
the process of oxidative phosphorylation (“OXPHOS”).
Thus, the remaining O, after oligomycin addition is at-
tributed to proton leak (“LEAK”). Next, we added the
mitochondrial uncoupler FCCP (carbonyl cyanide-p-
trifluoro-methoxyphenyl-hydrazone), which abolishes
the proton gradient across the inner mitochondrial
membrane, causing the electron transport system to
work at maximum capacity to restore it (“ETS”). Because
an excessive concentration of FCCP inhibits mitochon-
drial respiration and can lead to acidification of the
cell cytoplasm [14], we first added 1.5 pL of 1mmol L™
FCCP and then titrated FCCP in 0.5 pL increments until
maximum O, consumption was reached. The final con-
centration ranged 1-1.75pmolL™". Finally, we added
5 pmol L™! of antimycin A, which blocks Complex III
of the electron transport chain. Therefore, the remain-
ing O, consumption after antimycin A addition is due to
non-mitochondrial oxygen utilization.
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2.3 | Datahandling and
statistical analyses

We excluded five of the 57 duplicate samples measured
at 41°C that showed low endogenous respiration that was
not inhibited by the addition of oligomycin, most likely
because of unknown, aberrant, consequences of sample
processing before the start of the experiment. Thus, the
final data set consisted of 57 observations at 35°C and 52
observations at 41°C. We then calculated mitochondrial
respiration states and flux control ratios (FCR; i.e., ra-
tios between the respiratory states) following Gnaiger.™*
We considered three FCRs: (1) E-R control efficiency
(1 —ROUTINE/ETS), which measures how much excess
capacity there is in the electron transport system until
maximum respiration is reached; (2) R-L control effi-
ciency ((ROUTINE —LEAK)/ROUTINE), which meas-
ures the proportion of endogenous respiration that is
channeled toward oxidative phosphorylation; (3) E-L cou-
pling efficiency (1 — LEAK/ETS) which is indicative of mi-
tochondrial efficiency in the context of coupling between
electron transport and ATP production in a stimulated
cellular state. The derivation and definition of all respira-
tion traits and FCRs are detailed in Table 1.

All statistical analyses were performed using R version
4.1.2. To test how a sudden change in night temperature

TABLE 1 Calculation method and

definition of mitochondrial respiration LGt
states and flux control ratios. ROUTINE
OXPHOS
ETS
LEAK

E-R control efficiency

R-L control efficiency

E-L coupling
efficiency

;'IC-ASEBJournaI

affected mitochondrial respiration the morning after, we
used linear models (Im in R base) to test how each res-
piration state and FCR assayed at normothermic tem-
perature (i.e., 41°C) was affected by the preceding night
temperature. We used linear mixed models (Imer in the
Ime4 package)®® to test how respiration traits and FCRs
were affected by thermal state (i.e., hypo- or normother-
mia) using bird ID as a random factor to account for indi-
vidual variation in the Y-intercept and non-independence
of repeated measurements on the same birds. To test if the
phenotypic response to a change in thermal state differed
depending on the depth of hypothermia during the pre-
ceding night, we included mean nightly body temperature
and body temperature X thermal state in these models.
Significances were assessed using F-tests with degrees of
freedom based on the Kenward-Roger approximation, im-
plemented using the KRmodcomp function in the pbkrt-
est package.” The significance of the random term (i.e.,
bird ID) in final models was assessed using log-likelihood
tests using the dropl function in base R. The interaction
was removed when non-significant (p > 0.05), but all main
effects were retained. Predicted values and standard errors
for the Imer models were calculated using the emmeans
function in the emmeans package.> For the tests of night
temperature effects, estimates and their standard errors
were taken from the linear model output.

Calculation method Definition

Baseline O, consumption during
oxidative phosphorylation under
endogenous cellular conditions

RBaseline - RAntimycin A

O, consumption used to drive
oxidative phosphorylation where
ATP is produced

RBaseline - ROligomycin

0O, consumption when the electron
transport system is operating at
its maximum capacity

RFCCP - RAntimycin A

0O, consumption needed to
compensate for proton leakiness
of the mitochondria

ROligomycin - RAntimycin A

1 —(ROUTINE/ETS) Proportion of ETS maximum
working capacity remaining
under endogenous cellular

conditions

(ROUTINE — LEAK)/
ROUTINE

Proportion of endogenous
respiration used for ATP
production via oxidative
phosphorylation

1 —(LEAK/ETS) Tightness of electron transport
during ATP production in a

stimulated cellular state

Note: All traits were derived based on changes in O, consumption rate in response to the addition of
mitochondrial agonists and antagonists during the assay as described in the main text.
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RESULTS

A representative normothermic experiment is presented
in Figure S1. All details of the statistical tests pertaining to
the effects of night temperature are presented in Table 2,
and those pertaining to the effects of thermal state and
body temperature are presented in Table 3.

Model and Variable Estimate+SEM n
ROUTINE (pmol 0, s~ uL™) 52
Night temp (—15, 5 or 25°C)
Night temp = —15°C 0.565+0.041 17
Night temp = 5°C 0.546+0.058 17
Night temp = 25°C 0.602+0.057 18
OXPHOS (pmol 0, s~ pL™) 52
Night temp (—15, 5 or 25°C)
Night temp = —15°C 0.487+0.034
Night temp = 5°C 0.442+0.047
Night temp = 25°C 0.498 +0.047
ETS (pmol O, s~ pL ™) 52
Night temp (—15, 5 or 25°C)
Night temp = —15°C 0.981 +0.090 17
Night temp = 5°C 0.993+0.127 17
Night temp = 25°C 0.934+0.125 18
LEAK (pmol O,s™" pL ™) 52
Night temp (—15, 5 or 25°C)
Night temp = —15°C 0.078 £0.012 17
Night temp = 5°C 0.103+0.016 17
Night temp = 25°C 0.104+0.016 18
E-R control efficiency 52
(‘mitochondrial reserve
capacity’)
Night temp (—15, 5 or 25°C)
Night temp = —15°C 0.408 +0.023 17
Night temp = 5°C 0.419+0.033 17
Night temp = 25°C 0.462+0.032 18
R-L control efficiency 52
(‘phosphorylating capacity’)
Night temp (—15, 5 or 25°C)
Night temp = —15°C 0.858 +0.014 17
Night temp = 5°C 0.811+0.020 17
Night temp = 25°C 0.834+0.019 18
E-L coupling efficiency (‘tightness 52
of electron transport’)
Night temp (—15, 5 or 25°C)
Night temp = —15°C 0.915+0.009 17
Night temp = 5°C 0.892+0.013 17
Night temp = 25°C 0.911+0.012 18

3.1 | Effects of preceding night
temperature

All but one of the mitochondrial respiration metrics
were unaffected by the temperature of the preceding
night (p>0.16; Table 2). However, there was a tendency
for R-L control efficiency, which measures how much of

TABLE 2 Parameter estimates,

df F
P sample sizes (n), test statistics (F), degrees

of freedom (df), and resultant p-values

2,49 051  0.607 from linear models testing how a sudden
change in night temperature affected
mitochondrial respiration parameters and
flux control ratios in great tit whole blood
the morning after.

2,49 0.79 0.461

2,49 0.99 0.376

2,49 1.56 0.220

2,49 1.60 0.213

2,49 292  0.063

2,49 1.90 0.160

Note: Samples were assayed at a normothermic bird body temperature (41°C). Model-estimated means
are presented +1 standard error (SEM). Effects for which 0.05> p <0.10 are given in italics.
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TABLE 3 Parameter estimates, sample sizes (n), degrees of freedom (df), test statistics (F/LRT), and resultant p-values from linear
mixed-effects models used to investigate how mitochondrial respiration parameters and flux control ratios in great tit whole blood were
affected by a change from a normothermic (41°C) to a hypothermic (35°C) thermal state in vitro.

Model and Variable Estimate + SEM

ROUTINE (pmol 0, s~ uL™) 57/52

Body temperature X thermal
state
Body temperature (°C) —0.002+0.019
Thermal state
Hypothermia (35°C)
Normothermia (41°C)
Bird ID (random)
OXPHOS (pmol 0, s~ pL™) 57/52

Body temperature X thermal
state

0.499+0.019
0.567+0.019

Body temperature (°C) —0.002+0.016
Thermal state
Hypothermia (35°C)
Normothermia (41°C)
Bird ID (random)
ETS (pmol 0, s~ pL ™) 57/52

Body temperature X thermal
state

0.476+0.017
0.472+0.017

Body temperature (°C) 0.054+0.048
Thermal state
Hypothermia (35°C)
Normothermia (41°C)
Bird ID (random)
LEAK (pmol O,s™" pL ™) 57/52

Body temperature X thermal
state

1.050+£0.047
1.040+£0.048

Body temperature (°C) 0.000+0.005
Thermal state
Hypothermia (35°C)
Normothermia (41°C)
Bird ID (random)

E-R control efficiency 57/52
(‘mitochondrial reserve
capacity’)

0.023+0.005
0.096 +0.005

Body temperature X thermal
state
Body temperature (°C) 0.041+0.010
Thermal state
Hypothermia (35°C)
Normothermia (41°C)
Bird ID (random)

R-L control efficiency 57/52
(‘phosphorylating capacity’)

0.505+0.011
0.434+0.011

nhyp/ Mnorm

df

1,53.0

1,54.5
1,53.1

1,533

1, 54.5
1,533

1,51.7

1, 54.2
1,524

1, 54.7

1,54.3
1,54.2

1,54.1

1, 54.5
1, 53.7

F/LRT

0.04

0.02

22.16

41.23

0.29

0.02

0.11

34.74

0.10

1.25

0.33

93.27

3.16

0.00
173.24

14.28

0.02

16.62
51.34

21.79

p Gird|Oresidual

0.850

0.903
<0.0001

<0.0001 0.12410.074

0.592

0.879
0.744

<0.0001 0.10410.068

0.748

0.268
0.570

<0.0001 0.33710.104

0.081

0.971
<0.0001

0.0002 0.02710.028

0.882

0.0001
<0.0001

<0.0001 0.06210.051

(Continues)
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TABLE 3 (Continued)

Model and Variable Estimate + SEM

Body temperature X thermal
state
Hypothermia (35°C)
Normothermia (41°C)

0.006 +0.007
—0.012+0.008
Body temperature (°C)
Thermal state

Hypothermia (35°C)
Normothermia (41°C)
Bird ID (random)

E-L coupling efficiency (‘tightness 57/52
of electron transport’)

0.956 +0.007"
0.834+0.007*

Body temperature X thermal
state
Body temperature (°C) 0.003 +0.004
Thermal state
Hypothermia (35°C)
Normothermia (41°C)

Bird ID (random)

0.978 +0.004
0.907 +0.004

nhyp/ Mnorm df

F/LRT p Gird|Oresidual

1,55.5 4.57 0.037

1 7.44 0.006 0.03310.042

1, 56.0 0.83 0.365

1,53.0 0.72 0.400
1,55.0 194.57 <0.0001

1 4.02 0.045 0.01610.027

Note: Model-estimated means are presented +1 standard error (SEM). Significant effects (i.e., p <0.05) are presented in bold font, and effects for which
0.05> p <0.10 are given in italics. Degrees of freedom were calculated using the Kenward-Roger approximation. The test statistic is F for all fixed effects. For
the random term, the test statistic is the likelihood ratio (LRT). Note that p-values for main effects were not provided when the interaction was significant.

Abbreviations: oy, standard deviation of the random intercept; ogegiqua, esidual standard deviation.

*Main effect to be interpreted with caution due to involvement in an interaction with mean nightly body temperature.

the ROUTINE respiration that is channeled toward ATP
production, to vary with night temperature (p = 0.063).
Specifically, 86% of endogenous respiration was used to
drive oxidative phosphorylation after a night at —15°C,
which was higher than after a night at +5°C (81%) but
similar to a night at +25°C (83%) (Table 2).

3.2 | Effects of thermal state and nightly
body temperature

There were profound changes to mitochondrial respira-
tion when the assay temperature changed from anormother-
mic to a hypothermic thermal state. ROUTINE respiration
was 14% higher in normothermia (0.567+0.019 pmol O,
s7' pL™") than in hypothermia (0.499+0.019pmol O,
s™' uL™!) (p<0.0001) (Figure 2A), that is, endogenous res-
piration was lower during in vitro hypothermia. However,
neither OXPHOS nor ETS were affected by the ther-
mal state (p = 0.7 and 0.6, respectively) (Figures 2B,C).
Instead, the drop in ROUTINE was mediated by a pro-
nounced reduction in LEAK respiration (p<0.0001),
which was more than three times higher in normothermia
(0.096 +0.004 pmol O, s™' pL™") compared to in hypother-
mia (0.023 +0.004 pmol O, s~ uL™") (Figure 2D).

E-R control efficiency was lower during hypothermia
(p<0.0001), meaning that a hypothermic bird had more
mitochondrial reserve capacity compared to a normother-
mic bird (0.505+0.012 and 0.434 +0.012, of 1, respectively)
(Figure 3A). The efficiency of oxidative phosphorylation
was higher in the hypothermic state (i.e., R-L control effi-
ciency increased) such that nearly all (96%) of endogenous
respiration was used to produce ATP in hypothermia, com-
pared to 83% in normothermia (Figure 3B). In other words,
LEAK accounted for nearly 17% of endogenous respiration
during normothermia, but in hypothermia, LEAK contrib-
uted only 4% to ROUTINE. E-L coupling efficiency (i.e.,
coupling of the electron transport system when maximal
respiration was stimulated using FCCP) increased from
91% (0.907 +0.004) in normothermia to 98% (0.978 +0.004)
in hypothermia (Figure 3C). Thus, the electron transport
chain was tighter in the hypothermic state.

Most mitochondrial respiration traits were unaffected
by nightly mean body temperature, both as a main effect
and in interaction with thermal state (Table 3; Figure 4).
However, E-R control efficiency increased with increasing
body temperature (by 0.041+0.010 per °C) across thermal
states (Figure 4D), suggesting that birds that were more hy-
pothermic during the preceding night had mitochondria
that respired at a greater proportion of maximum. There
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FIGURE 2 Mitochondrial respiration traits in whole

blood of winter-adapted, wild, great tits (Parus major) at a
representative daytime normothermic body temperature (41°C)
and a representative night-time hypothermic body temperature
(35°C). The same individuals were measured in both thermal
states. (A) baseline (“ROUTINE”) oxygen consumption during
oxidative phosphorylation on endogenous substrates. (B) oxygen
consumption devoted to ATP production alone (“OXPHOS”).

(C) maximum working capacity of the electron transport system
(“ETS”). (D) respiration used to offset proton leak across the inner
mitochondrial membrane (“LEAK”). Solid plotting symbols with
error bars represent model-predicted means =+ 1 standard error.
Gradient lines are plotted to show individual responses, but should
not be taken as unequivocal evidence for linearity of change in the
absence of measurement at intermediate temperatures. Sample
sizes and statistics are reported in Table 3.

was also a thermal-state-dependent relationship between
R-L control efficiency and body temperature, whereby ox-
idative efficiency decreased by 0.012+0.008 per °C in the
normothermic state but was unaffected by body tempera-
ture in the hypothermic state. However, when tested in assay
temperature-specific models, the linear regression between
R-L control and mean night-time body temperature was not
significant (hypothermia: p = 0.39; normothermia: p = 0.13).

4 | DISCUSSION

We tested whether the plasticity of mitochondrial function
could compensate for any reduced cellular respiration rate

Thrlc-)A\SEBJouran

during rest-phase hypothermia in great tit blood cells. As
predicted, endogenous respiration (ROUTINE) was lower
in the hypothermic thermal state (Figure 2A). Surprisingly,
this was not a reflection of a general downregulation of cel-
lular respiration during hypothermia, because there was no
temperature-dependence of phosphorylating respiration
(OXPHOS; in which ATP is produced) (Figure 2B). Instead,
lower ROUTINE was primarily caused by a threefold reduc-
tion in LEAK (Figure 2D). Lack of temperature effects on
OXPHOS contrasts previous studies on mammals, where
a lowering of assay temperature by 10-12°C to simulate a
deep hypothermic state was associated with a 50%-70% de-
crease of both phosphorylating and non-phosphorylating
respiration.”>° It has been proposed that, in hibernating
mammals, active suppression of phosphorylating respiration
only becomes noticeable at body temperatures below 30°C,*’
which could explain part of the thermal insensitivity of
OXPHOS recorded here for a 6°C temperature reduction. If
the thermal threshold concept applies also to birds, a logical
conclusion is that passive thermal effects do not influence
phosphorylating respiration strongly over the range of tem-
peratures in our study. By contrast, leak respiration showed
thermal sensitivity at, or beyond, that recorded in other stud-
ies,>>° but our experimental design permits neither analysis
of the contribution of passive thermal and actively regulated
effects, nor firm conclusions related to the linearity of this
response. Mechanisms aside, the combined actions of ther-
mal insensitivity of OXPHOS and pronounced thermal sen-
sitivity of LEAK meant that the hypothermic thermal state
was associated with significant increases in both phospho-
rylating efficiency (i.e., R-L control efficiency was higher;
Figure 3B) and coupling efficiency of electron transport
when the cells were stimulated to work at a maximal rate
(i.e., E-L coupling efficiency was higher; Figure 3C), broadly
in keeping with results from mammal studies that manipu-
lated assay temperature.’>® In fact, nearly all respiration
(96%) was directed toward ATP production during hypother-
mia, and the electron transport system was almost perfectly
coupled (98%) in this thermal state. It is also interesting to
note that we found no effect of simulated hypothermia on
maximally stimulated mitochondrial respiration (i.e., ETS;
Figure 2C), suggesting a lack of noticeable thermal sensitiv-
ity of the electron transport system. As a result, hypothermic
cells had higher reserve capacity (Figure 3A), which could
have functional significance in face of a challenge to energy
metabolism. Collectively, our study indicates that the plastic-
ity of mitochondrial leak respiration combined with thermal
insensitivity of phosphorylating and maximal respiration
may allow the little bird in winter to secure sufficient ATP
production to meet thermoregulatory demands during rest-
phase hypothermia or in other energetically stressful situa-
tions. This notion now needs confirmation in other tissues
and by in vivo studies.
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FIGURE 3 Flux control ratios for mitochondrial respiration in great tit whole blood in a normothermic (41°C) and a hypothermic

(35°C) thermal state in vitro. (A) E-R control efficiency indicates how intensively the mitochondria were respiring under endogenous

conditions (i.e., ROUTINE) relative to their maximum working capacity (i.e., ETS). For example, a value of 0.4 indicates that mitochondrial

respiration can increase by 40% before reaching maximum. (B) The fraction of endogenous respiration that is used for oxidative

phosphorylation where ATP is formed. (C) Coupling efficiency of electron transport when the ETS is stimulated to work at maximum

capacity, where a value of 0 indicates a fully uncoupled system and a value of 1 a fully coupled system (i.e., where all respiration is

channeled towards phosphorylation). Samples were collected from wild great tits and the same individual was measured in both thermal

states. Solid plotting symbols with error bars represent model-predicted means+ 1 standard error. Gradient lines show individual responses,

but they are not necessarily meant to be suggestive of linearity of change. Sample sizes and statistics are reported in Table 3.

Reduced LEAK and improved phosphorylating and
coupling efficiency during hypothermia are in keeping
with the hypothesis of biochemical compensation for
thermal suppression of cell respiration at low body tem-
perature. However, the tighter coupling can potentially
result in increased production of reactive oxygen species
(ROS) as a by-product of electron transport,”**’ provided
that the resultant increase in protonmotive force is not
dissipated through ATP synthase. Unless quenched, ROS
causes oxidative stress with resultant macromolecular
damage (e.g.,”®), which is related to many medical dis-
orders.™ It is interesting to speculate that a hypothermic
bird might have to accept an oxidative cost for improved
oxidative and coupling efficiencies. In this context, our
study could provide proximate insights into why oxidative
stress has been found to be higher in birds that are more
hypothermic at night.”* However, the role of mitochon-
dria as sources of cellular ROS has been contended®
and empirical evidence suggests that the relationship be-
tween body temperature, ATP production, and ROS gen-
eration is not straightforward.3 16465 I line with this, even
though (pharmacological) uncoupling protects birds from
cold-induced oxidative stress,®® the evidence for clear fit-
ness effects thereof is equivocal.®”%®

We found no significant effects of temperature of the
preceding night on mitochondrial respiration traits and
flux control ratios, though phosphorylating capacity
tended to be the highest after the coldest night-time tem-
perature (Table 2). This contrasts what has been recorded

as part of seasonal acclimatization of blood cell respiration
in the same model system'® and in response to cold expo-
sure in other tissue types."”"!” Responses in other studies
were likely driven by seasonal upregulation of mitochon-
drial content (e.g.,'®) and so it is possible that the period
of exposure (one night) and acute nature of the air tem-
perature manipulation were too short or too stochastic to
serve as a reliable environmental cue prompting a change
to cellular respiratory capacity. It is also possible that sea-
sonal changes in mitochondrial content or respiration rate
in the studies above were not causally related to cold tem-
perature. In line with this, cold acclimation did not impact
the respiration of liver mitochondria in the lesser hedge-
hog tenrec (Echinops telfairi).”> Even so, the difference in
short- and long-term responses of mitochondrial respira-
tion coincident with colder environmental temperature
suggests it would be interesting to study the temporal res-
olution of mitochondrial thermal acclimatization in some
detail. For example, it is possible that, in the short term,
mitochondrial function responds primarily to a change
of tissue temperature in endothermic animals. This could
be beneficial since endotherm body temperature is deter-
mined by the balance between heat production and heat
loss rates, and so may be partly or fully independent of air
temperature.

On average, there were few effects of night-time body
temperature on mitochondrial respiration traits the day
after (Figure 4). Similar results were obtained for liver mi-
tochondria in the golden spiny mouse (Acomys russatus)
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FIGURE 4 The relationship between mitochondrial
respiration traits measured in great tit whole blood and mean
body temperature of the individual during the preceding night.
Panels (A-C) show these relationships for ROUTINE, ETS, and
LEAK respiration, neither of which were statistically significant
as denoted by dotted lines. Panel (D) shows the significant
relationship with E-R control efficiency, an index of mitochondrial
reserve capacity, denoted by the solid lines. Data were collected
from wild great tits and respiration was assayed at each of a
normothermic (41°C; red triangles) and a hypothermic (35°C;
blue circles) thermal state in vitro. Sample sizes and statistics are
reported in Table 3.

measured at a constant assay temperature.®® Thus, for
most of the respiration traits investigated here, between-
individual variation in nighttime body temperature did
not impact the thermal plasticity of blood cell mito-
chondria. One notable exception was the mitochondrial
reserve capacity (i.e., E-R control efficiency), which de-
creased significantly with decreasing body temperature
in both assay temperatures (Figure 4D). Thus, in vitro,
a hypothermic thermal state was associated with higher
surplus capacity (Figure 3A) whereas in vivo, more hy-
pothermic birds had mitochondria with lower surplus
capacity. This invites the speculation that the scope for
plastic upregulation of mitochondrial work rate, e.g., in
response to stochastic air temperature changes, may be
limited by individual differences in the underlying mi-
tochondrial phenotype. It remains to be tested if such
constraints on plasticity hinder adaptation to the envi-
ronment over short- and long-temporal scales. Finally, it

#\SEBJournGI

is interesting to note that the reduction in surplus mito-
chondrial capacity with decreasing body temperature is
well in line with the observation that more hypothermic
birds are typically of lower phenotypic quality.>® This
raises the question of whether rest-phase hypothermia
in the little bird in winter is an adaptive response to save
energy or if it instead is an emergent phenotypic expres-
sion enforced by the inability to stay warm.

This study provides new perspectives to our understand-
ing of how cellular and whole animal metabolism interact
when the little bird in winter adapts to low temperatures. We
conclude that in vitro hypothermia was associated with an
immediate reduction in proton leak and a resultant increase
in coupling and oxidative efficiency, which can explain why
blood cell mitochondria could maintain phosphorylating
respiration despite acute temperature reduction. Somewhat
surprisingly, low assay temperature did not suppress
OXPHOS or maximum working capacity of the electron
transport system (i.e., ETS), leading to increased phosphory-
lating and respiratory scope during hypothermia (Figure 3).
However, it is possible that such mitochondrial plasticity
during rest-phase hypothermia may come at the cost of in-
creased oxidative stress.”” Future work should explore this
hypothesis by direct measurement of ATP and ROS pro-
duction, and membrane potential, to conclude on the con-
sequences of changes to the efficiency of phosphorylating
respiration for redox balance in normo- and hypothermic
birds. Several endotherm studies show that mitochondrial
function in blood cells correlates to that in tissues and organs
with clearly defined roles in heat production and seasonal
acclimatization (see Introduction), suggesting that data pre-
sented here may be representative of cellular responses to
hypothermia at organismal levels. More broadly, our work
aligns with the body of evidence highlighting the utility of
blood cell respirometry to gain minimally invasive insight
into functional ecology, evolutionary physiology, and geron-
tology in birds.'®***4>70 Eyen so, it is important that future
studies formally address the uniformity of the thermal plas-
ticity of mitochondrial function across tissues and organs.
Likewise, future investigations should aim to increasingly
integrate tissue-based studies with an in vivo approach to
understand mitochondrial regulation during hypothermia
at the organismal level. More broadly, it would be relevant
to increase taxonomic and phenotypic coverage of these
studies, spanning cold-hardy, non-hypothermic, birds (e.g.,
Ref. [71]) to those that routinely use shallow (e.g., [72]) or
deep (e.g., Refs. [73,74]) torpor.
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