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ABSTRACT
Non-shivering thermogenesis can promote negative energy balance
and weight loss. In this study, we identified a contextual stimulus that
induces rapid and robust thermogenesis in skeletal muscle. Rats
exposed to the odor of a natural predator (ferret) showed elevated
skeletal muscle temperatures detectable as quickly as 2 min
after exposure, reaching maximum thermogenesis of >1.5°C at
10–15 min. Mice exhibited a similar thermogenic response to the
same odor. Ferret odor induced a significantly larger and qualitatively
different response from that of novel or aversive odors, fox odor or
moderate restraint stress. Exposure to predator odor increased
energy expenditure, and both the thermogenic and energetic effects
persisted when physical activity levels were controlled. Predator odor-
induced muscle thermogenesis is subject to associative learning as
exposure to a conditioned stimulus provoked a rise in muscle
temperature in the absence of the odor. The ability of predator odor to
induce thermogenesis is predominantly controlled by sympathetic
nervous system activation of β-adrenergic receptors, as unilateral
sympathetic lumbar denervation and a peripherally acting
β-adrenergic antagonist significantly inhibited predator odor-induced
muscle thermogenesis. The potential survival value of predator odor-
induced changes in muscle physiology is reflected in an enhanced
resistance to running fatigue. Lastly, predator odor-induced muscle
thermogenesis imparts a meaningful impact on energy expenditure
as daily predator odor exposure significantly enhanced weight loss
with mild calorie restriction. This evidence signifies contextually
provoked, centrally mediated muscle thermogenesis that meaningfully
impacts energy balance.

KEY WORDS: Energy balance, Energy expenditure, Sympathetic
nervous system, Weight loss

INTRODUCTION
The increase in obesity rates has been accompanied by intensified
interest in thermogenesis, with the goal of exploiting thermogenic
mechanisms to combat weight gain (Contreras et al., 2017; Maurya
et al., 2015). Increasing attention is turning to the importance of

skeletal muscle thermogenesis in body weight homeostasis. With
respect to humans, considering the mass of skeletal muscle the
human body possesses and its contribution to metabolic rate (Zurlo
et al., 1990), muscle thermogenesis represents substantial untapped
potential to amplify energy expenditure. In other words, if muscle
acts as a thermogenic organ, even a relatively small change in heat
generation would substantially increase caloric expenditure. Indeed,
evidence supports the ability of muscle thermogenesis and its
potential underlying mediators to meaningfully impact energy
balance (Maurya et al., 2015; Periasamy et al., 2017). Yet, relatively
little is known regarding actual heat generation bymuscle (Alekseev
et al., 2010) or the physiological modulation of muscle
thermogenesis outside of cellular and biochemical interactions at
the level of the skeletal myocyte (Bal et al., 2012; Maurya et al.,
2015; Pant et al., 2016; Periasamy et al., 2017).

In skeletal muscle, one thermogenic mediator appears to be the
uncoupling of sarco/endoplasmic reticulum calcium ATPase
(SERCA) by modulators including sarcolipin (Periasamy et al.,
2017). The sparse knowledge regarding systemic or neural
mediation of muscle thermogenesis stands in stark contrast to the
detailed understanding of the neural processes controlling the
induction of brown adipose tissue (BAT) thermogenesis (Bartness
et al., 2010; Contreras et al., 2017; Morrison and Nakamura, 2019).
We can use what is known about parallel thermogenic systems to
inform hypotheses regarding central control of muscle
thermogenesis. BAT thermogenesis and induction of white
adipose browning are strongly provoked by activation of the
sympathetic nervous system (SNS) through neural input and
adrenergic receptors (Bartness et al., 2010; Contreras et al., 2017).
At the level of the organism, both muscle sarcolipin and BAT
uncoupling protein (UCP) 1 contribute to cold adaptation and
counter diet-induced obesity (Bal et al., 2012; Maurya et al., 2015).
Skeletal muscle thermogenesis appears to be even more relevant in
larger mammals (e.g. rabbits, dogs), including humans, than in
laboratory rodents, with high concentrations of thermogenic
mediators like sarcolipin (reviewed in Bal et al., 2018; Maurya
and Periasamy, 2015; Rowland et al., 2015).

Centrally, the ventromedial hypothalamus (VMH) is implicated
in the modulation of muscle metabolism, including insulin
sensitivity (Coutinho et al., 2017; Fujikawa et al., 2016). With
respect to thermogenesis, VMH melanocortin receptor activation
stimulates muscle thermogenesis and enhances activity energy
expenditure following a time course that differs from its induction of
BAT thermogenesis (Gavini et al., 2016). Emerging evidence of
VMH and steroidogenic factor-1 (SF-1) cell control of peripheral –
especially muscle – metabolism (Coutinho et al., 2017; Fujikawa
et al., 2016) prompted a closer look at this cell population.
In addition to their role in peripheral metabolic regulation (ChoiReceived 11 November 2019; Accepted 2 March 2020
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et al., 2013), VMHSF-1 cells are critical in mediating the behavioral
response to predator threat, including predator odor (Kunwar et al.,
2015; Silva et al., 2013). The VMH may therefore serve as a key
interface between competing drives, namely energy balance and
predator threat (Viskaitis et al., 2017). Given evidence that predator
threat skews energy balance and induces weight loss in multiple
species (Genne-Bacon et al., 2016; Monarca et al., 2015; Tidhar
et al., 2007), we considered this mechanistic overlap in developing
hypotheses regarding the induction of muscle thermogenesis. Using
direct measurement of muscle temperature of rats and mice, we
explored the possibility that predator odor acts as a contextual
stimulus to induce a thermogenic response in skeletal muscle. The
ability of predator threat to alter multiple, intertwined aspects of
behavior and physiology that impact energy balance (e.g. food
intake, physical activity, stress response: Figueiredo et al., 2003;
Tidhar et al., 2007) necessitated that these and other confounders be
removed, controlled or measured to verify the thermogenic effect of
predator odor. In doing this, we identified predator odor as a
powerful inducer of thermogenesis and further established the
sympathetic nervous system as the dominant regulator of this
thermogenic induction.

MATERIALS AND METHODS
Animals and procedure
Muscle thermogenesis was measured in male and female Sprague–
Dawley rats (Envigo or bred in-house) and male and female C57/
BL6 mice (Jackson Laboratory or bred in-house) in response to
predator odor. Ferret odor was selected because of its ability to
produce strong, consistent behavioral and physiological responses
(Campeau et al., 2008). All testing was conducted during the light
phase of the cycle. Food and water were provided ad libitum unless
otherwise stated. All procedures were conducted in accordance with
the Kent State University Animal Care and Use Committee.
Changes in skeletal muscle temperature in response to predator odor

stimuli were measured using temperature transponders (IPTT-300,
BioMedic Data Systems, Seaford, DE, USA; calibrated range 32–
43°C); transponders were used that had shown high correlation
compared with water-bath temperature (r2≥0.97) as well as in vivo
with rectal temperature in the physiological range (r2≥0.97) (Wacker
et al., 2012). The transponders were 14 mm long and 2 mm in
diameter, sufficiently small to surgically implant into the
gastrocnemius muscle group bilaterally in rats; in some rats, an
additional transponder was implanted adjacent to the BAT. In mice,
transponders were implanted unilaterally against the gastrocnemius.
The transponders were implanted under surgical anesthesia, with 5%
isoflurane for induction followed by 2–3% for maintenance, and
analgesia using ketoprofen (5 mg kg−1, s.c., in rats and mice).
Transponder readers (DAS-7007R, 7007S or 6007) were used to
manually retrieve transponder temperature data. Temperature was
measured before and after exposure to a fragment (25–
50 mm×50 mm) of a towel that had been used as bedding for ferrets
(Mustela putorius furo) for 2 weeks (Marshall BioResources, North
Rose, NY, USA). The control stimulus was an identical towel without
the ferret odor. Treatments and conditions were counterbalanced to
avoid an order effect (with the exception of the study presented in
Fig. 1D,E). Exposure to predator odor is also perceived as stressful and
aversive for rats (Weinberg et al., 2009). Therefore, other stimuli
included Tink’s Red Fox-P Cover Scent (500 µl), butyric acid (50 µl)
as an aversive odor, 2-methylbenzoxazole (50 µl) as a novel odor, and
1 min of handling and restraint in a clean medical towel. The volatility
of these odors precluded counterbalancing the order of odor
presentation. Estrous cycle was determined in female rats using

vaginal lavage and cytology, with leukocytes present during diestrus,
nucleated epithelial cells during proestrus, and cornified epithelial cells
during estrous.

For mice, towels were placed inside a small plastic whiffle ball to
prevent excessive interaction with the towel. No long-term changes in
gait or behavior were seen after transponder implant, and transponder
placements were confirmed at the conclusion of the study.

Controlled activity using treadmill walking
As locomotion increases muscle temperature (Gavini et al., 2016),
the increased physical activity seen after exposure to predator odor
could be one source of muscle heat. To control for altered activity,
locomotion was controlled using treadmill walking where muscle
temperature was measured in rats exposed to control or predator
odors while undergoing the same level of locomotion (i.e.
a controlled walk on a treadmill). First, rats (n=7, 3 females and 4
males) were placed on an enclosed treadmill, open on the back to
allow for insertion of the reader. A towel, with either control or
predator odor, was taped to the internal ceiling of the treadmill
approximately level with the rat’s head. Exposure condition was
counterbalanced on different days and in different orders. The rat
was placed into the treadmill, and the treadmill was immediately
started at 7 m min−1. Temperature was measured at 2, 5, 10, 15, 20,
25, 30 and 35 min of walking at a constant speed with no incline,
adapted from a previous protocol (Gavini et al., 2014).

For rats that underwent surgical unilateral denervation (see
below), an established treadmill-walking protocol was used (Gavini
et al., 2014) without odor exposure. Gastrocnemius temperature was
measured before walking and during a 35 min treadmill test starting
at 7 m min−1 speed and 0 deg incline at 2, 5 and 10 min; 9 m min−1

and 0 deg incline at 15 min; 9 m min−1 and 10 deg incline at 20 min;
11 m min−1 and 10 deg incline at 25 min; and 11 m min−1 and
20 deg incline at 30 and 35 min.

Lastly, to more precisely examine the potential survival value of
the metabolic sequelae of the response to predator threat, we
subjected the same rats to a treadmill protocol designed to induce
running fatigue rather than exhaustion (adapted from Sopariwala
et al., 2015), with fatigue defined as the inability to maintain
locomotion at a given speed while still physically able to run (Soares
et al., 2004). To measure running fatigue, treadmill speed started at
7 m min−1 (0 deg incline) for 5 min, then 5 min each at 10 m min−1

(0 deg incline), 10 m min−1 (5 deg incline), 11 m min−1 (5 deg
incline), then 11 m min−1 (10 deg incline) for 10 min; then,
13 m min−1 (10 deg incline) was maintained for the remainder of
the trial until the rat attained fatigue. Onset of fatigue was reached
when a rat was either unable to keep up with the treadmill belt speed
or had maintained at least partial contact with the shocker for 10 s.

Calorimetry
To assess changes in caloric expenditurewith predator odor exposure,
energy expenditure (EE) was measured using a 4-chamber Oxymax
FAST systemwith infrared activity monitors (Columbus Instruments,
Columbus, OH,USA); EE and respiratory exchange ratio (RER)were
measured in rats exposed to predator odor or control odor,
counterbalanced on separate days, as previously described (Gavini
et al., 2016), using the equation: EE=CV+V̇O2

, where CV (calorific
value)=3.815+(1.232×RER), and RER=V̇CO2

/V̇O2
(rate of CO2

production divided by rate of O2 consumption). Briefly, rats were
enclosed in calorimetry chambers and fresh air was supplied to each
chamber at 2.79–3.0 l min−1, depending on theweight of the rat, with
the same flow (in l min−1) within rat between tests. Sample air was
measured at 0.5 l min−1 with reference air measured after each 30

2

RESEARCH ARTICLE Journal of Experimental Biology (2020) 223, jeb218479. doi:10.1242/jeb.218479

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y



38.5

38.0

G
as

tro
cn

em
iu

s 
te

m
pe

ra
tu

re
 (°

C
)

G
as

tro
cn

em
iu

s 
te

m
pe

ra
tu

re
 (°

C
)

G
as

tro
cn

em
iu

s 
te

m
pe

ra
tu

re
 (°

C
)

37.5

38.0
300

250

200

150

100

80

60

40

20

0

100

50

0

100

50

–50

0

37.5

37.0

36.5

36.0

35.5

35.0

G
as

tro
cn

em
iu

s 
te

m
pe

ra
tu

re
 (°

C
)

38.5

38.0

39.0

37.5

37.0

36.5

36.0

G
as

tro
cn

em
iu

s 
te

m
pe

ra
tu

re
 (°

C
) 36.0

35.5

35.0

34.5

34.0

33.5

37.0

36.5
Baseline

Baseline 5 10 15 20 25 30 45 60 90 120 60 120

Baseline 0 2 5 10 15 20 25 30 3530

Time after exposure (min)

Time after exposure (min) Time on treadmill (min)
60

A B

D

F G

H I

E

C

Te
m

pe
ra

tu
re

 A
U

C
 (

°C
 m

in
)

Te
m

pe
ra

tu
re

 A
U

C
 (

°C
 m

in
)

 

90 120 0 2 4 6 8 10 15 20 25 30

38.5

38.0

37.5

37.0

36.0

36.5

38.5

38.0

37.5

37.0

35.5

36.0

36.5

* *

*

50 10 15 20 25 30 60
Time after exposure (min)

Time after exposure (min)

30 60
Time after exposure (min)

60 120
Time after exposure (min)

50 10 15 20 25 30 45 60 90 120
Time after exposure (min)

Control
Predator odor

Control
Moderate stress
Aversive odor
Novel odor
Fox odor
Ferret odor

Control
Moderate stress
Aversive odor
Novel odor
Fox odor
Ferret odor

Control, diestrus
Control, proestrus
Predator odor, diestrus
Predator odor, proestrusControl, diestrus

Control, proestrus
Predator odor, diestrus
Predator odor, proestrus

Control
Predator odor

Control
Predator odorPredator odor

Control AUC
Predator odor AUC

*
*

* *

* * *

* * * * *
* * *

* *
*

*

* * *

*,‡

*,‡
*

Te
m

pe
ra

tu
re

  A
U

C
(°

C
m

in
)

Fig. 1. Predator odor induces a rapid rise in skeletal muscle thermogenesis. (A) Gastrocnemius temperature was significantly elevated after predator odor
compared with control exposure in male rats (n=8). (B) Gastrocnemius temperature elevation was rapid, being detectable at 2 min after exposure (n=4).
(C) Predator odor-induced thermogenesis was evident when activity levels were controlled using treadmill walking (n=7). *Predator odor>control. (D,E) Novel or
aversive odors did not significantly change muscle temperature (D), and the temperature change induced by fox odor or by handling and restraint stress was
significantly less than that induced by ferret odor (E; area under the curve, AUC; n=7). *Effect>control; ‡ferret odor>all other groups. (F,G) Female rats showed
similar muscle thermogenic induction, and neither control nor predator odor-stimulated thermogenesis (F) or temperature AUC (G) differed between proestrus and
diestrus phases of the estrous cycle (n=5). *Predator odor>control. (H,I) Predator odor-induced increases in muscle temperature (H) and temperature AUC (I)
were also seen in mice up to 60 min after exposure (n=3 male+3 female). *Predator odor>control; ‡significant interaction.
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samples (3.4 min break in experimental measurement). Rats were
placed in the chamber and the calorimeter was calibrated with
primary gas standards. Gas exchange was measured for 15 min;
during the first reference period, the chambers were briefly opened
and predator odor or control towels were supplied to the rats before
each chamber was re-sealed. Gas exchange and physical activity
measurements continued for an additional 3 h.
For EE during treadmill walking, 9 adult female rats were placed

on the treadmill after a 5 min predator odor or control exposure, the
treadmill was sealed, and rats were allowed to walk for 30 min at
7 m min−1 (Gavini et al., 2016). For V̇O2,max, the treadmill was
started at 10 m min−1 at 0 deg incline for 5 min, then at 10 m min−1

at 15 deg incline for 5 min, then 10 m min−1 at 25 deg incline for
5 min. At 15 min, belt speed was increased to 15 m min−1 for
2 min, then increased 2 m min−1 every 2 min thereafter until the rat
reached exhaustion (when the rat was unable to continue running or
was unable to move off the shocker, or was on the shocker for 5 s).
For calorimetry and all treadmill studies, rats received the two
treatments in random order on different days.

Associative learning and habituation
To determine whether predator odor exposure induces associative
learning, we exposed 8 adult male rats to the predator odor stimulus
(towel) inside a 7 cm diameter green whiffle ball, serving as the
unconditioned stimulus; 8 control rats were exposed to a control
stimulus (whiffle ball containing a clean towel). Temperature was
measured before and after exposure to the odor or control stimulus.
The following day, all rats were exposed to the same stimulus – the
clean towel in the whiffle ball – which acted as a conditioned
stimulus in the rats that had received the predator odor/whiffle ball
stimulus the previous day. Temperature was again measured before
and after presentation with the whiffle ball/towel stimulus.
After recognizing the potential for learned associations to induce

muscle thermogenesis, studies were designed to minimize the effect
of associative conditioning on baseline and predator odor-evoked
muscle thermogenesis. Rats and mice were habituated to the
experimental conditions before predator odor and control stimulus
exposure. Rats or mice were moved to the room where predator odor
or control stimulus would be presented, and temperature was
measured. This was repeated multiple times before and between
experimental conditions.

Surgical denervation
To determine the role of the lumbar sympathetic nerve (LSN) in
predator odor-induced muscle thermogenesis, 9 rats received
unilateral surgical denervation (n=5 left LSN denervation, 4 right
LSN denervation). Rats were anesthetized with isoflurane (5%
induction, 2–3% maintenance) with analgesics given before the
procedure and during recovery (ketoprofen, 5 mg kg−1, s.c.;
buprenorphine, 0.05 mg kg−1, s.c.); the surgical site was prepared
with alcohol and betadine scrub before an incision was made on the
ventral surface. Using the procedure described by Kerman et al.
(2003), the LSN was unilaterally dissected and extirpated. Briefly, a
ventral laparotomy was performed, the viscera were gently shifted
using sterile gauze and saline, and the LSN was isolated near the
lumbar muscles; a ∼1 cm portion of the LSN was removed at the
level between the renal vein and iliac bifurcation. Sutures were used
to close the abdominal musculature, and outer incisions were closed
using subcuticular sutures; rats were allowed to recover for 14 days.
There were no noticeable negative consequences of the denervation
to rat gait, activity or behavior. Control and predator odor-induced
thermogenesis over 120 min was measured for each rat in random

order 7 days apart. Walking-induced (treadmill activity) muscle
temperature was also measured in these rats using an established
protocol described above (Gavini et al., 2014). Care was taken to
examine muscle thermogenesis before potential nerve regrowth,
predicted to start at 10–12 weeks (Rodionova et al., 2016); all
measurements were complete by 70 days after surgical denervation.
After terminal anaesthesia, muscles were dissected, catecholamines
isolated, and analysis performed using high performance liquid
chromatography. As the primary source of noradrenaline (NA;
norepinephrine) in skeletal muscle is from sympathetic nerve fibers,
altered NA concentration was used as an indicator of successful
SNS denervation of muscle. In addition, to consider potential
changes in baseline thermogenic capacity with SNS denervation,
we used qPCR to compare expression between the control and
denervated lateral gastrocnemius of the known muscle thermogenic
mediator sarcolipin (reviewed by Periasamy et al., 2017), as well as
a mitochondrial metabolic protein uncoupling protein 3 (UCP3;
reviewed by Fuller-Jackson and Henry, 2018). Muscle (∼0.05 g)
was homogenized by Bullet Blender (Next Advance, Bullet Blender
24 Gold, Troy, NY, USA), and mRNAwas isolated using TRIzol™
Reagent (Thermo Fisher Scientific, Waltham, MA, USA);
bromochloropropane (BCP) was added and incubated for 5 min at
room temperature to facilitate phase separation, then samples were
centrifuged at 12,000 RCF for 10 min at 4°C. The aqueous RNA
phase (∼250 µl) was pipetted into a new microtube and mixed with
100% ethanol (150 µl) to precipitate mRNA. The mixture was then
pipetted on a silica-based column membrane (Invitrogen™
PureLink™ RNA Mini Kit, Thermo Fisher Scientific), and
samples were centrifuged at 12,000 RCF for 30 s at room
temperature. Samples were washed according to kit instructions,
and RNAwas eluted from the filter with 100 µl kit elution buffer by
centrifuging at 12,000 RCF for 30 s at room temperature. The purity
and quantity of mRNA were measured using Cytation 5 Cell
Imaging Multi-Mode Reader (BioTek Instruments, Winooski, VT,
USA), resulting in A260/280 ratios ranging from 1.8 to 2.1 with
50–110 ng µl−1 mRNA concentration. Approximately 250 ng of
isolated RNAwas reverse transcribed using a High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Warrington,
Cheshire, UK). The target cDNA was amplified by PCR at 37°C
for 60 min, and 95°C for 5 min. All qPCR assays were carried out in
triplicate using the Brilliant III Ultra-Fast QPCR Master Mix
(Agilent Technologies, Santa Clara, CA, USA) and using
PrimeTime Gene Expression Probes (IDT DNA Technologies).
The assay identification numbers for each gene are: Gapdh
(Rn.PT.39a.11180736.g), Sln (Rn.PT.58.8785990) and UCP3
(Rn.PT.58.17938212). Relative expression for each gene was
calculated using the housekeeping gene Gapdh as a reference and
the −ΔCt method (Schmittgen and Livak, 2008) as described
previously (Gavini et al., 2016).

β-Adrenergic receptor inhibition
Because SNS neural activation of β-adrenergic receptors,
specifically β2 receptors, mediates centrally induced changes in
skeletal muscle glucose metabolism and insulin sensitivity (Miyaki
et al., 2011), we hypothesized that β2 adrenergic receptors similarly
mediate the thermogenic effect evoked by predator threat. To
examine the role of β-adrenergic receptors in predator odor-induced
muscle thermogenesis, we opted to use a peripherally active mixed
adrenergic antagonist to avoid central effects of β2-adrenergic
receptor antagonists that would affect brain regions modulating
muscle metabolism (Ibrahim et al., 2019; Miyaki et al., 2011). In
random order over 17 days, each rat was exposed to predator odor
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and control stimulation with either vehicle (sterile saline) or nadolol
(8 mg kg−1, i.p.) given 2 h before predator odor or control exposure;
temperature was measured for 120 min after exposure. Nadolol is
active at β1 and β2, but not β3, adrenergic receptors (Cernecka et al.,
2014). We also measured BAT temperature in this study because, in
addition to the well-known actions of β3 in BAT, brown adipocytes
also have β1 and β2 receptors that also have functional relevance
(Collins, 2011; Larson, 2019).

Weight loss
Baseline food intake was measured in 12 male and female Sprague–
Dawley rats (n=7 males, 5 females), then a weight-maintenance diet
was found for each rat by adjusting daily food allotment. Weight-
maintenance food allocation was continued while rats were
subjected to 7 days of control odor exposure. The procedure in the
subsequent week was identical, except the rats were exposed to a
new predator odor stimulus daily (24 h). Stimulus towels were
replaced and rats were weighed daily within the hour prior to lights-
off. Rats underwent EchoMRI measurement of body composition
before and after the week of control odor and after the week of
chronic predator odor. Changes in body weight, fat and lean mass,
and food intake relative to weight-maintenance feeding were
calculated and compared between control and ferret odor exposure
conditions.
For calorie restriction, baseline food intake was determined over

5 days in 10 rats. All rats were subjected to calorie restriction with a
25% reduction in kcal from baseline intake for 15 days while housed
in thermoneutral conditions. Rats were weight matched and divided
into 2 groups (n=5 per group) where half of the rats were exposed to
a new predator odor stimulus on each day of food restriction and the
remaining rats were given the control stimulus on each day of food
restriction. Body weight was measured daily, and EchoMRI
measurement of body composition was done 3 days prior to
restriction and on days 4 and 15 of restriction. Muscle and BAT
thermogenic response to control or predator odor stimuli was
assessed on the first day of restriction (day 0), day 7 and day 14. On
these days, temperature was measured immediately after the
removal of the prior day’s stimulus (without replacement), again
1 h later (baseline, immediately after presentation of new predator
odor or control stimulus), and over 2 h after predator odor or control
exposure.

Statistical analyses
Muscle and BAT thermogenesis over time and during treadmill
walking were analyzed using a 2-way mixed analysis of variance
(ANOVA). Area under the curve (AUC) relative to baseline
temperature was calculated using the trapezoidal method and
subjected to t-tests or ANOVA. Gas exchange and physical activity
variables were measured using 2×3 repeated-measures ANOVA.
Analyses of data from rats with unilateral denervation, given
nadolol or over the estrous cycle were carried out using 3×3
repeated-measures ANOVA, and 2×2 repeated-measures ANOVA
for AUC comparisons. Muscle NA concentration was compared
using a paired 1-tailed t-test. Weight loss over time, fat mass and
baseline temperature were analyzed using a 2-way mixed
ANOVA, and thermogenic responses were analyzed using a 3-
way ANOVA followed by a 2-way mixed ANOVA for each day
separately. Lastly, we subjected previously published data (Gavini
et al., 2016) to a more temporally detailed analysis to compare the
time course of changes in physical activity, EE and muscle
temperature after intra-VMH microinjections to activate
melanocortin receptors. Significance was determined at P<0.05.

RESULTS
Exposure to predator odor evokes a rapid and
high-magnitude induction of skeletal muscle temperature
in rats and mice
To examine the potential for predator threat to activate skeletal
muscle thermogenesis, predator (ferret) odor was presented and
muscle temperature was directly measured using transponders
implanted in the gastrocnemius muscle group bilaterally as well as
in BAT. Predator odor induced a robust increase in gastrocnemius
temperature (Fig. 1A). The rise in temperature was rapid, increasing
by 0.99°C at 2 min, 1.54°C at 4 min, and peaking at 1.84°C at
10 min after exposure (Fig. 1B). A predator odor-induced rise in
BAT temperature was also evident (Fig. S2A), following a less
distinct time course than muscle.

Because the locomotion induced by odor presentation could also
increase muscle temperature, rats were subjected to a standardized
treadmill-walking protocol to equalize activity levels between
conditions. The predator odor-induced muscle heat induction
persisted when locomotion was held constant at a walking speed,
as rats exposed to predator odor showed elevated muscle
temperature during locomotion compared with the same rats after
control stimulation (Fig. 1C). To examine the potential impact of
stressful or aversive aspects of the ferret odor, thermogenesis after
ferret and control odor exposure was compared with that after
exposure to an aversive odor (butyric acid), a novel odor
(2-methylbenzoxazole), fox odor and 1 min of restraint stress. As
shown in Fig. 1D,E, neither novel nor aversive odors significantly
altered muscle temperature from baseline conditions. Stress induced
by handling and moderate restraint induced a different temporal
response in muscle temperature, which increased at 5 min after
initial handling and decreased thereafter. Interestingly, fox odor
induced a prolonged but small increase in muscle temperature
(Fig. 1D,E). Overall, ferret odor induced a strong change in muscle
temperature distinct from the effect of all other conditions.

We examined whether the thermogenic effect of predator odor
generalized across species and sexes. A similar increase in muscle
temperature was seen in female rats, with equivalent responses
occurring at proestrus and diestrus phases of the estrous cycle
(Fig. 1F,G). Lastly, mice also demonstrated a predator odor-induced
increase in gastrocnemius muscle temperature relative to control
stimulation (Fig. 1H,I), illustrating that the effect was not limited to
rats. Demonstrating generalizability is crucial to the argument that the
induction of muscle thermogenesis is a fundamental physiological
response to predator threat; thus, each of these studies was repeated
using separate groups of animals (Fig. S1A–D).

Exposure to predator odor induces an increase in energy
expenditure
The heat generated in thermogenesis would be predicted to increase
overall EE. Indeed, predator odor exposure in rats significantly
increased EE, V̇O2

and physical activity, without significantly
changing RER (Fig. 2A–D). As with heat dissipation, elevated EE
might also stem in part from predator odor-induced increases in
physical activity levels, however (Fig. 2D). To examine the
dependence of predator odor-induced changes in EE on physical
activity, EE was measured in the same rats after exposure to predator
odor and control exposure with physical activity held constant.
Using a treadmill-walking protocol to control locomotor-induced
muscle temperature (Almundarij et al., 2017; Gavini et al., 2016),
gas exchange was measured during prescribed treadmill-walking
activity beginning 5 min after predator odor or control exposure.
Compared with control, predator odor significantly increased
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walking-associated EE and oxygen consumption, but not RER,
during controlled activity (Fig. 2E–G).
While muscle temperature clearly increased during locomotion

(Fig. 1C), the idea that muscle can generate heat apart from, or in
addition to, heat generated secondary to muscle contraction is
consistent with our past studies measuring muscle temperature and
EE after intra-VMHmelanocortin receptor activation with melanotan
II (MTII; Table S1) (Gavini et al., 2016). We examined these data in
more temporal detail than was previously reported to determine
whether a stimulus that induces physical activity (in this case, intra-
VMH MTII) is sufficient to alter muscle temperature. Physical
activity significantly increased in the first hour after intra-VMHMTII,
and rats displayed a corresponding 25.5% (±5%) increase in EE in the
same hour. Exposure to predator odor for 1 h significantly increased
physical activity in rats to a similar level as activity induced by MTII
(Fig. 2D; Table S1), but a 46.9% (±4%) increase in EE was evident
after predator odor. Conversely, while predator odor exposure
increased gastrocnemius temperature in the first hour after exposure
(Fig. 1A), intra-VMH MTII injection-induced muscle heat
dissipation was not significantly elevated until considerably later –
90 min or more after injection (Gavini et al., 2016). In summary,
intra-VMH microinjection of a melanocortin receptor agonist
increased physical activity, but not muscle temperature, in the first
hour after stimulation, whereas a similarly moderate increase in
physical activity in the first hour of predator odor exposure induced a
substantial increase in muscle temperature and a faster increase in EE
(Fig. 2A; Table S1).

Predator odor-induced muscle thermogenic response is
subject to associative learning
In subsequent studies, rats showedmore volatile muscle temperature
during control and baseline measurements, inconsistent with prior
findings of rat muscle thermogenesis (Almundarij et al., 2017),
including muscle response to central microinjections (Gavini et al.,
2016). This suggested that learned cues might be provoking muscle
thermogenesis. To investigate this, rats underwent conditioned
learning. On day 1, male rats were presented with either a control

stimulus (towel with no odor in a green plastic whiffle ball) or a
conditioned stimulus (ball with predator odor; Fig. S3A). The
following day, all rats were exposed to the same control stimulus
(ball with no odor; Fig. S3B,C). Compared with control rats,
conditioned rats showed a significantly greater muscle thermogenic
response to an identical stimulus, where the temperature response
(20 min AUC) to the conditioned stimulus was significantly higher in
rats that had received the predator odor stimulus previously (Fig. S3C).

To determine the amount of habituation required to prevent a
learned association that would increase muscle temperature in the
absence of predator odor, gastrocnemius temperature was measured
in the housing room, after room transfer, after 60 min of acclimation
time and again 10 min after presentation of a control stimulus
(towel, no odor). As shown in Fig. S3D, on the first habituation day,
gastrocnemius temperature increased after moving rats from the
housing room, and again after presentation with the control odor. By
the fourth day of habituation, the control stimulus no longer evoked
a significant change in temperature. When data from male and
female rats were considered separately, the primary factor
differentiating the sexes was the muscle temperature at baseline
and after transporting the rats (Fig. S3E); therewas no sex difference
in the response to the control stimulus. Repeated habituation in a
separate experimental group confirmed that 4 days of habituation to
the experimental procedure decreased baseline temperature and
overall measurement volatility (Fig. S1E,F).

Sympathetic blockade inhibits contextual induction of
muscle thermogenesis
Because of the importance of the SNS in mediating other types of
thermogenic response (Contreras et al., 2017), including in muscle
(Gavini et al., 2016), we aimed to determine the role of sympathetic
nerves in centrally induced muscle thermogenesis. Unilateral
surgical denervations were performed, severing the LSN serving
the gastrocnemius muscle group in one hindlimb. Predator odor
induced a significantly greater increase in temperature in the muscle
served by the intact LSN than in the gastrocnemius on the side of the
denervated LSN, with the intact gastrocnemius showing 242–574%
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more induction of thermogenesis than the denervated gastrocnemius
in the same rat at 2–30 min after predator odor exposure (Fig. 3A,B).
In summary, targeted SNS denervation compromised ipsilateral
muscle thermogenic induction by predator odor while sparing the
thermogenic response in the contralateral leg. When rats walked on
a treadmill, no difference in functionality was detected between the
legs on the denervated and intact sides, and the locomotor-
associated increase in muscle temperature did not differ between
legs, within rat (Fig. 3C,D). When NAwas measured in the medial
and lateral gastrocnemius to confirm denervation, we found
significantly lower NA concentration in muscle on the denervated
side compared with that in the contralateral gastrocnemius served by
an intact LSN (Fig. 3E). No significant differences were seen within
rat between intact and denervated lateral gastrocnemius in expression
levels (2−ΔCt) of either sarcolipin (mean±s.d. control 0.01206±
0.01065, denervated 0.00541±0.00510) or UCP3 (control 0.00436±
0.00268, denervated 0.00402±0.00244).
To assess the contribution of peripheral β1 and β2 adrenergic

receptors to predator odor-induced thermogenesis, the mixed
β-adrenergic receptor antagonist nadolol was employed to block
peripheral but not central receptors. Nadolol significantly inhibited
the predator odor-associated increase in muscle temperature
(Fig. 3F,G). Muscle temperature during control exposure was not
significantly altered by nadolol.

Daily predator odor exposure enhances muscle
thermogenesis and weight loss
To investigate the impact of chronic predator odor exposure on
energy balance, male (n=7) and female (n=5) Sprague–Dawley rats

were subjected to successive chronic control and predator odor
exposure while on a weight-maintenance diet. Food intake needed
to sustain each rat’s body weight was established (males, 24.1±
0.5 g; females, 18.2±1 g). Body composition was measured before
and after rats were fed the weight-maintenance diet; rats were then
exposed to a new control stimulus and weighed daily for one week
while housed at thermoneutrality. There was no significant decrease
in body weight or fat mass over this week (Fig. 4A). As shown in
Fig. 4A–C, with no change in food allocation, there were
significantly greater decreases in body weight, fat mass and lean
mass after one week of chronic exposure to predator odor compared
with control odor. Some rats showed decreased food intake with
exposure to predator odor (Fig. 4D); this was more pronounced in
males than in females, as was loss of body weight, fat and lean mass
(Fig. 4A–D). When considering only females, which showed little
decrease in food intake (0.85±0.22 g day−1 left uneaten), significant
predator odor-induced decreases in body weight and fat mass
remained (Fig. 4A–C). The caloric deficit incurred accounted for
less than half of the loss of fat and lean mass (Table S2), indicating
an additional source of negative energy balance in both males and
females.

In order to examine the effects of chronic predator odor exposure
without individual differences in food intake, mild calorie restriction
was used to standardize intake. A separate group of male rats was
divided into two weight-matched groups and subjected to 25%
calorie restriction based on their baseline caloric intake. Starting on
the first day of food restriction, half of the rats were exposed to a new
predator odor towel daily, and the other half received a new control
stimulus daily. Compared with controls, predator odor-exposed rats
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lost significantly more weight, with a significant difference in weight
loss starting on day 3 and continuing through the last day of restriction
and exposure on day 15 (Fig. 4J). While exposure to the thermogenic
stimulus resulted in sustained weight loss, the calorie restriction alone
induced significant loss of fat mass (Table S3).
To assess the potential adaptation (e.g. habituation) to the odor,

predator odor-induced thermogenesis was measured on days 0, 7
and 14 of food restriction (25% calorie restriction described above);
the thermogenic response to predator odor in the predator odor-
exposed rats was compared with the muscle thermogenic response
to control odor in the control rats. Predator odor-exposed rats
experienced a significant increase in muscle temperature compared
with control rats (Fig. 4E–G). Significantly lower predator odor-
induced muscle temperature was seen after 2 weeks of daily
predator odor exposure, but not after 1 week (Fig. 4H). Interestingly,
muscle temperature measured at the time of removal of the previous
day’s predator odor towel was significantly elevated on days 7 and
14 relative to day 0 (Fig. 4I).

Predator threat imparts resistance to running fatigue
We tested the hypothesis that the innate response to predator threat
has adaptive significance through suppressing running fatigue
using two separate treadmill-running protocols. First, maximum
O2 consumption (V̇O2,max) was assessed in rats after control or
predator odor exposure, in random order. At maximal capacity
(i.e. V̇O2,max), there were no significant differences between
control and predator odor exposure conditions; as shown in Fig. 5,
predator odor exposure did not significantly change the maximum
time spent running (Fig. 5F), V̇O2,max (Fig. 5E), RER (Fig. 5D) or
EE (Fig. 5B) at maximal exertion. However, predator odor-
associated changes were seen in RER and EE over the course of
treadmill running (Fig. 5A). Throughout treadmill running, RER
was significantly lower in rats after predator odor exposure
compared with control exposure (Fig. 5C), indicating enhanced
fat oxidation during running, but not at maximal exertion
(Fig. 5D). There was a significant interaction where predator
odor and control exposure differentially affected treadmill-
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running EE; predator odor induced a small but significant increase
in EE at the beginning, but not the end, of the V̇O2,max procedure
(Fig. 5A,B). This contrasted to the larger significant effect of
predator odor on running fatigue. Rats were considered to have
reached fatigue when they could no longer maintain the maximal
running speed (13 m min−1 at 10 deg incline). Rats were able to
run significantly longer after predator odor exposure, a difference
of >5 min (Fig. 5G).

DISCUSSION
Here, we report that a contextual stimulus – the odor of a natural
predator – produces a rapid and robust induction of skeletal muscle
thermogenesis. The induction of muscle temperature was sizeable,
increasing as much as 2°C by 10–30 min after odor exposure
(Fig. 1B,D). In contrast, the relative temperature increase
subsequent to VMH melanocortin receptor activation peaked at
0.4°C after 3–4 h (Gavini et al., 2016). Unilateral denervation and

5.5
Control

A B

C D

E

G

F

Ti
m

e 
sp

en
t r

un
ni

ng
(s

)

Ti
m

e 
sp

en
t r

un
ni

ng
(s

)

Predator odor

Control
Predator odor

Control Predator odor

Control Predator odor

Control Predator odorControl Predator odor

Control Predator odor

*

§

5

4

3

2

1

0

5.0
4.5
4.0
3.5
3.0
2.5
2.0

0

1.0 1.0

0.8

0.6

0.4

0.2

0

0.9

0.8

0.7

3100

3000

1200

1000

800

600

400

200

0

2900

2800

3600

3400

3200

3000

2800

0

2700

0

0 5 10
Time on treadmill (min)

15 17 19

0 5 10
Time on treadmill (min)

15 17 19

*

E
E

 in
 V

O
2,

m
ax

 (m
l k

g–
1  

h–
1 )

.

E
E

 a
t V

O
2,

m
ax

 (m
l k

g–
1  

h–
1 )

.

R
E

R
 in

 V
O

2,
m

ax

.

R
E

R
 a

t V
O

2,
m

ax

.

V
O

2,
m

ax
 (m

l k
g–

1  
h–

1 )

.

‡

Fig. 5. Acute predator odor exposure
alters fatigue and fuel utilization
without changing V̇O2,max. (A–F)
During a V̇O2,max treadmill test, exposure
to predator odor increased EE in the first
5 min of running (A) and decreased RER
(C) without significantly altering maximal
EE (B), RER (D), V̇O2 (E) or time spent
running (F). (G) During a lower-speed
running fatigue treadmill test, rats
exposed to predator odor ran
significantly (>5 min) longer than after
control exposure (n=9). *Predator
odor>control; ‡main effect of predator
odor; §significant interaction.

9

RESEARCH ARTICLE Journal of Experimental Biology (2020) 223, jeb218479. doi:10.1242/jeb.218479

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y



peripheral β-adrenergic receptor blockade each significantly
inhibited predator odor-induced thermogenesis in the affected
muscles, supporting the assertion that the SNS is the dominant
mediator of this effect, specifically through neural release of
catecholamines. Although predator odor exposure increases
physical activity, enhanced thermogenesis and EE were evident
when activity levels were matched between predator odor and
control conditions (Figs 1C and 2E). Our finding that chronic
exposure to predator odor induces or augments negative energy
balance, resulting in weight and fat loss (Fig. 4), is consistent with
established evidence regarding predator threat and energy balance;
calorie use frommuscle thermogenesis is a likely potent contributor.
Altogether, these findings support the conclusion that predator
threat evokes an innate response that includes the physiological
induction of skeletal muscle thermogenesis, and is the first report of
a discrete stimulus to rapidly and markedly induce muscle
thermogenesis.
Although core temperature was not measured here, predator odor-

induced muscle thermogenesis is likely to translate into increased
body temperature considering reports of an elevation in core
temperature in response to predator threat in rats andmice (Campeau
et al., 2008; Lecorps et al., 2019). Ferret odor also increased the
temperature of interscapular BAT, albeit less robustly than inmuscle
(Fig. S2). Predator odor-induced BAT and muscle thermogenesis is
consistent with the phenomenon of stress-induced hyperthermia
(Kataoka et al., 2014; Nakamura, 2015). This raises the question as
to how much of the thermogenesis seen here is specific to predator
threat versus secondary to a general stress response. Predator threat
provokes characteristic behavioral and endocrine responses,
including corticosterone release and a concomitant defensive
emotional state (Kunwar et al., 2015; Masini et al., 2005). The
central pathways mediating the response to predator odor largely
overlap with, but also diverge from, pathways activated by other
stressors (Baisley et al., 2011; Figueiredo et al., 2003), suggesting
that other stressors may affect muscle thermogenesis. This is
consistent with our finding that brief restraint stress produced only a
transient change in muscle temperature (Fig. 1D,E). Aversive or
novel odors produced no significant change in muscle temperature
(Fig. 1D,E), and fox odor, known to induce a fear-like stress
response (Staples, 2010), provoked only a small change in muscle
temperature (Fig. 1D,E). Taken together, this evidence suggests that
the muscle thermogenesis induced by ferret odor is innate and stems
from activation of a pathway at least partly distinct from a general
stress response (Canteras, 2018). The precise odors or other sensory
stimuli to which this response is tuned likely differ among species.
While predator threat may activate muscle thermogenesis more
effectively than other challenges, any survival value conferred by
the muscle metabolic response would also apply to challenging
situations other than predator threat.
Although physical activity (i.e. locomotion, treadmill walking)

predictably increases muscle temperature (Almundarij et al., 2017;
Gavini et al., 2018, 2016) (Figs 1C and 3C), the locomotion induced
by predator odor exposure does not account for the majority of the
heat generation evidenced here. First, to get an idea of the amount of
physical activity sufficient to detectably change muscle
temperature, we performed a more temporally detailed analysis of
prior measurement of physical activity after activation of brain
melanocortin receptors (Gavini et al., 2016). Intra-VMH
melanocortin receptor activation increased activity to levels
comparable to those seen after predator odor exposure in the first
hour after stimulation (Table S1). In contrast to the rapid increase in
muscle temperature seen after exposure to ferret odor (Fig. 1A,B),

no detectable muscle thermogenesis was seen until at least 90 min
after central receptor activation, despite the elevated activity levels
(Gavini et al., 2016). This demonstrates that this magnitude of
physical activity in the absence of predator odor is insufficient to
significantly increase muscle temperature. Second, subjecting rats to
forced treadmill walking revealed that predator odor elevates both
muscle temperature (Fig. 1C) and EE (Fig. 2E) above levels seen
during comparable locomotion without predator odor; this mitigates
the confound of differences in locomotor activity. Altogether, this
reinforces the assertion that significantly elevated physical activity
can occur in the absence of significantly increased gastrocnemius
temperature (i.e. after intra-VMH MTII), and that predator odor
exposure increases muscle thermogenesis and EE beyond what
would be predicted based on elevated physical activity alone. These
data do not rule out the possibility that the muscle thermogenesis
evidenced here is dependent on some baseline level of contraction,
or that predator threat enhances existing muscle contractile
thermogenesis. For example, predator odor could induce alertness
and thereby increase muscle tension, which could then augment
heat generated from muscle contraction (Cattarelli and Chanel,
1979; Meigal et al., 1998; Steenland and Zhuo, 2009).

Examining the neural control of other thermogenic systems, the
response of BAT and the induction of a brown fat-like thermogenic
phenotype in white adipose tissue are both activated by SNS neural
stimulation (Contreras et al., 2017). Not surprisingly, muscle
thermogenesis is similarly reliant on SNS outflow. Blocking
peripheral β-adrenergic receptors significantly suppressed the
predator odor-induced muscle thermogenic response (Fig. 3F,G).
As nadolol does not cross the blood–brain barrier, this reinforces the
role of the SNS and peripheral adrenergic receptors in centrally
induced muscle thermogenesis. This is also consistent with the
importance of muscle β2 adrenergic receptors in modulating muscle
metabolism, including insulin sensitivity and glucose uptake
(Shiuchi et al., 2009), and muscle activity thermogenesis (Gavini
et al., 2016). The rapid time course of the thermogenic response
(Fig. 1B) suggests that adrenergic receptor activation results from
the neural release of NA rather than from circulating adrenal
medullary hormones. Accordingly, unilateral extirpation of the LSN
resulted in significant suppression of ipsilateral predator odor-
induced muscle thermogenesis, where robust thermogenesis was
evident in the contralateral muscle served by the intact LSN in the
same rat at the same time (Fig. 3A,B). In addition to strongly
supporting the importance of intact neural SNS input to muscle for
full expression of predator odor-induced thermogenesis, it also rules
out other factors as potential dominant influences on muscle
thermogenesis. Locomotor activity, systemic hormones (e.g. stress-
related adrenal cortical or medullary hormones) and other sources of
heat (e.g. BAT) would be expected to affect the innervated and
denervated legs equally. Shivering occurs through a separate
pathway ultimately mediated by somatic motoneurons unlikely to
be affected by unilateral LSN denervation (Morrison and
Nakamura, 2019); in other words, shivering thermogenesis should
be intact in the denervated leg. Locomotion in the absence of
predator odor increased muscle temperature similarly in the
innervated and denervated muscles (Fig. 3C,D), demonstrating
that the denervated muscles were not deficient in their ability to
produce heat. The small increase in temperature of the denervated leg
(0.58°C at 15 min; Fig. 3A) could stem from these factors, alterations
of local muscle blood flow secondary to lower SNS tone (Clark et al.,
2000) or a minor contribution of SNS fibers in somatic nerves or a
contralateral SNS projection. Altogether, these data suggest that
activation of β-adrenergic receptors by neural catecholamines is the
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predominant mechanism throughwhich central activation by predator
threat triggers heat generation by skeletal muscle.
Using different methods and odors to model predator threat, most

interest has been directed at behavioral and endocrine mechanisms
rather than metabolic effects (Kunwar et al., 2015; Perez-Gomez
et al., 2015; Silva et al., 2013). Here, we demonstrate that exposure
to ferret odor increased EE in freely moving rats, including EE
required to walk on a treadmill (Fig. 2). Comparison of gas
exchange data at different activity demands suggests that predator
odor increases EE by decreasing locomotor efficiency at low and
moderate workloads (Figs 2E and 5A) without affecting V̇O2,max or
gas exchange at maximal exertion (Fig. 5B,D–F). In contrast,
comparison of RER data revealed a predator odor-induced decrease
in RER during the highly demanding V̇O2,max test (Fig. 5C) with no
significant change in RER during low workloads (Fig. 2G) or when
freely moving (Fig. 2C), suggesting that fuel selection is altered
preferentially at more intense workloads.
The elevated EE accompanying muscle thermogenesis may

contribute to the negative energy balance and weight loss seen in
response to chronic predator threat demonstrated here (Fig. 4). This
is consistent with reports documenting that chronic exposure to a
fear-inducing odorant attenuates weight gain in mice (Genne-Bacon
et al., 2016) and suppresses weight gain in other species (Tidhar
et al., 2007), and that daily exposure to ferret odor reduces weight
gain over time in rats (Campeau et al., 2008). Here, chronic
exposure to ferret odor decreased food intake, notably in male
rats; this is not surprising given that exposure to predator threat
decreases food intake along with body weight in multiple species
(Liesenjohann and Eccard, 2008; Tidhar et al., 2007). Loss of lean
mass was more pronounced when food intake was suppressed
either experimentally (Table S3) or in response to predator odor
(Fig. 4C,D). Even with minimal change in food intake, chronic
exposure to predator odor induced significant loss of weight and fat
mass, whichwas amplified in rats that also reduced their caloric intake.
Because behavioral and physiological responses to predator odors

in laboratory rodent models are subject to both habituation and
sensitization (Weinberg et al., 2009), we questioned whether the
thermogenic response to ferret odor would abate over time with
daily exposure. Over 2 weeks of nearly continuous exposure to
ferret odor, rats showed a muscle thermogenic response after 7 days,
but this was not evident the subsequent week (Fig. 4E–G). This
implies that some habituation occurred between 1 and 2 weeks of
nearly constant predator odor exposure, while weight loss was
maintained (Fig. 4J). Even after 2 weeks of exposure, however,
daytime muscle temperature of rats housed with the ferret odor
remained significantly elevated relative to that of control rats
(Fig. 4H,I), implying that their muscle thermogenesis was
chronically elevated for the duration of the exposure period, likely
contributing to the maintenance of the enhanced weight loss.
Rats also showed a conditioned response to predator odor that was

sufficient to alter muscle temperature in the absence of the odor
(Fig. S3C). This demonstrates that the rats learned to associate the
odor with the conditioned stimulus after a single trial. This is
consistent with the ability to produce one-trial learning using some
predator odors, but not others (Staples, 2010), and with evidence of
activation of overlapping brain regions in response to cat odor and
odor-associated cues after a single exposure in rats (Staples et al.,
2005). As the experimental procedure and testing environment
likely also acted as conditioned stimuli, we incorporated habituation
(Fig. S3D,E) to personnel, the towel stimulus, transport and
measurement into our experimental procedure. This minimized
volatility in the thermogenic response to the control odor (Fig. S3A,B

versus Fig. 1D,F) and was critical for accurate detection of predator
odor-induced thermogenesis. Additionally, these results have
implications regarding the context in which metabolic studies are
conducted. Housing rats or mice in close proximity to predators (e.g.
ferrets, cats) or exposure to their odors can skew energy balance data,
for example by altering physical activity, EE, appetite or weight loss
(Figs 2A,D and 5F). Laboratory personnel carrying pet odor could
conceivably distort experimental outcomes relating to energy balance
and, moreover, rodents exposed to those personnel may be subject to
learned associations wherein behavioral and physiological responses
are elicited even in the absence of the acute odor. Once learned,
conditioned responses to predator threat can be resistant to habituation
(File et al., 1993).

Insights gained investigating the behavioral antipredator response
can be applied to metabolic outcomes as well (Canteras, 2018;
Genne-Bacon et al., 2016). Differential behavioral and metabolic
effects have been identified among different predator odors. House
mice exposed to TMT, a component of fox odor, showed a
peripheral thermal response in the absence of behavioral changes
indicative of a defense response (Lecorps et al., 2019). Interestingly,
these mice also exhibited an increase in tail skin temperature that is
not typically suggestive of a fear response, but consistent with
thermoregulatory heat dissipation (Gordon et al., 2002; Vianna and
Carrive, 2005). The muscle thermogenic response to fox odor was
prolonged like the response to ferret odor, but of lower magnitude
(Fig. 1D,E). The most potent stimulus we identified to induce
muscle thermogenesis was ferret odor. This provides an excellent
system to investigate the neural mechanisms modulating muscle
thermogenesis, especially given the thoroughly described
mechanisms underlying behavioral responses to predator threat
(Canteras, 2002) including the importance of VMH SF-1 cells
(Silva et al., 2013).

At the level of the skeletal myocyte, emerging evidence suggests
the importance of SERCA and its modulators, especially sarcolipin,
in heat generation (Periasamy et al., 2017). Another potential source
of thermogenesis is ATP-gated K+ channels (Alekseev et al., 2010);
heat generation by muscle UCPs is less likely (reviewed in Bézaire
et al., 2007; Giralt and Villarroya, 2017). Investigation into muscle
thermogenic mechanisms at the level of the organism has focused
primarily on cold adaptation or obesity resistance (Bal et al., 2012,
2017; Maurya et al., 2015), rather than on identifying central or
physiological processes controlling acute induction. Here, we
demonstrate predator odor-induced generation of muscle
thermogenesis and EE that occurs rapidly – within minutes of
predator odor exposure (Fig. 1B). The speed of this induction
implicates rapid (e.g. neural) communication to muscle coupled
with channel-based intracellular mechanisms in skeletal myocytes.
While muscle thermogenesis and accompanying cellular
mechanisms are evidenced in smaller mammals, including
laboratory rodent models, muscle thermogenesis is likely to be
even more relevant to energy balance in larger mammals (e.g.
rabbits, dogs), including humans, because of the proportionally
larger skeletal muscle volume and higher abundance of proteins
implicated in muscle thermogenesis (reviewed in Fuller-Jackson
and Henry, 2018; Rowland et al., 2015). Given the relatively high
expression of key muscle thermogenic proteins in human skeletal
muscle (Fajardo et al., 2013), the prospective ability to harness an
inducer of muscle thermogenesis has considerable appeal with
respect to modulating metabolic rate.

Predator odor-induced muscle thermogenesis occurred in the
absence of a thermal challenge, implying that the heat generated
may be a secondary consequence of a mechanistic process serving a
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purpose other than body temperature homeostasis. Along with
muscle heat dissipation, predator odor also induced a significant
increase in the distance run before the onset of fatigue (Fig. 5G).
This supports the hypothesis that predator threat leads to neural and
physiological sequelae that promote resistance to running fatigue,
presumably allowing the animal to more effectively outrun
predators. This reduced fatigue could stem from one or more
potential sources, including overall SNS activation, direct effects of
temperature on muscle function (Binkhorst et al., 1977), skeletal
myocyte metabolic alterations or central nervous system changes
related to motivation to run. Although substrate utilization was not
measured in the context of running fatigue, increased fat utilization
could also promote running performance; however, altered substrate
utilization did not enhance running endurance in the V̇O2,max test
(Fig. 5C,E,F). Our data do not speak to the mechanisms that confer
resistance to fatigue; existing evidence supports muscle (Sopariwala
et al., 2015) and central (Zaretsky et al., 2018) mechanisms that
promote fatigue resistance or endurance capacity, some of which
overlap with central mechanisms of predator threat and SNS outflow
(Fujikawa et al., 2016; Guimarães et al., 2013; Kunwar et al., 2015;
Lindberg et al., 2013; Perez-Gomez et al., 2015; Silva et al., 2013).
The mediating role of the SNS is consistent with the known ability
of β-adrenergic receptor agonists to facilitate skeletal muscle force
production and delay fatigue (Blackwood and Katz, 2019). The
overlap between processes modulating thermogenesis or cold
adaptation, muscle performance and cost of transport (Schaeffer
et al., 2001, 2005) prompts us to speculate that the underlying
thermogenic mechanisms may have been co-opted depending on the
selective forces at play (i.e. cold, predation, energy conservation). In
other words, despite the ability of predator odor exposure to induce
muscles to generate heat, the selective advantage conferred may not
be thermoregulatory in nature (Campbell and Dicke, 2018).
Overall, these findings set the initial framework for the contextual

induction of thermogenesis wherein the SNS is engaged to activate
muscle thermogenesis through β, likely β2, adrenergic receptors. The
central and muscle mechanisms underlying thermogenesis evoked by
predator threat remain to be elucidated, though promising candidates
exist (Coutinho et al., 2017; Fujikawa et al., 2016; Gavini et al., 2016;
Kunwar et al., 2015; Pant et al., 2016; Perez-Gomez et al., 2015; Silva
et al., 2013). Given the potential magnitude of heat generated by
skeletal muscle upon predator threat, more detailed knowledge of this
physiological system is warranted.
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