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SUMMARY

Human and mouse thermal physiology differ due to dissimilar body sizes. Unexpectedly, in mice
we found no ambient temperature zone where both metabolic rate and body temperature were
constant. Body temperature began increasing once cold-induced thermogenesis was no longer
required. This result reproduced in male, female, C57BL/6J, 129, chow-fed, diet-induced obese,
and ob/ob mice as well as 7rpvI™'=; Trom8!=; Trpa1~!~ mice lacking thermal sensory channels.
During the resting-light phase, the energy expenditure minimum spanned ~4°C of ambient
temperature, whereas in the active-dark phase it approximated a point. We propose the concept of
a thermoneutral point (TNP), a discrete ambient temperature below which energy expenditure
increases and above which body temperature increases. Humans do not have a TNP. As studied,
the mouse TNP is ~29°C in light phase and ~33°C in dark phase. These observations inform how
thermoneutrality is defined and how mice are used to model human energy physiology and drug
development.

In Brief

Skop et al. show that the mouse dark-phase thermoneutral zone is a thermoneutral point (TNP),
defined as a discrete ambient temperature below which energy expenditure increases and above
which body temperature increases. The mouse TNP changes diurnally by ~4°C. Thus, studying
mice strictly “at thermoneutrality” is not feasible.
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INTRODUCTION

By 1790, Lavoisier had recognized that energy expenditure of mammals increased in the
cold (Lusk, 1928, reprinted 1976), and by 1876, Voit showed that it increased in a hot
environment (Rubner, 1902, translated 1982). The ambient temperatures where metabolic
rate is at a minimum is the usual definition of the thermoneutral zone (TNZ). A TNZ was
depicted at least as early as 1934 (Kleiber and Dougherty, 1934), and the concept was
advanced by Scholander’s classic studies (Scholander et al., 1950) and provides the
framework for understanding thermal physiology (Cannon and Nedergaard, 2011; Gordon,
2012; Kleiber, 1975; Mount, 1973).

The TNZ is critical for understanding the thermal biology differences between mice and
humans, which arise due to the 3,000-fold difference in body weight. Mice at typical
housing temperatures (20°C-22°C) live below thermoneutrality, and about half of their total
energy expenditure (TEE) is devoted to maintaining core body temperature (Th). In contrast,
humans generally live in a thermoneutral micro-environment, and their Tb is supported by
the “waste” heat byproduct of metabolic processes. Human thermal biology is more
organized around heat dissipation, rather than generation or conservation (Ganeshan and
Chawla, 2017; Gordon, 1993; Maloney et al., 2014; Reitman, 2018). One can remove this
difference by studying mice at thermoneutrality (Feldmann et al., 2009; Fischer et al., 2018;
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Karp, 2012; Maloney et al., 2014; Overton, 2010; Reitman, 2018), although some have
suggested using a cooler environment (Keijer et al., 2019; Speakman and Keijer, 2013).
Thus, it is necessary to understand the characteristics of the mouse TNZ.

Energy expenditure has guided the definition of thermoneutrality, with the TNZ determined
from the thermoregulatory response curve (of TEE versus ambient temperature [Ta]), which
has three regions (e.g., Figure 4C; Kleiber, 1975). In the center is the TNZ, where metabolic
rate is minimal and constant. When measured in the awake, resting, and postabsorptive state,
this is the basal metabolic rate (BMR). Heat loss in the TNZ is controlled chiefly by
regulating blood flow to superficial sites (Cannon and Nedergaard, 2011; Gordon, 2012;
Kingma et al., 2012; Romanovsky, 2018; Romanovsky et al., 2002). Below the TNZ, as the
environment becomes cooler, metabolic rate increases linearly, and this line is the energy
required to maintain Th, the “thermostatic heat requirement,” with the increment over the
BMR being cold-induced thermogenesis. The intersection of the BMR and thermostatic heat
requirement lines is the lower critical temperature (Tlc), demarcating the transition between
energy-requiring and energy-neutral thermoregulatory mechanisms. At a Ta above the TNZ,
energy expenditure increases due to energy-consuming cooling mechanisms, transitioning at
the upper critical temperature (Tuc). This curve shape is widely applicable in thermal
ecology and is valid for cities (Hill et al., 2013) as well as organisms, including mice and
humans (Ganeshan and Chawla, 2017; Gordon, 2017; Lichtenbelt et al., 2014; Nedergaard
and Cannon, 2014; Speakman, 2013).

There has been ample investigation of mouse thermal biology at or below the Tlc (Abreu-
Vieira et al., 2015; Fischer et al., 2016a, 2016b; Garami et al., 2011; Golozoubova et al.,
2004; Hogberg et al., 2006; Mount, 1971; Pertwee and Tavendale, 1977; Selman et al., 2001;
Speakman and Rossi, 1999). The studies at higher Ta are fewer and, although some include
Th data, it was not analyzed in detail (Gordon, 1985; Herrington, 1940; Klaus et al., 1998;
Meyer et al., 2004; Oufara et al., 1987; Pennycuik, 1967). Here, we combine the
measurement of metabolic rate and Tb over a range of Ta in various types of mice in light
and dark phases. Our unexpected findings lead us to propose the concept of the
thermoneutral point (TNP) and to discuss the definition of the TNZ for mice and in a more
general manner.

Mouse Tb Begins to Increase at the Tlc

We measured the effect of Ta on TEE in the control cohorts from four independent
experiments during the light phase (Figure 1). Concordant with prior observations, TEE
decreased linearly with increasing Ta until a plateau was reached (Figure 1A). The Ta
breakpoint (denoted the Tlcgg [Tlc determined from TEE versus Ta analysis]), below which
all heat preservation mechanisms are maximally recruited, was 28.90°C £ 0.15°C. No
increase in TEE above this level was observed at warmer Ta, up to 34°C. The whole-body
heat conductance (Mount, 1971) was constant at low Ta and then increased, with a Ta
breakpoint, the Tlceong [Tlc determined from conductivity vs Ta analysis], of 28.78°C +
0.08°C (Figure 1C). Thus, Tlcgg and Tlceong agree remarkably well.
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The Tb response to a range of Ta produced a surprising result. As expected, at cooler Ta, the
Th was stable (35.60°C + 0.07°C). However, at warmer Ta, the Th increased, reaching
37.5°C at Ta = 33.7°C, with a slope of 0.337°C + 0.029°C of Th/°C of Ta (Figure 1B).
Remarkably, the Ta breakpoint where the Tb started to increase (Tbj,c) was at 28.92°C +
0.11°C, coincident with the Tlc. No Ta range with both a minimum TEE and non-elevated
Th was detected.

We also measured the respiratory exchange ratio (RER), which was similar to the food
quotient at cooler Ta and increased at warmer Ta (Figure 1D). Physical activity varied,
sometimes greatly, both within and between experiments (Figure 1E). Because physical
activity is a modest contributor to TEE (Abreu-Vieira et al., 2015; Moruppa, 1990; O’Neal et
al., 2017; Virtue et al., 2012), we did not incorporate activity into these analyses. Food
intake was higher in the cold and was variable (Figure 1F). We also did not incorporate the
thermic effect of food into the analyses, due to its variability, small magnitude, and unknown
time lag between food ingestion and metabolic rate increase in mice.

Thus, four independent cohorts demonstrate that Tb increases at the Tlc. There was no range
of Ta over which both TEE and Tb were constant. Because Tlcgg, TlCeong, and Thjnc all
occur at the same Ta, we refer to this Ta as the TNP, which we define as the discrete Ta
below which TEE increases and above which Th increases.

Effect of Ta in Mice with Altered Thermal Physiology

We extended the analysis to mouse models with altered thermal physiology, starting with
resiniferatoxin (RTX)-treated mice, which have disrupted thermal sensing due to neonatal
neuronal ablation (Cavanaugh et al., 2011; Sandor et al., 2009). At 22°C, the baseline Tb of
RTX-treated mice was similar to that of controls, with no difference in light-phase Thb, dark-
phase Tb, or diurnal rhythm (Figure S2). However, the RTX-treated mice showed
significantly greater variation in Th, with a 3.58°C + 0.06°C span between the 5 and 95t
percentiles, compared to a 2.86°C + 0.11°C Th span in controls (p = 0.0001).When exposed
to different Ta, the RTX-treated mice were somewhat poikilothermic: at cooler Ta they were
cooler than controls and at higher Ta they were warmer (Figure 2A). The Tlcgg and Tlceong
(26.59°C + 0.48°C and 25.77°C + 0.48°C, respectively) were 2°C-3°C cooler than controls.
The plateau metabolic rate of the RTX-treated mice was elevated, possibly due to both
increased heat loss and the increased Th. Because there was no Ta range over which the Tb
of RTX-treated mice was constant, it is not possible to calculate a Thijpc.

We next studied 77ovZ~'=; Trom8'=; Troa1™'~ (TKO) mice with germline ablation of three
temperature-sensing channels. In TKO mice, the light-phase Tb, dark-phase Tb, Tb diurnal
rhythm, Tb span, and body weight were not significantly different from controls (Figure S2;
Table S1). The TKO mice also did not differ from controls in the Ta dependence of their Tb,
TEE, or conductance (Figure 2B). Thus, deletion of thermal sensory channels did not
detectably alter the TNP or other measured thermal physiology parameters, in marked
contrast to RTX-treated mice.
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Thermal Physiology in Leptin-Deficient and Obese Mice

Leptin-deficient (ob/0b) mice do not sense their energy stores and, thus, behave as if they are
starving: increasing food intake, reducing activity, lowering Th, and becoming obese
(Fischer et al., 2016b; Hogberg et al., 2006; Trayhurn and James, 1978; Figure 2C; Table
S1). At 22°C, the Tb of ob/0b mice was reduced compared to controls (by 0.76°C £ 0.32°C
in light and 0.87°C + 0.25°C in dark phase) with an intact diurnal rhythm (Figure S2). Th
was approximately constant over Ta of 19°C-25°C but declined more at 16°C. The Tlcgg
(25.00°C % 0.34°C) and Thjp (25.61°C £ 0.19°C) were similarly reduced, by ~2°C-3°C.
Thus, ob/ob mice coordinately orchestrate their thermal physiology to regulate Th, aiming
for a lower target Thb (“set point”). Similar to the controls, ob/0b mice have a TNP.

Diet-induced obese (DIO) mice had higher Tb and lower Tb span than the controls (Figure
S2); we have not observed a higher Th and lower Tb span in other DIO cohorts (Abreu-
Vieira et al., 2015). The RER of DIO mice was lower, reflecting the lower food quotient
(Figure 2D). TEE of DIO mice was higher at all Ta. The Tlcgg (29.99°C + 0.20°C), Tlceong
(29.21°C £ 0.12°C), and Thjpc (29.55°C £ 0.13°C) occurred at similar Tas, which are
slightly higher than the chow-fed controls. Thus, DIO mice also do not have a Ta range over
which TEE and Tb are constant.

These data suggest that despite differences in values of thermal biology parameters, the
thermal behavior of TKO, ob/0b, and DIO mice obey the same basic principles governing
thermal biology. None of the mice had a range of Ta over which both TEE and Th were
constant.

Thermal Biology at Higher Tas

We next investigated if TEE increases at higher Ta (>34°C). Indeed, TEE increased,
beginning at Ta = 33.91°C £+ 0.29°C (TEE_R [breakpoint of the TEE versus Ta graph, where
TEE starts to rise with Ta]; Figure S3A). Tb did not increase linearly, so data were fitted
using two Ta breakpoints. One breakpoint was 28.76°C + 0.13°C (Thjnc). The second was at
33.15°C £ 0.08°C (Th_R), above which the Th increased steeply, 0.780°C £ 0.035°C Th/°C
Ta (Figure S3B). The TEE and steep Tb increase were accompanied by increased physical
activity (Figure S3E), which may partially explain the TEE increase. The high physical
activity, low food intake (Figure S3F), and sharp Th increases indicate that above Ta ~33°C-
34°C, Tb regulatory mechanisms are overwhelmed and the mice are under a qualitatively
different and severe heat stress.

Mice were housed at 30°C for 10 days for warm acclimation. After acclimation, light-phase
Th at 30°C was 36.08°C + 0.14°C (versus 35.49°C + 0.08°C in unacclimated mice at 22°C,
p = 0.0099) and dark-phase Th was 36.80°C £ 0.11°C (versus 36.49°C + 0.07°C in
unacclimated mice at 22°C, p = 0.052). Although TEE_R increased slightly, there was no
clear effect of thermal acclimation on Tlcgg, Tlcgong, O Thine (Figure 3A; Table S1). There
was also no major effect on thermal parameters of genotype or sex (Figures 3B and 3C;
Table S1).
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Different Thermal Biology during the Dark Phase

We next investigated thermal biology during the dark (active) phase. As expected, the mice
were more active, ate more, and had a ~1°C higher Th (Figures 3D and S2). In addition, the
TEE versus Ta graph was strikingly different from the light phase, with the minimum TEE
being restricted to a very narrow Ta range, approximating a point. This dark-phase Tlcgg
(33.94°C + 0.14°C) occurred coincident with the higher light-phase breakpoint (TEE_R).
The Tb versus Ta graph also showed a single breakpoint (32.77°C + 0.13°C), coincident
with the higher light-phase breakpoint (Tb_R), with the slope above this point (0.62°C +
0.03°C Th/°C Ta) similar to the slope above the light phase Th_R. The Tbh breakpoint may
be at a slightly lower Ta than the TEE breakpoint. We designate the single dark-phase
breakpoint as the TNPp. The conductance versus Ta plot was curvilinear, without clear
linear portions. These data demonstrate fundamental differences between light and dark
phase thermal biology. In dark phase, the minimum TEE zone, the TNZ, approximates a
point (the TNPp), above which both TEE and Th increase.

Generality of the Observations

One limitation of our data is that by testing many Tas, an individual Ta is represented by few
data points. To address this, all the data were used in each regression analysis. To probe the
effect of a longer time (24 h) at each Ta, we re-analyzed previous data (Abreu-Vieira et al.,
2015) by using segmented regression and obtained similar results as with more rapid Ta
transitions (Table S1). We also tested more typical vivarium conditions with a second
indirect calorimetry system by using standard “home cages” with bedding. The same mice
were studied in both the original CLAMS and the home cage systems under both light-phase
and dark-phase conditions (Figures 3E and 3F). The data and parameters calculated from the
two systems agreed remarkably well. Thus, the observations do not depend on the specific
calorimetry system or caging conditions, supporting the robustness and generality of the
observations.

DISCUSSION

We measured TEE at various Tas with continuous Th monitoring in mice and found no range
of Tas over which both TEE and Tb were constant (Figure 4). Mouse thermal physiology
was also different between the dark and light periods. During the dark phase, a single
transition (TNPp) occurred in both the Th and TEE, at a Ta of ~33°C. Further investigation
is needed to determine if the Th increase started at the TEE minimum or just below it. At Tas
below the TNPp, Th was constant and TEE increased, whereas above the TNPp, both Th
and TEE increased.

In contrast, during the light phase there were two breakpoints. Above ~29°C (the TNP_
[light phase TNP]), Th increased gently (~0.3°C Th/°C Ta) and TEE was constant. Above
~33°C (the TNPp), the TEE increased and the Tb increased more rapidly, with similar
slopes in the light and dark phases (~0.7°C Th/°C Ta). This indicates that between TNP,_ and
TNPp, the Th target (or “set”) point is regulated upward from the lower light-resting phase
Thb to the warmer dark-active phase Th. The modestly increasing Tb illustrates a mixed
approach in thermal physiology, dissipating some and storing some of the excess heat,
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reducing the demand for heat loss. Once Tb reaches the TNPp, heat loss mechanisms are
insufficient and overwhelmed.

The utility of the TNP concept is its explicit incorporation of Th, which is more variable in
mammals with small body sizes. Prior data in gerbils (Pan et al., 2014), hamsters (Zhao et
al., 2014), and mice (Fischer et al., 2016b; Meyer et al., 2004) showing an increase in Th at
a lower Ta than the increase in metabolic rate are consistent with our observations. Very
small mammals have a minimal thermal shell, so vasoconstriction and vasodilation have a
relatively modest effect and occur over a narrow Ta span. Although we (Reitman, 2018) and
others (Ganeshan and Chawla, 2017; Gordon, 2017; Lichtenbelt et al., 2014; Nedergaard and
Cannon, 2014; Speakman, 2013) have depicted mice having a broad TNZ, the dark-phase
TNZ being a point is a consequence of the small body size.

Relationship between the TNP and TNZ

The TNZ is formally defined as “the Ta range in which temperature regulation is achieved
only by control of sensible heat loss, i.e., without regulatory changes in metabolic heat
production or evaporative heat loss” (Bligh and Johnson, 1973; IUPS, 2001) and does not
include Th. We define TNP as a discrete Ta below which TEE increases and above which Tb
increases, explicitly incorporating Th.

Because the TNZ and TNP are defined differently, there is not a constant relationship
between them. In the mouse dark phase, the TNZ is a point and the same as the TNPp. In
contrast, in the mouse light phase (assuming Tb is regulated by non-evaporative heat loss,
which we did not measure), TEE is constant over ~4°C, defining a TNZ. Because Tb is
gradually increasing in this TNZ, the lower bound of the TNZ (the TIc) is coincident with
the TNP_.

No Evidence for a TNP in Humans

Not all homeotherm organisms will have a TNP. For example, humans have an active phase
TNZ with a Tlc of 21°C -23°C (lightly clothed; Brychta et al., 2019) to 26°C-27°C (naked,;
Hill et al., 2013; reviewed in Brychta and Chen, 2017; Figure 4C). Fewer studies have
measured both TEE and Tb in a range of warm conditions (Bradbury et al., 1967; Hardy and
Du Bois, 1940; Hardy and Stolwijk, 1966; Houghton et al., 1929; McConnell and
Yagloglou, 1925; Rubner, 1902, translated 1982). From data in McConnell and Yagloglou,
(1925), we estimate an “effective temperature” Tuc of ~33°C for lightly clothed men (the
effective temperature is determined from air velocity and wet and dry bulb temperatures and
is equal or below the dry bulb temperature), which is also where Tb started to increase
(Figure 4C). Thus, the human active-light phase TNZ (lightly clothed) is ~21°C-23°C to
~33°C and there is no TNP.

The human inactive-dark phase has a lower Tb (Refinetti, 2010) and TEE, so compared to
the active-light phase, the Tlc and Tuc will be similar or slightly lower, the TNZ similar or
slightly broader, and, again, no TNP is expected. However, we are not aware of human
studies of both Th and TEE during a range of nighttime Ta.
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TNZ Definition

A mouse housed in the light phase at 33°C is physiologically different from one housed at
29°C; yet, both could be at thermoneutrality under the current TNZ definition. Should the
TNZ definition be revised? One could rephrase the TNZ definition as “the Ta range between
the Tlc and Tuc,” focusing on the Tlc and Tuc individually. The current Tlc definition, the Ta
below which energy-expending processes are required to maintain Th, or “the Ta below
which the rate of metabolic heat production of a resting thermoregulating tachymetabolic
animal must be increased by shivering and/or nonshivering thermogenesis in order to
maintain thermal balance,” (IUPS, 2001) needs no reconsideration.

The Tuc is commonly defined as the Ta above which metabolic rate starts to increase
(Ganeshan and Chawla, 2017; Gordon, 2017; Lichtenbelt et al., 2014; Nedergaard and
Cannon, 2014; Romanovsky, 2018; Speakman, 2013) or “the Ta above which the rate of
evaporative heat loss of a resting thermoregulating animal must be increased ... in order to
maintain thermal balance” (IUPS, 2001). Evaporative heat dissipation, typically by
respiratory or cutaneous water loss, is the main cooling mechanism at warm Ta and the only
one when Ta is higher than Th (although mice can groom saliva onto skin, this indicates
severe heat stress and mice do not routinely use evaporative heat loss) (Adolph, 1947;
Hainsworth, 1967; Perissin et al., 2000; Roberts et al., 1974; Szymusiak and Satinoff, 1981).
However, increases in evaporative heat loss, metabolic rate, and Th may each start at
different Tas (Baldo et al., 2015; Cooper et al., 2018; McKechnie et al., 2017; O’Connor et
al., 2017; Talbot et al., 2017). Humans increase evaporative loss at a lower Ta than the rise in
metabolic rate and Tb (Gagge et al., 1967; Hardy and Du Bois, 1940).

The above Tuc definitions do not consider Th, which is an important factor in small species.
We suggest a consideration of Tb in the Tuc definition, for example, making the Tuc the
highest Ta above which any of the following occurs: (1) resting metabolic rate increases, (2)
rate of evaporative heat loss increases, or (3) Th increases. Use of the Th increase as a Tuc
definition has been opposed to avoid confusion with the upper temperature survival limit
(IUPS, 2001). However, in species or situations using little evaporative heat loss, the Th
increase seems like a reasonable option for the Tuc.

Our results underscore that Th must be measured to fully understand energy homeostasis,
particularly in small organisms.

Using Mice to Model Human Physiology

Understanding mouse thermal physiology improves the use of mice to model human
physiology. Mice are typically housed below, whereas humans effectively live at,
thermoneutrality. One option is to nullify cold-induced thermogenesis by studying mice at
thermoneutrality, often using 30°C (Feldmann et al., 2009; Fischer et al., 2018; Karp, 2012;
Maloney et al., 2014; Overton, 2010; Reitman, 2018). Another suggestion is that because
human TEE is typically about 1.7 x BMR, one should choose a Ta (25°C-27°C) to study
mice where their TEE is also 1.7 x BMR (Keijer et al., 2019; Speakman and Keijer, 2013).
However, based on how mouse BMR is measured, others suggest that mice at 30°C are
already at 1.8 x BMR (Fischer et al., 2018, 2019).
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How do our results inform studying mice at thermoneutrality? By the classic energy
expenditure TNZ definition, in the light phase, the TNP to TNPp range is the TNZ.
However, to avoid a Tb increase, mice in the light phase should be studied at the TNP|.. In
the dark phase, the TNZ is the TNPp, so mice should be studied at the TNPp. Thus, to
minimize thermal physiology perturbations, mice would be housed at their TNP on a diurnal
cycle (~29°C in light phase and ~33°C in dark phase, a four-degree change every 12 hours).

This analysis suggests that studying mice strictly at thermoneutrality is nearly impossible.
Achieving sufficiently rapid and strict Ta control is difficult. The recommended mouse
facility Ta is 20°C-26°C (National Research Council, 2011) and vivariums typically do not
control Ta more tightly than £1°C. Additionally, choosing the target Ta requires knowing the
TNPs, which depend on experimental conditions: mouse Tlc (a mouse TNP surrogate) are
reported to range from 24°C to 32°C (Speakman and Keijer, 2013). Variables that may affect
mouse energy homeostasis and the TNP include genetics (e.g., ob/ob); relative humidity and
air circulation (Gagge and Gonzalez, 1996); bedding (Gordon, 1993); group versus single
housing (Gordon, 2017; Mount and Willmott, 1967); body weight (Speakman and Keijer,
2013); sex, and acclimation, noise, and stress in the vivarium.

We hypothesize that a Ta for chronically housing mice to better model human thermal
biology would be just below the TNP|_, while strenuously avoiding exceeding it. Under our
conditions, a Ta of ~28°C-29°C might be a reasonable choice for wild-type mice. This
allows the mouse to self-regulate energy expenditure and Th, while minimizing cold-induced
thermogenesis and allowing for the real-world practicalities of environmental thermal
control. A fail safe would include monitoring Tb to ensure that it is not increasing.

A Ta of 30°C has been commonly used as a thermoneutral Ta. Experiments at this Ta
increase the adiposity of mice, such as that induced by a high-fat diet (Feldmann et al.,
2009) or with ablated UCP1 (Feldmann et al., 2009) or type 2 deiodinase (Castillo et al.,
2011). Conversely, treatment with dinitrophenol (Goldgof et al., 2014) or a B3-adrenergic
agonist (Xiao et al., 2015) reduced body weight at 30°C but not at 22°C. Other physiology
that is different at 30°C includes worse vascular inflammation and atherosclerosis (Giles et
al., 2016; Tian et al., 2016) and reduced tumor growth and improved immune response to
tumors (Hylander et al., 2019; Kokolus et al., 2013). When using a Ta of 30°C, the
physiologic effects could be due to reduced brown adipose tissue (BAT) activity, energy
expenditure, food intake, or sympathetic tone; increased Th; and/or other mechanisms. For
example, an elevated Tb stimulates the immune system, and this could augment an
inflammatory state, affecting response to infection (Evans et al., 2015). A warm environment
prevents heat loss, precluding hypothermic states (Ganeshan et al., 2019).

In contrast, a high Ta (30°C) can be useful for studying acute physiology, such as the effect
of a drug to increase energy expenditure. Mice have robust thermogenic mechanisms that are
attenuated by housing at or above the Tlc. Thus, acutely moving mice from the customary
20°C-22°C to at or above the TNP|_sensitizes the detection of a drug effect, preventing
confounding by a compensatory reduction in cold-induced thermogenesis. A light-phase Ta
of 30°C seems reasonable for this purpose.
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In summary, we emphasize the concept of a TNP, below which TEE increases and above
which Thb increases. In the mouse, the dark-phase and light-phase TNPs differ by ~4°C,
raising questions about how to study the mouse at thermoneutrality. This knowledge informs
the use of mice to model human energy physiology and drug development.

STARXMETHODS

LEAD CONTACT AND MATERIALS AVAILABILITY

Lead Contact—Further information and requests for resources should be directed to and
will be fulfilled by the Lead Contact, Marc Reitman (marc. reitman@nih.gov).

Materials Availability—This study did not generate new unique reagents, mouse lines, or
other material.

Data Code Availability—The data and SAS code generated during this study are
available for download at Open Science Framework: https://osf.io/r5nfs/.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—Miice at 3—-10 months of age were singly housed at 21-22°C with a 12:12-h
dark:light cycle (lights on at 0600) in a clean, conventional facility with Teklad paper
bedding (7099-TEK-fresh, Envigo, Indianapolis, IN) with water and chow (NIH-07 Envigo
Inc, Madison, WI; 3.1 metabolizable kcal/g, food quotient 0.909) provided ad /ibitum.
Experiments were approved by the NIDDK Institutional Animal Care and Use Committee
(protocol K016-DEOB-17). Control (WT) mice were male C57BL/6J (#000664; Jackson
Laboratories, Bar Harbor, ME). Leptin-deficient (#000632; Jackson Laboratories) ob/ob
male and wild-type 129 (#002448) male and female mice were obtained from Jackson
Laboratories (Bar Harbor, ME). Diet induced obese (DIO) C57BL/6J (#000664; Jackson
Laboratories, Bar Harbor, ME) male mice were prepared by high fat diet (60 cal% from fat,
D12492, Research Diets, New Brunswick, NJ; 5.24 metabolizable kcal/g, food quotient
0.793) feeding for 4 months starting at 8 weeks of age. Mice number, age, and body weight
for each experiment are in Table S1.

Treatment with resiniferatoxin (RTX; 20 mM in ethanol, diluted with saline; 50 ul of 20, 40,
then 80 UM s.c. on 3 consecutive days, starting at 3—7 days of age), a potent TRPV1 agonist,
was used to ablate neonatal TRPV1-positive neurons in C57BL/6J male mice. Successful
ablation was confirmed by the lack of wiping movements after administration of 20 pl of
0.1% capsaicin into the eye and by the lack of licking hind paws in a hot plate test
(Cavanaugh et al., 2011; Sandor et al., 2009).

Trovi™'=; Trom&'=; Troal™'~ triple knockout (TKO) male mice were provided by Dr.
Alexander Chesler, NCCIH, bred from the single gene knockout mice (Bautista et al., 2006,
2007; Caterina et al., 2000). TRPV1, TRPMS, and TRPA1, contribute to sensing hot, cool,
and possibly cold, respectively. Mice with single deletions exhibit loss of Tb response to
cognate ligands (Tan and Knight, 2018). However, their reported baseline Tb phenotype is
subtle: increased Tb span in 7rpvI™'~ (Szelényi et al., 2004), slightly reduced Tb at cool Ta

Cell Rep. Author manuscript; available in PMC 2020 May 22.


https://osf.io/r5nfs/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Skop et al.

Page 11

in 77pm& '~ (Reimindez et al., 2018), and none described for 77paZ’~ mice (Zygmunt and
Hogestatt, 2014).

C57BL/6J male mice were warm-acclimated (30°C for 10 days) versus controls kept at
22°C. While a longer acclimation time was not tested, human adaptation to heat stress is
near complete by one week (Périard et al., 2015), one week produces major changes in
mouse BAT (Clayton and McCurdy, 2018), and 6 months at 30°C versus 21°C versus 4°C
revealed no differences in a Scholander analysis (Fischer et al., 2016a). Thus, the 10-day
adaptation to 30°C probably produces maximal or near-maximal acclimation.

METHOD DETAILS

Indirect calorimetry systems—TEE, respiratory exchange ratio (RER), food intake
(floor feeder), and physical activity (infrared beam break as total activity, 0.5 inch spacing)
were measured with an indirect calorimetry system (CLAMS using Oxymax software v5.52,
Columbus Instruments, Columbus, OH). Th was measured simultaneously by telemetry
using G2 E-Mitter transponders implanted intraperitoneally (Starr Life Sciences, Oakmont,
PA). Whole body heat conductance was calculated as TEE/(Tb-Ta) (Mount, 1971). Mice
were housed individually with ad /ibitum access to food and water in chambers without
bedding or nesting material (2.5 L volume, flow rate 0.5 L/min, sampling flow 0.4 L/min,
settle time 55 s, measure time 5 s, each chamber sampled every 13 min, giving 5 sampling
cycles per 65 min interval). The food intake and physical activity were measured per 13
minute interval. All 12 calorimetry chambers were housed in a single temperature-controlled
environmental chamber. Ta was continuously monitored (U12-012 data logger, Onset,
Bourne, MA) in an empty calorimetry chamber.

A second, ‘home cage’, indirect calorimetry system was used when noted (CLAMS-HC
using Oxymax v5.52, Columbus Instruments). In this system mice were housed individually
with ad libitum access to food (hanging feeder) and water in Tecniplast 1284 cages with ~95
g of wood chip bedding (7090 Teklad sani-chips, Envigo, Indianapolis, IN) with measured
physical activity (infrared beam break as total activity, 1 inch spacing) and continual
monitoring of Ta in each cage. Calorimetry parameters are: 7.75 L volume, 0.9 L/min flow
rate, 0.6 L/min sampling flow, 15 s settle time, 5 s measure time, with each chamber
sampled every 260 s. Thus, the food intake and physical activity were measured per 260 s
interval, giving 14 sampling cycles per 61 min interval (Figures 3E and 3F). The activity and
food intake measurements are not directly comparable between the chamber and home cage
indirect calorimetry systems.

Mice were acclimated to the chambers or cages for 3 days at 22°C (30°C acclimated mice
were acclimated to chambers at 30°C) before each study.

Ambient temperature changes setup—Previously, we studied mice for 24 h at each
Ta (Abreu-Vieira et al., 2015). We compared that procedure (using Ta of 16, 22, 26, and
32°C) to a protocol where Ta was changed multiple times/day, similar to that used by
Fischer et al. (2016a). In the current protocol, Ta was changed periodically during the light
phase, using the data from the final 65 minutes (5 data points) of a given Ta, where it is
plateauing. The TEE, Th, and heat conductance determined from the two protocols agreed
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well (Figure S1A). The physical activity, food intake, and RER varied more and agreed less
well between the methods. We concluded that the shorter protocol is suitable for further
studies.

We evolved protocols with: i) measurements between 0900 and 1600, during light phase
(1900 to 0400, during dark phase), to avoid altered physiology associated with phase
change, ii) using multiple consecutive days in the chambers, with the overnight Ta = 25°C
(30°C in case of 30°C acclimated mice), and iii) using a 2 h interval for Ta changes of 1°C,
with longer interval times for larger Ta changes. Protocols for Ta changes setups are
sumarized in Table S2 and an example of temperature changes measured in cage is in Figure
S1B.

For visual clarity the points in Figures 1, 2, 3, and S3 represents mean Ta and mean value of
parameter from last 65 minutes before Ta change, whereas the regression analyses used data
from the full intervals (all points from gray shaded areas in Table S2; excluding only data
where Ta changed steeply, > 2°C/h).

Body temperature telemetry—G2 E-Mitter transponders (Starr Life Sciences,
Oakmont, PA) were implanted intraperitoneally under isoflurane anesthesia (5% induction,
1.2% maintenance; Baxter Healthcare Corporation, Deerfield, IL) with Prevail (flunixin
meglumine) analgesia (2.2 mg/kg sc at operation and daily for two days). Mice were studied
at least one week after surgery. Th was continuously measured by ER4000 energizer/
receivers and 1 min means collected with VitalView software (Starr Life Sciences, Oakmont,
PA\), or by indirect calorimetry systems (Columbus Instruments, Columbus, OH)

QUANTIFICATION AND STATISTICAL ANALYSIS

The thermal biology parameters were evaluated by segmented linear regression with Ta as
the independent variable and individual mice as random effect. The dependent variable is
either TEE, Th, or heat conductance. In experiments with Ta < 34°C, data were fit to two-
segment models with four parameters: slope of line 1, breakpoint Ta, value for dependent
variable at breakpoint, and slope of line 2. For TEE versus Ta, the slope of line 2 was fixed
to zero and the breakpoint is where the TEE stops decreasing and plateaus (the Tlcgg). For
heat conductance versus Ta, the slope of line 1 was fixed to zero and the breakpoint is where
the heat conductance begins to increase (the Tlcggng). For Tb versus Ta, the slope of line 1
was fixed to zero and the breakpoint is where the Th begins to increase (the Tbjnc).

In light-phase experiments including higher Ta (> 34°C), the data were fitted to three-
segment models, with six parameters: slope of line 1, breakpoint 1 Ta, value for dependent
variable at breakpoint 1, slope of line 2, breakpoint 2 Ta, and slope of line 3. For TEE versus
Ta, the slope of line 2 was fixed to zero, breakpoint 1 is where the TEE stops decreasing and
plateaus (Tlcgg), and breakpoint 2 is where the TEE starts increasing (the TEE_R). For Tb
versus Ta, the slope of line 1 was fixed to zero, breakpoint 1 is where the Tb begins to
increase (Thjnc), and breakpoint 2 is where the rate of Th rise increases (the Th_R).

For dark-phase experiments including Ta > 34°C, the TEE data were fit to two-segment
models with no slope restrictions. Only one TEE breakpoint (the TEE_R) was used because
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adding a second breakpoint did not improve the fit. For Th versus Ta, the slope of line 1 was
fixed to zero and the breakpoint is where Th begins to increase (the Th_R). The conductance
parameters were not evaluated by segmented regression because the conductance versus Ta
plot was curvilinear, without distinct linear portions.

The defended Tb was calculated as the intercept of TEE versus Ta in the first segment,
where Ta < Tlcgg. Statistical analyses were conducted using PROC NLMIXED (SAS
version 9.4; SAS Institute, Cary, NC, USA). Data are presented as mean * SE. Statistical
significance was declared at p < 0.05. See Supplementary Materials for further details.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

We develop the thermoneutral point (TNP) concept to describe mouse
thermoregulation

Energy expenditure increases below and body temperature increases above
the TNP

The mouse TNP is 29°C in light phase and 33°C in dark phase, a diurnal
change of 4°C

Studying mice strictly “at thermoneutrality” is not feasible
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Figure 1. Effect of Ambient Temperature (Ta) on Thermal Physiology
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(A-F) Male C57BL/6J mice were studied in four independent experiments during light
phase, with measurements of total energy expenditure (TEE) (A), body temperature (Th)
(B), heat conductance (C), respiratory exchange ratio (RER) (D), physical activity (E), and
food intake (F). Lines and breakpoints (indicated by vertical lines) were calculated by mixed
model regression analysis. For visual clarity, only Ta plateau mean £+ SEM data points are

depicted (each from 65 min, 5 sampling cycles, see also Figure S1).
See Table S1 for regression parameters and n.
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Figure 2. Effect of Ambient Temperature in Mice with Altered Thermal Physiology

(A-D) Thermal biology of resiniferatoxin-treated (RTX) (A), TrovI™'=; Trom8™'=; Trpa1'~

(TKO) (B), ob/ob (C), and diet-induced obese (DIO) (D) mice.
See Figure 1 legend for details and Table S1 for regression parameters and n.
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Figure 3. Thermal Biology at Higher Ambient Temperatures
(A) Effect of warm acclimation (30°C for 10 days) versus controls kept at 22°C.

(B) Effect of C57BL/6J versus 129 genotype.

(C) Effect of sex in 129 mice; male versus female.

(D) Light phase (from Figure S3) compared to dark phase.

(E) Light phase comparison of chamber and home cage.

(F) Dark phase comparison of chamber and home cage. Mice were studied during light
phase (except D and F). See Figure 1 legend for details and Table S1 for regression

parameters and n.
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Figure 4. Thermoneutrality in Humans Compared to Mice
(A and B) Mice have a thermoneutral point (TNP), a discrete ambient temperature below

which energy expenditure increases and above which body temperature increases. The
mouse TNP depends on the body temperature and, thus, the phase of the diurnal cycle;
higher in the active-dark phase (TNPp) (A) and lower in the resting-light phase (TNP.) (B).
Energy expenditure 100% is 0.23 kcal/h. Equation parameters are in Table S1. (C and D) In
contrast, humans have a multi-degree thermoneutral zone (TNZ) in the active-light phase
(C), determined by the Tlc (lower critical temperature; breakpoint in energy expenditure)
and the Tuc (upper critical temperature; second breakpoint in energy expenditure). Humans
do not have an active-phase TNP. We are not aware of comparable human studies in the
resting phase (D). Body temperature data for lightly clothed humans are from McConnell
and Yagloglou (1925). Energy expenditure data for lightly clothed humans are derived from
Brychta et al. (2019) and McConnell and Yagloglou (1925); 100% is 72 kcal/h. Naked men
have a 4°C warmer Tlc and a 44% steeper slope below the Tlc (Hill et al., 2013).
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, Peptides, and Recombinant Proteins

Resiniferatoxin Tocris, Bristol, UK Cat# 1137
Capsaicin Sigma, St. Louis, MO, USA Cat# 360376

Isoflurane (Forane)

Baxter Healthcare Corporation, Deerfiled, IL,
USA

Cat# 10019-360-40

Prevail (flunixin meglumine) VetOne, Boise, ID, USA Cat# 502018
Experimental Models: Organisms/Strains

C57BL/6J mice Jackson Laboratories, Bar Harbor, ME, USA Cat# 000664
ob/ob mice Jackson Laboratories, Bar Harbor, ME, USA Cat# 000632
129 mice Jackson Laboratories, Bar Harbor, ME, USA Cat# 002448

Trovi™~; Trom8~"; Troal™" triple knockout mice
(TKO)

Dr. Alexander Chesler, NCCIH

(Bautista et al., 2006, 2007,
Caterina et al., 2000)

Software and Algorithms

SASv 9.4 SAS Institute, Cary, NC, USA N/A
Oxymax software v 5.52 Columbus Instruments, Columbus, OH, USA N/A
VitalView v 5.0 Starr Life Sciences, Oakmont, PA, USA N/A

Graph pad v 8.1.0 GraphPad Software, San Diego, CA, USA N/A

Other

CLAMS Columbus Instruments, Columbus, OH, USA Sn#110117
CLAMS-HC Columbus Instruments, Columbus, OH Sn# 190192

HOBO Temperature data logger

Onset Computer Corporation, Bourne, MA, USA

Cat# U12-012

Mice cages

Tecniplast USA, West Chester, PA

Cat# 1284

Body temperature telemetry system - Implants

Starr Life Sciences, Oakmont, PA, USA

Cat# G2 E-Mitter

Body temperature telemetry system - Energizer/ Starr Life Sciences, Oakmont, PA, USA Cat# ER4000
receivers

Chow diet Envigo Inc, Madison, WI, USA Cat# NIH-07
High fat diet Research Diets, New Brunswick, NJ, USA Cat# D12492

Paper bedding

Envigo, Indianapolis, IN, USA

Cat# 7099-TEK-fresh

Sani-Chips bedding

Envigo, Indianapolis, IN, USA

Cat# 7090 Teklad sani-chips
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