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Abstract

Objectives: Humans exhibit significant ecogeographic variation in bone size and shape.
However, it is unclear how significantly environmental temperature influences cortical and
trabecular bone, making it difficult to recognize adaptation vs. acclimatization in past populations.
There is some evidence that cold-induced bone loss results from sympathetic nervous system
activation and can be reduced by nonshivering thermogenesis (NST) via uncoupling protein
(UCP1) in brown adipose tissue (BAT). Here we test two hypotheses: 1) low temperature induces
impaired cortical and trabecular bone acquisition, and 2) UCP1, a marker of NST in BAT,
increases in proportion to degree of low temperature exposure.

Methods: We housed wildtype C57BI/6J male mice in pairs at 26°C (thermoneutrality), 22°C
(standard), and 20°C (cool) from 3 weeks to 6 or 12 weeks of age with access to food and water ad
libitum (N=8/group).

Results: Cool housed mice ate more but had lower body fat at 20°C vs. 26°C. Mice at 20°C had
markedly lower distal femur trabecular bone volume fraction, thickness, and connectivity density
and lower midshaft femur cortical bone area fraction vs. mice at 26°C (p<0.05 for all). UCP1
expression in BAT was inversely related to temperature.

Discussion: These results support the hypothesis that low temperature was detrimental to bone
mass acquisition. Nonshivering thermogenesis in brown adipose tissue increased in proportion to
low temperature exposure but was insufficient to prevent bone loss. These data show that chronic
exposure to low temperature impairs bone architecture, suggesting climate may contribute to
phenotypic variation in humans and other hominins.
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Hominin skeletal phenotype varies geographically, such that populations at high latitudes
tend to have broader, more massive bodies with shorter distal limb segments compared to
populations at lower latitudes (Churchill 1998; Foster and Collard 2013; Holliday 1997;
Holliday and Hilton 2009; Katzmarzyk and Leonard 1998; Pearson 2000; Ruff 2002; Ruff
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1994). According to Bergmann’s Law and Allen’s Rule, these shape differences increase
fitness in cold climates by lowering surface area:volume ratio and decreasing heat loss
(Allen 1877; Bergmann 1847; Ruff 1993). However, the extent to which these patterns
reflect genetic adaptation vs. developmental plasticity during growth is largely unknown. It
is also unclear whether temperature directly influences human variation in aspects of skeletal
phenotype such as cortical bone cross-sectional geometry or trabecular bone
microarchitecture.

Several recent observations suggest the skeleton may have developmentally plastic responses
to temperature. First, the well-known historical positive correlations of latitude with body
mass and bi-iliac breadth and negative correlations with surface area/mass ratio and distal
limb segment length (Roberts 1953; Ruff 1994) have weakened in recent years (Katzmarzyk
and Leonard 1998). This trend is clearly due in part to secular trends in body mass, but
potentially also reflects reduced cold exposure. Second, in retrospective data, cold-adapted
populations tend to have more robust bones than heat-adapted populations do, perhaps
reflecting their higher body mass (Pearson 2000). However, other studies of cold-dwelling
humans found low cortical thickness and bone mineral density as well as accelerated bone
loss with aging, although it is unclear whether these patterns are due to temperature, high fat
and protein intake, or both (Harper et al. 1984; Lazenby 1997; Leslie et al. 2006; Leslie et al.
2008; Mazess and Mather 1974; Mazess and Mather 1975; Thompson and Gunness-Hey
1981; Wallace et al. 2014). Finally, in animal models, changes in limb bone length can be
produced experimentally within a single generation simply by raising mice in cold or warm
temperatures (Serrat et al. 2008), and increasing housing temperature to mouse
thermoneutrality reduces trabecular bone loss (Iwaniec et al. 2016). These provocative
studies demonstrate that at least in rodents, bone responds dynamically to temperature, such
that the cold-dwelling skeletal phenotype may not be entirely genetically mediated.

If bone exhibits developmentally plastic responses to temperature, then it is essential to
understand how interactions between cold stress and thermogenic mechanisms alter skeletal
acquisition. In mammals, temperature is primarily maintained by basal metabolic rate,
augmented during cold challenge by mechanisms such as shivering and nonshivering
thermogenesis (NST). NST occurs in mitochondria-rich adipocytes called brown adipose
tissue (BAT) and has recently been the subject of renewed interest. Although the constitutive
BAT depots present in human newborns regress after infancy (Heaton 1972), a type of BAT
known as beige fat can be induced in adults in response to cold exposure (Cypess et al.
2009; Saito et al. 2009; Sharp et al. 2012; van Marken Lichtenbelt et al. 2009; Virtanen et al.
2009; Wu et al. 2012). Such active BAT is found after cold challenge in 50-90% of adults
under age 35, but only 8% of adults over 35 (Saito et al. 2009; van Marken Lichtenbelt et al.
2009). BAT is more abundant in winter than in summer, and in outdoor vs. indoor workers
(Au-Yong et al. 2009; Huttunen et al. 1981). This environmental responsiveness suggests
that beige fat may have aided hominin expansion to colder regions. High-latitude
populations have higher basal metabolic rates than predicted for their lean mass, potentially
due in part to nonshivering thermogenesis in BAT (Leonard and Levy 2015), and it is
reasonable to hypothesize that earlier cold-adapted hominins also relied in part on BAT
thermogenesis (Steegmann 2007).
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BAT is also a potential mediator of skeletal responses to cold stress (reviewed in Devlin
2015; Lowell and Spiegelman 2000). Cold exposure increases sympathetic tone, leading to
bone loss via hypothalamic signaling to beta2-adrenergic receptors on osteoblasts. Cold
exposure activates uncoupling protein-1 (UCP1) in the inner mitochondrial membrane to
divert fatty acid and glucose oxidation to instead generate heat (Nicholls and Rial 1999),
which would increase body temperature and reduce sympathetic tone. In animal models, in
the absence of BAT, chronic SNS activation induces bone loss (Kajimura et al. 2011). The
Misty mouse model of dysfunctional BAT has high sympathetic tone and low bone mass that
is mitigated by the beta-adrenergic antagonist propranolol, suggesting that BAT might
protect bone mass by buffering the skeleton against SNS-induced bone loss (Motyl et al.
2013). In support of positive skeletal effects of BAT, recent studies in humans report that
BAT is positively associated with bone mineral density (BMD) and bone cross-sectional area
in subadults and adults of both sexes (Bredella et al. 2012; Bredella et al. 2014; Lee et al.
2013; Ponrartana et al. 2012).

To delineate the mechanistic relationships between low temperature, nonshivering
thermogenesis in brown adipose tissue, and skeletal acquisition, here we used controlled
experiments in mice housed at sub-thermoneutral temperatures at or near thermoneutrality
(Gaskill et al. 2012) as a model for exposure to low temperature in humans. Human
thermoneutrality ranges from ~26—32 °C when unclothed (Erikson et al. 1956; Hardy and
Dubois 1937; Kingma et al. 2014) and from ~20-25 °C in clothing (Kingma et al. 2012;
Kingma et al. 2014; Lodhi and Semenkovich 2009), although individual tolerance depends
on factors including body shape, fat mass, and acclimatization. The equivalent thermoneutral
temperature in the mouse is a subject of ongoing debate. Laboratory mice are typically
housed at 20-22 °C, but recent studies have argued that thermoneutrality for mice is closer
to 30 °C and that mice housed at standard temperature are chronically cold stressed (Cannon
and Nedergaard 2011; Gaskill et al. 2012; Gordon 2012; Karp 2012; Lodhi and
Semenkovich 2009; Overton 2010). In contrast, Speakman and Keijer (2012) noted that both
humans and mice have energy expenditure of ~1.6-1.8 times basal metabolic rate at 22 °C,
such that on a metabolic basis, this temperature is appropriate for mice being used to model
humans. However, a more recent study using indirect calorimetry found that energy
expenditure in singly housed mice is 1.8 times basal metabolic rate at 30 °C and increases to
3.1 times basal metabolic rate at 22 °C (Fischer et al. 2018). Mice at 22 °C also exhibit
significantly higher respiratory quotient, glucose uptake and UCP1 activity in BAT (David et
al. 2013). These studies show that mice expend increased energy on nonshivering
thermogenesis when housed at or below standard vivarium temperature.

Here we compare the effects of housing at temperatures from 20-26 °C to test the following
hypotheses: 1) that low temperature reduces skeletal acquisition in young, rapidly growing
animals, 2) and that UCP1 protein expression as a marker of increased NST in BAT is
proportional to the decrease in housing temperature. For hypothesis 1), we predicted that
exposure to low temperature during rapid skeletal growth would increase sympathetic tone,
leading to weaker trabecular microarchitecture, cortical bone cross-sectional geometry, and
bone strength. Given evidence from early studies that cold exposure increases bone marrow
adiposity, we predicted that cool housed mice would have more and larger adipocytes in
distal femur bone marrow (Huggins and Blocksom 1936). For hypothesis 2), we predicted
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that increased UCP1 expression in BAT may partially or completely prevent low
temperature-induced bone loss by increasing body temperature and blunting the rise in
sympathetic tone. Overall, we predicted that BMD, cortical and trabecular bone parameters,
and histological indices of bone formation would be negatively correlated with low
temperature and positively correlated with UCP1 levels as a marker of NST.

MATERIALS AND METHODS

Mice and diet intervention

We obtained 3-week-old male C57BL/6J (B6) mice (The Jackson Laboratory, Bar Harbor,
ME) and assigned them to housing at 20 °C (low temperature, “cool”), 22 °C (standard
housing temperature, “control™), or 26 °C (near thermoneutrality, “warm™) and a normal diet
ad libitum (PicoLab 5L0D, LabDiets, St. Louis, MO, 13% kcal/fat, 30% kcal/protein, 57%
kcal/carbohydrate) until 6 or 12 weeks of age (N=8/group).

Baseline body mass and bone mineral density did not differ among groups. Mice were
housed in pairs to provide socialization but minimize elevated nest temperatures. Toth et al.
(2015) tested the effect of housing density on cage temperature at 22 °C, 26 °C, and 30 °C
and found no significant difference in ambient temperature when density increased from one
mouse to two mice per cage. Therefore, to avoid introducing an additional variable by singly
housing (Nagy et al. 2002), we maintained mice at two per cage. Mouse body mass and food
intake were measured two to three times weekly on a digital scale. All procedures were
approved by the University of Michigan Institutional Animal Care and Use Committee.

Peripheral dual-energy x-ray absorptiometry

In vivo assessment of whole body bone mineral density (BMD, g/cm?), bone mineral
content (BMC, g), and body composition was performed at 3, 6, 9, and 12 weeks of age
using peripheral dual-energy x-ray absorptiometry under inhaled isoflurane (pDXA,
PIXImus I, GE Lunar Corp.), as previously described (Bouxsein et al. 2008; Bouxsein et al.
2005; Devlin et al. 2016).

Euthanasia and specimen harvesting/preparation

Histology

At the conclusion of the experiment, mice were sacrificed by CO inhalation. Blood was
collected by cardiac puncture to assess indices of bone turnover (Devlin et al. 2014).
Epididymal white adipose and interscapular brown adipose depots were dissected, snap
frozen in liquid nitrogen, and stored at —80°C (Murray et al. 2000). Femurs were harvested
and cleaned of soft tissue. The right femur was prepared for imaging and biomechanical
testing by wrapping in saline soaked gauze, and then stored airtight at —20°C. The left femur
was prepared for histology in 70% ethanol at 4°C.

Left femora were fixed in 70% ethanol and undecalcified bones were embedded in
polymethylmethacrylate (N=4-5/group). Sagittal sections (4-8 um thick) were cut with Jung
2065 and 2165 microtomes (Leica Biosystems, Buffalo Grove, IL) and stained with Von
Kossa/tetrachrome stain for assessment of marrow adiposity in the distal femoral metaphysis
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using Bioguant OSTEO software (Bioquant Image Analysis, Nashville, TN). Although
marrow lipids are removed during tissue processing, adipocytes remain identifiable as round,
unstained spaces (Aguirre et al. 2007). The region of interest included the secondary
spongiosa of the distal femur beginning 150 microns proximal to the growth plate and
extending proximally 1200 microns, and mediolaterally across the entire bone section at a
margin of 150 microns from the cortical edges. Measurements included the number of
adipocytes and the percentage of adipocyte volume per tissue volume. Terminology followed
the Histomorphometry Nomenclature Committee of the American Society for Bone and
Mineral Research (Dempster et al. 2013).

MRNA Isolation and Quantification

To quantify expression of NST marker UCP1, total RNA was prepared from liquid nitrogen
snap-frozen BAT via standard TRIzol extraction (Sigma, St. Louis, MO). RNA was
recovered in 30 pl RNase-free water, quantitated on a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA), and treated with Promega RQ1 RNase-free
DNase to remove any residual genomic DNA (Promega M6101, Madison, WI). Preparation
and generation of cDNA was made with the Promega GoScript Reverse Transcriptase
System (Promega A5000, Madison, WI) according to manufacturer’s instructions.

Gene expression was measured on a CFX384 Real-Time PCR detection system (Bio-Rad
Laboratories, Hercules, CA) at the University of Michigan Molecular Biology Core. 30 ng
of cDNA was used per 15 pl PCR reaction with SYBR Green PCR Master Mix (Applied
Biosystems, Thermo Fisher Scientific 4309155, Waltham, MA) according to manufacturer’s
recommendations. All reactions were performed in triplicate. Specific primers (Invitrogen,
Carlsbad, CA) were used at 300 nmol per reaction for either target gene UCP1 (F 5’ GGA
TGG TGA ACC CGACAACT 3°,R5 CTT GGA TCT GAA GGC GGACT 3’) or
housekeeping gene cyclophilin (F5° CAA ATG CTG GAC CAA ACA CAA 3’). Primer
reaction specificity was verified via melting curve analysis and efficiency varied between
101% and 98% for UCP1 and cyclophilin, respectively, when spanning 5 orders of
magnitude. UCP1 relative gene expression was determined by the AA-Ct method (Livak and
Schmittgen 2001).

Protein Isolation and Quantification

To quantify UCP1 expression, total protein was extracted via standard methods in RIPA
buffer (Thermo Scientific, Waltham, MA) with protease (Sigma, St. Louis, MO) and
phosphatase (Roche, Basel, Switzerland) inhibitors added. Protein concentration was
determined via BCA assay (Pierce, Rockford, IL). Western blot followed standard SDS-
PAGE procedures using Mini-PROTEAN Tetra Cell (Bio-Rad, Hercules, CA) equipment.
After transfer, gel was stained with 0.1% Coomassie G-250 (Thermo Scientific, Waltham,
MA\) and imaged to visualize total protein loading. Primary antibodies for rabbit anti-UCP1
(Thermo Fisher Scientific #PA1-24894) and mouse anti-GAPDH antibody (Ambion
#AMA4300, Carlsbad, CA) were used 1:1k and 1:2k, respectively, in TBST+5% nonfat dry
milk. HRP-conjugated secondary antibodies for anti-rabbit and anti-mouse (Thermo Fisher
Scientific #65-6120 and #31430, Rockford, IL) were used 1:30,000 in TBST+5% nonfat dry
milk, bands visualized by ECL (Advantsa, Menlo Park, CA) and signals captured on a c600

Am J Phys Anthropol. Author manuscript; available in PMC 2020 September 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Robbins et al. Page 6

imaging system (Azure Biosystems, Dublin, CA). Bands were quantitated using ImageJ
density values, and UCP1 expression determined via total protein normalization (Aldridge et
al. 2008; Gilda and Gomes 2013).

Serum leptin measurement

Terminal blood samples were collected in MiniCollect serum separation tubes (Grenier Bio-
One, Kremsumunster Austria) at time of sacrifice by cardiac puncture, stored on wet ice, and
serum isolated by centrifuge. Serum was stored at —80°C until analysis. Serum leptin was
measured in duplicate by ELISA (Crystal Chem, Downers Grove, IL) according to
manufacturer’s instructions and quantitated on microplate reader (Molecular Devices,
Sunnyvale, CA).

Mouse trabecular and cortical bone morphology by microCT

Assessment of bone morphology and microarchitecture was performed with high-resolution
microcomputed tomography (eXplore Locus SP, GE Healthcare, Chalfont, UK) using scan
parameters of 80 kVP, 0.45 mA. In brief, the metaphysis of the distal femur was scanned
using an 18 pm isotropic voxel size. Images were reconstructed, filtered, and thresholded
using a specimen-specific threshold (Meinel et al. 2005; Ridler and Calvard 1978).
Morphometric parameters were computed using a direct 3D approach that does not rely on
any assumptions about the underlying structure (Hildebrand et al. 1999; Hildebrand and
Riegsegger 1997). Cortical and trabecular regions of interest were evaluated using
Microview (v. 2.2, GE Healthcare, London, ON, Canada). The trabecular region of interest
began 270 microns proximal to the distal growth plate and extended proximally for 10% of
the total length of the bone (Bouxsein et al. 2010). For the trabecular bone region we
assessed bone volume fraction (BV/TV, %), trabecular thickness (Th.Th, um), trabecular
separation (ThSp, um), trabecular number (Tb.N, 1/mm), and connectivity density (Conn.D
1/mm3). The cortical region of interest consisted of 50 slices centered at the femoral
midshaft. Cortical bone parameters included the total cross-sectional area, cortical bone area
(TA and BA, mm2), bone area fraction (BA/TA, %), cortical thickness (mm), maximum and
minimum area moments of inertia (/2 and /i, mm#), and polar moment of inertia (J). All
methods followed American Society for Bone and Mineral Research guidelines (Bouxsein et
al. 2010).

Bone strength testing

After completion of uCT, the strength of the femoral midshaft was assessed by 4-point
bending using previously described methods (Sinder et al. 2015; Smith et al. 2013). Briefly,
frozen specimens were thawed in calcium-buffered saline. A low force mechanical testing
system (858 Minibionix Il; MTS Systems Corporation, Eden Prairie, MN, USA) was used to
apply a constant displacement rate of 0.05 mm/sec in the anterior-posterior direction, with
the anterior side in compression. Upper and lower supports were 2.075 mm and 6.35 mm
apart, respectively. Force-displacement data were used to determine structural properties
(maximum load, stiffness and postyield displacement). Mechanical stiffness from four-point
bending was adjusted for uCT-derived femoral midshaft area moment of inertia to calculate
estimated material properties (Jepsen et al. 2015).
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Statistical Analysis

Statistical analyses were run in SPSS 24 (IBM, Armonk, NY) using general linear models to
test for effects of temperature and/or a temperature*age interaction. If there was a significant
effect of temperature or temperature*age for a particular variable, the GLM was stratified by
age to obtain p values for temperature (20 °C vs. 22 °C vs. 26 °C) within mice at 6 or 12
weeks of age. Given the influence of body mass on long bone cortical cross-sectional
geometry, femoral cortical variables (Ct.Th, Ct.Ba, Ct.TA, /a0 /min J) Were adjusted by
regressing against body mass and testing for significance using the residuals (Lang et al.
2005). The significance level for major effects was set at alpha=0.05. All graphs were made
using GraphPad Prism 7.0c for Mac OSX (GraphPad Software, La Jolla, CA).

RESULTS

Body size and composition, whole-body BMD, and hormone levels

Body mass and femur length did not differ across housing temperatures (Fig. 1A, Table 1),
although at 6, 9, and 12 weeks of age, cool mice ate 12%, 36%, and 27% more than control
mice and 22%, 70%, and 53% more than warm mice, respectively (p<0.005 for all, Fig. 1B).
Cool mice had shorter bodies at 9 and 12 weeks of age (p<0.05 for both, Fig. 1C) and
shorter tails at 6, 9, and 12 weeks of age (p<0.05 for all, Table 1).

Longitudinal DXA showed differences in body composition across temperatures. BMD was
5.1% lower in cool vs. control mice at 6 weeks of age (p<0.01) but not 9 or 12 weeks of age
(Fig 1D). BMC (g) did not differ at any age (Table 1). Compared to control and warm mice,
cool mice had lower %body fat at 6 weeks of age but not at 9 or 12 weeks of age (Fig. 1E),
while lean mass did not differ between groups (Table 1). Serum leptin was lower in cool and
control vs. warm mice at 6 weeks and in cool vs. warm mice at 12 weeks of age (p<0.05 for
all, Fig. 1F).

Trabecular bone at distal femur and cortical bone at midshaft femur

In the distal femur, there were no effects of temperature on trabecular bone
microarchitecture at 6 weeks of age. At 12 weeks of age, trabecular bone volume fraction
was 29-31% lower (p<0.05, Fig. 2A, B) and connectivity density was 14-23% lower in
control and cool vs. warm housed mice, respectively (p<0.05 for both, Fig. 2C). Cool mice
also had 9% lower trabecular number and 9% higher trabecular spacing (p<0.05 for both,
Table 2) vs. warm mice, but there were no significant effects of temperature on trabecular
thickness (Table 2).

In midshaft femur cortical bone cross-sectional geometry, there were no significant
differences across temperatures at 6 weeks of age. At 12 weeks of age, cortical bone area
fraction was 6% lower in cool mice (p<0.05, Fib. 2A, D), and cortical bone thickness was
lower in control (p<0.05) but not cool (p=0.053) vs. warm mice (Fig. 2E). Other cortical
bone properties, including cortical bone area, total area, /2% /min and J, did not differ
across temperatures (Table 2).
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Bone marrow adiposity and bone strength

Histology of the distal femur showed that the number (Ad.N/BS) and volume (Ad.V/TV) of
adipocytes in the marrow cavity were highly variable across individuals and were not
affected by temperature (Table 3). Mechanical testing of the femoral diaphysis indicated no
temperature-induced differences in stiffness, maximum load, or postyield displacement
(Table 3).

UCP1 mRNA and protein in brown adipose tissue

As measured by RT-PCR, the relative mRNA abundance of the nonshivering thermogenesis
marker UCP1 in BAT was 58% higher for cool vs. warm mice at 6 weeks of age (p<0.05)
and 66—8% higher in cool and control vs. warm mice 12 weeks of age p<0.005 for both,
N=8 individuals/group, Fig. 3). Following RT-PCR, a subset of mice was used for UCP1
protein detection via Western blotting (N=3-4 from each temperature, Fig. 3). UCP1 protein
expression in BAT total protein lysate was 50-55% higher in cool and control vs. warm mice
at 6 weeks and 66% higher in cool vs. warm mice at 12 weeks of age (p<0.01 for all, Fig. 3).

DISCUSSION

In this study, we tested two hypotheses: 1) that exposure to low temperature impairs bone
acquisition during rapid skeletal growth, and 2) that upregulation of UCP1 is proportional to
the decrease in temperature. We predicted that low temperature would increase sympathetic
tone, leading to decreased trabecular microarchitecture, cortical bone cross-sectional
geometry, and bone strength, but also higher UCP1 expression as a marker of NST in BAT.
To test these hypotheses, we raised 3-week-old C57J/B6 male mice to 6 or 12 weeks of age
at 20°C (low temperature, “cool™), 22°C (standard housing, “control”), and 26°C (near
thermoneutrality, “warm”).

In partial support of our first hypothesis, the results indicate that low temperature is
deleterious to overall skeletal size and to bone mass. Compared to mice housed near
thermoneutrality, cool-housed mice had shorter bodies and tails, lower trabecular bone
volume fraction, sparser, less connected trabeculae in the distal femur, lower midshaft femur
cortical bone volume fraction, and a trend towards lower cortical thickness (p=0.053), at 12
weeks of age. Despite higher food intake, cool mice had lower fat mass at 6 weeks of age
and lower serum leptin levels at 6 and 12 weeks, although their body mass did not differ
from warm-housed mice.

Contrary to our first hypothesis, cool-housed mice did not have lower BMD, higher marrow
adiposity, or lower midshaft diaphyseal bone strength. The most likely explanation is that the
range of temperatures we used was too small. In terms of bone strength, cool housed mice
had thinner cortices but not lower polar moments of inertia, indicating that the distribution of
bone mass allowed maintenance of bending strength. More generally, the finding that a
modest temperature change had greater effects in trabecular than cortical bone is consistent
with the observation that trabecular bone is more responsive than cortical bone to external
stimuli, perhaps due to its relatively higher surface area and turnover rate (Bilezikian et al.
2002). Similarly, although Huggins and Blocksom (1936) found that transplanting vertebrae
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from the tail to the abdominal cavity of rats decreased marrow adiposity, the temperature
difference from outside to inside the body was greater than the range of temperatures used
here.

In support of our second hypothesis, low temperature upregulated nonshivering
thermogenesis. At 6 weeks of age, cool mice had significantly more UCP1 mRNA and cool
and control mice had significantly more UCP1 protein compared to warm mice. At 12 weeks
of age, cool and control mice had significantly more UCP1 mRNA, and cool mice had
significantly more UCP1 protein compared to warm mice. The mRNA values reflect
transcription of the gene, while protein levels reflect its existing expression. This pattern
shows that mice at both 20 °C and 22 °C had chronically increased UCP1 activity in
response to these temperatures. Although this relatively modest 6°C difference between cool
and warm housing temperatures was sufficient to increase UCP1 expression but insufficient
to restore normal bone architecture, it is possible that bone loss would have been even
greater in its absence. Alternatively, it is possible that UCP1 upregulation helps to maintain
temperature homeostasis, but that being warmer does not help to preserve bone mass.

Comparison to previous studies of temperature and bone in animal models

These data are consistent with older studies demonstrating reduced longitudinal growth,
bone length, and tail length in experimental animals housed at sub-thermoneutral
temperatures (Al-Hilli and Wright 1983; Ashoub 1958; Sumner 1909; Weaver and Ingram
1969). More recently, Serrat et al. (2013; 2008) found that mice housed at 7 °C had shorter
bodies and shorter limb bones than mice raised at 27 °C, despite higher food intake and no
difference in body mass. Importantly, cold exposure reduced blood flow and solute transport
to limb bone growth plates in vivo (Serrat et al. 2008; 2009), whereas cold-induced
reductions in growth were mitigated by exercise (Serrat et al. 2010) and hindlimb heating
(Serrat 2014; 2015). These studies strongly suggest circulation to the growth plate underlies
temperature-induced differences in limb length, and reduced circulation may contribute to
the decreased trabecular bone architecture we observed. In the current study, mice housed at
20-22 °C had shorter bodies and tails but not shorter femurs than mice at 26 °C. As noted
above, the low temperature we used was sufficient to change growth of the most distal
extremities (e.g. the tail), but may not have been enough to affect limb bone growth. The
shorter overall body length could reflect a combination of decreased skull and/or vertebral
length, which we will measure in future studies. It should also be noted that although femur
length did not change, trabecular bone volume in the distal femur was significantly lower,
demonstrating that temperature can affect internal bone architecture without altering the
external appearance of the bone. Consistent with our findings, lwaniec et al. (2016) showed
that housing mice at thermoneutrality (32°C) rather than the standard housing temperature of
22°C slowed the rate of age-related trabecular bone loss, demonstrating that even a mild
temperature decrease is deleterious to the skeleton.

There is growing evidence that the mechanism underlying such cold-induced bone loss
involves upregulation of sympathetic tone. Cold exposure increases sympathetic nervous
system (SNS) activation in mammals, leading to warming mechanisms such as shivering,
piloerection, vasoconstriction, and nonshivering thermogenesis in BAT. However, multiple

Am J Phys Anthropol. Author manuscript; available in PMC 2020 September 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Robbins et al.

Page 10

studies in animal models have shown that chronic SNS activation also induces bone loss via
B-adrenergic receptors expressed on osteoblasts, such that mice lacking the beta2-adrenergic
receptor are protected from bone loss (Bonnet et al. 2008; Kajimura et al. 2011). Most
compellingly, the Misty mouse strain has dysfunctional BAT, high sympathetic tone, and low
bone mass, the latter of which is reduced when mice are treated with the beta-adrenergic
antagonist propranolol (Motyl et al. 2013). These data suggest that nonshivering
thermogenesis in BAT might protect the skeleton by warming the organism and therefore
reducing SNS-induced bone loss (Motyl and Rosen 2011).

Fewer studies have addressed the effects of sympathetic tone on bone mass in humans,
although it has been noted that patients taking “beta blocker” drugs, which inhibit
sympathetic signaling to osteoblast beta-adrenergic2 receptors, have higher BMD and lower
risk of fracture compared to the background population (Bonnet et al. 2007; Yang et al.
2012). More generally, multiple studies have shown that BAT is associated with higher bone
mass in humans, including higher femoral total area and bone cross-sectional area in both
men and women of varying BMI and age, and BMD in lean, young women (Bredella et al.
2012; Bredella et al. 2014; Lee et al. 2013). BAT mass is highest in humans during
adolescent peak bone mass acquisition, and as in adults, is positively correlated with femoral
cortical bone area and total cross-sectional area in children and adolescents (Gilsanz et al.
2012; Ponrartana et al. 2012). However, more work is needed to understand how interactions
between BAT and the skeleton affect bone mass, and to test the role of other factors such as
muscle mass.

Relevance for understanding how temperature affects bone in humans

In humans, high latitude populations under chronic cold exposure generally exhibit a wider
pelvis, shorter stature, and shorter distal limb segments, as well as lower bone density and
cortical thickness and accelerated rates of bone loss, compared to lower latitude populations
(Harper et al. 1984; Katzmarzyk and Leonard 1998; Lazenby 1997; Leslie et al. 2006; Leslie
et al. 2008; Mazess and Mather 1974; Mazess and Mather 1975; Pearson 2000; Roberts
1953; Ruff 1994; Thompson and Gunness-Hey 1981; Wallace et al. 2014). For example,
skeletal analyses and bone mineral density values suggested earlier onset of age-related bone
loss in indigenous cold-dwelling populations vs. populations of European ancestry (Harper
et al. 1984; Mazess and Mather 1974; Mazess and Mather 1975; Thompson and Gunness-
Hey 1981; Wallace et al. 2014). However, the extent of bone loss attributable to cold
exposure is difficult to disentangle from other factors, including ancestry, consumption of a
high protein, low calcium diet (Mazess and Mather 1974), and metabolic changes such as
cold-induced hyperthyroidism (Lazenby 1997). Hyperthyroidism is particularly interesting
in this context because elevated thyroid hormone is a stimulus of NST in BAT, and previous
studies have shown that hyperthyroidism in response to chronic cold exposure, known as the
polar T3 syndrome, both increases sympathetic tone and accelerates bone turnover (Allain
and McGregor 1993; Schneider et al. 1994; Schneider et al. 1995). It is also interesting to
note that accelerated bone loss in cold-dwelling humans appears as early as the 41" decade of
life, at around the same age when studies of cold-responsive BAT suggest its abundance
begins to decline (Harper et al. 1984; Mazess and Mather 1974; Mazess and Mather 1975;
Wallace et al. 2014).
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Although more work is needed to determine the timing and extent of bone loss with age in
cold-dwelling humans, the reported patterns are generally consistent with our findings in the
mouse model. In cool housed mice, the decrements in bone volume fraction, trabecular
number, and connectivity density vs. warm housed mice are greater in 12 week old vs. 6
week old animals, similar to the accelerated age-related bone loss seen in humans. However,
in young, rapidly growing mice up to 12 weeks of age, low temperature is more deleterious
to trabecular bone microarchitecture than it is to bone mineral density or cortical bone
properties, whereas in aging humans, cold decreases cortical bone thickness and BMD.
Studies of old cool-exposed mice are needed to determine how low temperature affects the
aging skeleton. More generally, impaired bone acquisition occurred in spite of higher
uncoupling protein expression in brown adipose tissue, suggesting that although higher
brown adipose tissue mass is linked to higher bone mass both in humans and in animal
models, it is insufficient to normalize bone acquisition during chronic exposure to low
temperature. Our results also demonstrate that developmental plasticity of the skeleton
during subadult growth can occur in response to temperature as well as to mechanical
loading, and thus climate may underlie some of the phenotypic variation observed among
human populations.

Limitations and future directions

There are several limitations to this study. First, we assessed only males and used a single
mouse strain, and it is possible that there are strain-specific and/or sex-specific responses to
temperature. Second, as discussed above, the narrow range of temperature variation we used
likely diminished the differences among our experimental groups. In addition, it is not clear
whether the relationship between temperature and bone is linear or whether there are
thresholds for the entire body or for particular regions. These questions will be addressed in
future work focused on comparisons between temperature and bone growth in specific
skeletal regions. Third, we raised mice only to 12 weeks of age, and therefore were not able
to assess how low temperature and UCP1 upregulation affect the skeleton during aging.
Finally, we did not directly measure sympathetic tone or body temperature in the mice.
Future studies will use mouse enclosures that generate greater temperature differences and
will include quantification of additional outcomes such as body temperature, activity level,
energy expenditure, and metabolism.

CONCLUSION

In this study, we sought to test the developmental plasticity of cortical and trabecular bone in
response to low temperature. We hypothesized that low temperature would induce
proportional decreases in cortical and trabecular bone acquisition, as well as proportional
increases in nonshivering thermogenesis in BAT. In support of our hypotheses, cool-housed
mice had lower trabecular bone mass in the femur compared to warm housed mice, despite
greater food intake and increased UCP1 expression in BAT. These results support the
hypothesis that the growing skeleton has phenotypic plasticity in response to temperature.
Upregulation of UCP1 in brown adipose tissue leading to increased nonshivering
thermogenesis may have mitigated bone loss but was not sufficient to prevent it.
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Figure 1.
A. Body mass did not differ by temperature (N=8/group). B. Cool vs warm mice ate less at

6, 9, and 12 weeks (p<0.0001 for all, N=4 cages/group). C. Cool vs warm mice had shorter
bodies at 9 and 12 weeks (p<0.05, N=8/group). D. Bone mineral density was lower in cool
vs control mice at 6 weeks (p=0.009) but did not otherwise differ (N=8/group). E. Cool vs.
control mice had lower fat mass at 6 weeks (p=0.002, N=8/group). F. Cool vs warm mice
had lower serum leptin at 6 and 12 weeks (p<0.05, N=8/group). Error bars represent + 1 SD.
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A. Femoral uCT at 12 weeks of age
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Figure 2.
A. MicroCT reconstructions of trabecular bone in the distal femur and cortical bone in the

midshaft femur. B. In the distal femur, trabecular bone volume fraction (BV/TV) was lower
for cool and control vs warm mice at 12 weeks (p<0.05). C. Connectivity density was lower
for cool and control mice vs warm at 12 weeks (p=0.03 and p=0.008). D. In the cortical
midshaft femur, bone area fraction (BA/TA) of cool mice was lower than warm mice
(p=0.041) at 12 weeks. E. Cortical thickness at 12 weeks was significantly lower in control
vs. warm (p=0.03) but not cool vs. warm mice (p=0.053). There were no significant
differences at 6 weeks of age. Error bars represent 1 SD. N=8/group for all data shown.
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Figure 3.

A. Relative mRNA of NST marker UCP1 in BAT by gRT-PCR was significantly higher for
cool vs. warm mice at 6 (p=0.017) and 12 weeks (p=0.004). UCP1 mRNA was also
increased in control vs. warm mice at 12 weeks (p=0.005) with N=8 individuals per group.
B. Western blot of UCP1 from BAT total protein lysate shows increased expression for cool
vs. warm mice at 6 (n=4 per group, p<0.001) and 12 weeks (N=3 per group, p=0.009) and
for control vs. warm mice at 6 weeks (N=4 per group, p<0.001). Representative blot with
anti-UCP1 signal shown for 12 week BAT with one individual per lane. Error bars represent
1SD.
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