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Altricial mammals begin to independently thermoregulate during the first
few weeks of postnatal development. In wild rodent populations, this is
also a time of high mortality (50–95%), making the physiological systems
that mature during this period potential targets for selection. High altitude
(HA) is a particularly challenging environment for small endotherms owing
to unremitting low O2 and ambient temperatures. While superior thermo-
genic capacities have been demonstrated in adults of some HA species, it
is unclear if selection has occurred to survive these unique challenges
early in development. We used deer mice (Peromyscus maniculatus) native
to high and low altitude (LA), and a strictly LA species (Peromyscus leucopus),
raised under common garden conditions, to determine if postnatal onset of
endothermy and maturation of brown adipose tissue (BAT) is affected by
altitude ancestry. We found that the onset of endothermy corresponds
with the maturation and activation of BAT at an equivalent age in LA
natives, with 10-day-old pups able to thermoregulate in response to acute
cold in both species. However, the onset of endothermy in HA pups was
substantially delayed (by approx. 2 days), possibly driven by delayed
sympathetic regulation of BAT. We suggest that this delay may be part of
an evolved cost-saving measure to allow pups to maintain growth rates
under the O2-limited conditions at HA.
1. Introduction
Homeothermy is a defining trait for most endothermic placental mammals, and
the capacity for sustained metabolic heat production is considered one of the
hallmarks of mammalian evolution [1]. Despite the importance of this trait,
small altricial mammals, such as mice, are born without the physiological abil-
ity to regulate body temperature [2]. Instead, the capacity to independently
thermoregulate develops postnatally, with the transition from poikilothermy
to homeothermic endothermy occurring sometime within the first weeks after
birth [3–10]. This dynamic period of development is characterized by rapid
maturation of the thermo-effector organ brown adipose tissue (BAT) and the
neural circuitry that senses ambient temperature [11–13].

Mortality can be extremely high (50–95%) during the early postnatal period
in wild rodent populations [14–16] suggesting that the developmental window
when thermoregulatory systems are maturing is under intense natural selection.
Altricial species living in thermally challenging environments may have
evolved specific physiological adaptations to survive this critical period.
Studies using laboratory rodent models demonstrate that BAT maturation
and age of onset of endothermy respond to altered rearing conditions. Rearing
young rodents in cold typically causes the onset of endothermy to shift to ear-
lier points in development [17,18]. These performance shifts have been
associated with phenotypic remodelling and accelerated development of BAT.

http://crossmark.crossref.org/dialog/?doi=10.1098/rspb.2019.0841&domain=pdf&date_stamp=2019-07-24
mailto:roberceg@mcmaster.ca
https://dx.doi.org/10.6084/m9.figshare.c.4567628
https://dx.doi.org/10.6084/m9.figshare.c.4567628
http://orcid.org/
http://orcid.org/0000-0002-6769-2852
http://orcid.org/0000-0002-6591-6760
http://orcid.org/0000-0003-1500-9983


Table 1. Characteristics of litters born to first-generation (G1) laboratory-born high (HA) and low altitude (LA) P. maniculatus and P. leucopus parents.
(Dissimilar letters represent significant differences between populations as determined with one-way ANOVA. Data are mean ± s.e.m.)

P. maniculatus (LA)
n = 7

P. maniculatus (HA)
n = 6

P. leucopus
n = 8

litter size (no. pups) 4.86 ± 0.55a 7.67 ± 0.42b 4.56 ± 0.67a

litter mass at birth (g) 6.44 ± 0.98a 14.10 ± 1.01b 9.90 ± 1.37c

litter mass P10 (g) 24.81 ± 2.43a 45.92 ± 4.57b 31.42 ± 4.00b
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For example, tissue mass, mitochondrial content, uncoupling
protein-1 (UCP-1) expression and innervation of BAT have all
been reported to increase [16,19–22]. By contrast, postnatal
hypoxia leads to an inhibition of both BAT growth and matu-
ration [23]. However, it is unclear how the development of
these systems may have adapted to chronic exposure to
these conditions in altricial species living in extreme
environments.

Unremitting low O2 and ambient temperatures at high
altitude (HA) are particularly challenging for small mammals
owing to the high aerobic demand of thermogenesis [24]. HA
environments require both the efficient use of limited O2

and adequate generation of heat, an energetic trade-off that
is not fully understood [25–27]. These two abiotic stressors
are considered the primary selective pressures for animals
living in the high alpine. Indeed, some HA rodents (e.g.
deer mice) have evolved a greater adult thermogenic capacity
than their low altitude (LA) conspecifics [28,29]. This trait has
been shown to be under strong directional selection at HA to
improve winter survivability and therefore fitness [30].
However, it is unclear how alpine natives have evolved to
survive these unique challenges early in development; but
the maturation of BAT-based heat production is a likely
target of selection.

To address this gap, we used LA and HA North Ameri-
can deer mice (Peromyscus maniculatus), and a related but
strictly LA species (Peromyscus leucopus) to determine if the
postnatal maturation of BAT and the development of homeo-
thermic endothermy is influenced by altitude ancestry. There
are two possible directions in which the timing of the onset of
endothermy could shift in response to the stressors at HA. We,
therefore, tested two competing hypotheses: (i) adaptation to
HA favours earlier onset of independent endothermy to cope
with the intense thermoregulatory demands in the high
alpine. If so, the BAT of HA pups should mature faster and
the ability to thermoregulate occur at a younger age than LA
pups; and (ii) adaptation to HA delays the onset of indepen-
dent endothermy to preserve limited energy resources as a
response to lower O2 availability. If so, the BAT of HA pups
should mature more slowly and the ability to thermoregulate
should lag behind LA pups.
2. Methods
(a) Experimental animals
Mice were from a captive breeding colony established using
separate stocks of wild-caught deer mice and white-footed
mice (P. leucopus). The HA natives (P.m. rufinus) were trapped
at the summit of Mount Evans, Colorado (4350 m above sea
level (a.s.l.)) and the LA natives (P.m. nebracensis and P. leucopus)
in eastern Nebraska (430 m a.s.l.; [28]). Peromyscus leucopus are
closely related to, and live sympatrically with, P. maniculatus
but are found exclusively at LA [31]. Wild mice were transported
to McMaster University (approx. 90 m.a.s.l.) and bred within
their respective populations under common garden conditions
(24°C, 760 mmHg, 14 h∶10 h light∶dark cycle, rodent chow and
water ad libitum). First-generation (G1) laboratory-born mice
were mated to produce G2 offspring. All pups used in this
study were from G2. All procedures described were approved
by the McMaster University Animal Research Ethics Board.

(b) Response to acute cold
(i) Thermography
We examined changes in skin surface temperature of pups in
response to an acute cold challenge (24°C for 10 min) at postnatal
day (P) 0, 2, 4, 6, 8 and 10. All pups from a litter (for litter size,
see table 1) were removed from insulated nests and placed in
separate plastic weigh boats to prevent huddling. Thermal
images were captured (0.2 frames s−1) using a calibrated thermal
camera (FLIR SC660, FLIR systems Inc.). To estimate intrascapu-
lar BAT depot (iBAT) and body temperature skin surface
temperatures were quantified using THERMACAM RESEARCHER PRO

v.2.9 software (FLIR) by drawing a field of view in the intrascap-
ular region (TiBAT) and between hind legs (TBack, [32]). The
change in these surface temperatures with acute cold was deter-
mined as T10 min – T1 min. When BAT is recruited it displays a
characteristic pattern of temperature fluctuation [33]. To quantify
fluctuation in TiBAT, we fitted a second-order polynomial
regression to TiBAT versus time and analysed the absolute
residuals as an indirect measure of iBAT activation. Furthermore,
to assess thermal endurance, we determined the time pups could
maintain constant TBack or iBAT within 1°C of initial values (60 s).

(ii) Indirect calorimetry
Cold-induced metabolic rate was determined in individual pups
at P2, 4, 6, 8 and 10 using open flow respirometry (Sable Systems,
Las Vegas, NV, USA). Individual pups were placed in glass
chambers (60 ml for P2–8 and 100 ml for P10) inside a tempera-
ture-controlled cabinet (Sable Systems). Dry, CO2-free air was
pulled through the chambers at 100 ml min−1 (P2 and P4),
150 ml min−1 (P6 and P8) or 175 ml min−1 (P10). Excurrent air
was dried and drawn though CO2 (CA-10A) and O2 (FC-1A)
analysers (Sable Systems). Ambient temperature (Ta) was held
at 30°C for 10 min to record an initial resting VO2, then lowered
by 0.3oC min−1 to a final temperature of 24°C and held for 10 min
to determine final rate of O2 consumption (VO2). VO2 was deter-
mined at the most stable 30 s during the last 2 min at 30 and 24°
C. A second pup from the same litter was held at a constant 30°C
(trial order randomized) to account for any influence of maternal
separation or handling stress. Cold-induced metabolic rate was
calculated as the difference (Δ) between initial VO2 and final
VO2 in pups exposed to acute cold (24°C) minus ΔVO2 of its
normothermic (30°C) sibling:

DDVO2 ¼ (final VO2 � initial VO2)acute cold
–(final VO2 � initial VO2)normothermic:

ð2:1Þ
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Figure 1. Body mass (a), growth rate (b), and body composition, as inguinal
white adipose tissue (WAT) mass (c) during early postnatal development in
common garden-raised Peromyscus maniculatus of low (LA) and high altitude
(HA) ancestry and LA P. leucopus. Hash (#), significant main effect of age,
gamma (γ) significant main effect of population as determined by two-
way RM ANOVA for body mass and two-way ANOVA for WAT. Sample sizes
(n) for WAT of P. leucopus, LA and HA P. maniculatus by age are as follows
P0 (5,6,6), P2(5,7,8), P4 (5,7,9), P6 (5,7,6), P8 (5,6,10) and P10 (7,7,11). All
data are mean ± s.e.m.
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A positive value indicates a cold-induced increase in VO2 relative
to the normothermic sibling.

(c) Brown adipose tissue maturation
(i) Tissue sampling
Two littermates from each family were euthanized with an over-
dose of isoflurane followed by cervical dislocation at P0, 2, 4, 6,
8 and 10. For one pup, the iBAT depot was blunt dissected,
weighed, flash frozen and stored at −80°C. For the other pup,
iBAT was frozen in embedding medium (Cryomatrix, Thermo
Scientific) for histological analysis. The inguinal white adipose
tissue (WAT) depot was blunt dissected and weighed as a measure
of body composition.

(ii) Western blotting
Protein expression of UCP-1 tyrosine hydroxylase (TH) and
citrate synthase (CS), were determined by western blotting [34].
Briefly, 20 µg of total BAT protein was separated on 12% SDS
PAGE gels and transferred to PVDF membrane. Membranes
were probed with 1° antibody (UCP-1; UCP11-A, Alpha Diagnos-
tics International Inc., San Antonio, TX; TH, AB152, EMD
Millipore, Temecula, CA; CS, ab129095, Abcam, Woburn, MA,
USA) at 1 : 500 followed by horseradish peroxidase-conjugated,
goat anti-rabbit 2° antibody at 1 : 10 000 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA). Band density was normalized to total lane
protein determined by membrane staining with Coomassie blue.

(iii) Brown adipose tissue histology
Frozen iBAT was coronally sectioned (10 µm) at −30°C using a
Cryostat CM1860 (Leica Biosystems, Nossloch) and stained for
alkaline phosphatase (AP) activity to identify capillaries as pre-
viously described [34,35]. Capillary density (total capillary
number/surface area), capillary areal density (total capillary
surface area/BAT surface area) and capillary length density
(tortuosity) were quantified using the NIS-ELEMENTS IMAGING

software v.4.30 (Laboratory Imaging, Prague). Fluorescent
immunohistochemistry was used to identify adrenergic
sympathetic neurons (using TH as a marker) and nuclei
(40,6- diamidino-2-phenylindole, DAPI [36]).

(iv) Statistical analysis
To avoid pseudo-replication, a single replicate represents the
mean of all individuals tested from the same family and
sample sizes represent the number of families within a group.
A two-way repeated measures (RM) ANOVA was used to
assess the effects of population and age on pup mass. When
we had incomplete representation from each family at each age
(tissue growth, Δskin surface temperature, ΔΔVO2), we used
two-way ANOVA to determine the main effects of population
and age. One-way ANOVA was used to determine the effect of
population on litter parameters, and protein expression. In the
case of significant interactions between main effects, a Holm’s
Sidak post hoc analysis was used. We used a one sample t-test
within population to determine if Δskin surface temperature
was less than 0 at P10, to confirm that pups were homeothermic
at this age. All analyses were performed using SIGMA STAT
(SysStat Software Inc., San Jose, CA, USA) or R software (R
Foundation, Vienna, Austria).
3. Results
(a) Pup growth
Over the first 10 days of postnatal development, pup body
mass was significantly different between the three
populations (figure 1a; population, F2,105 = 13.027, p < 0.001;
age, F5,102 = 419.044, p < 0.001). Pups of LA P. leucopus were
the largest at birth (2.22 ± 0.08 g), 1.7 times larger than the
LA P. maniculatus pups who were the smallest of the three
groups (1.30 ± 0.09 g), and HA native pups were intermediate
in size (1.86 ± 0.05 g). These population differences were
generally maintained throughout development. However,
there was a significant interaction between population and
age (F10,97 = 1.986, p = 0.044) and population differences in
growth rates approached statistical significance (F2,21 =
3.268, p = 0.058; figure 1b), with P. leucopus pups growing
slightly faster (0.48 ± 0.04 g d−1) than either of the two
P. maniculatus populations (LA, 0.38 ± 0.03; HA, 0.41 ±
0.03 g d−1). WAT, used as an index of body composition,
was similar between all three groups ( p = 0.549) and
increased with age (F5,104 = 6.589, p < 0.001; figure 1c). Interest-
ingly, litter size differed significantly with HA mothers having
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approximately 1.6 times as many pups as either LA species
(F2,19 = 7.366, p = 0.004). Thus, total litter mass provisioned
by HA mothers was larger than their LA counterparts, both
at birth (F2,18 = 9.716, p = 0.001) and at P10 (F2,18 = 7.563, p =
0.004) by 46–85%, respectively (table 1).

(b) Heat loss and thermal endurance in response to
acute cold

Using video thermography we assessed changes in body skin
surface (TBack) and iBAT (TiBAT) temperature during acute
cold, providing an indication of thermoregulatory ability
and iBAT recruitment. For newborn pups, regardless of popu-
lation, TBack rapidly declined during acute cold. TBack of LA
P. maniculatus and P. leucopus dropped by 5.98 ± 0.34°C and
5.44 ± 0.32°C, respectively. In comparison, HA P. maniculatus
showed much greater heat loss from TBack (6.87 ± 0.03°C,
electronic supplementary material, figures S1, 2a) despite
having similar starting temperatures (electronic supplemen-
tary material, table S1). All mice maintained their surface
temperatures more effectively with age, losing significantly
less heat with cold exposure (age, TBack, F5,86 = 54.542, p <
0.001 and TiBAT, F5,86 = 57.988, p < 0.001). However, altitude
ancestry differences in heat loss were maintained (population,
TBack F2,69 = 25.203, p < 0.001 and TiBAT, F2,69 = 54.542, p < 0.001;
figure 2a). Post hoc analysis revealed that HA pups had a
greater decline in surface temperatures across all ages com-
pared to both P. leucopus (p < 0.001) and LA P. maniculatus
(p < 0.001; figure 2a) who were not different from each other
(p = 0.144). By P10 the two LA populations could maintain
stable TBack in response to acute cold (ΔTBack was not different
from 0°C; P. leucopus, p = 0.106; LA P. maniculatus, p = 0.211).
At this age, the dual lobes of the iBAT were clearly visible in
thermal images of LA pups suggesting that the tissue was
active and producing heat. By contrast, at P10 HA pups con-
tinued to show persistent heat loss of approximately 2°C for
both TBack and TiBAT (ΔTBack < 0°C, p = 0.018).

HA pups also showed a developmental latency in thermal
endurance compared to LA pups (figure 2b). Thermal endur-
ance was low from P0 to P6 in all groups. LA pups showed a
significant increase in thermal endurance with age and at P10
could maintain homeostatic TBack for the entire cold trial. In
HA pups endurance was only improved at P10 (population ×
age, TBack, F10,63 = 7.286, p = 0.025; TiBAT, F10,63 = 2.380, p =
0.018) and was still lower than either LA group (figure 2b).

The capacity in LA pups by P10 to maintain stable TBack
during acute cold coincided with increased fluctuations in
TiBAT. Early in development, TiBAT fluctuations with cold
were very minimal but increased significantly as pups aged
(F2,62 = 16.464, p < 0.001). However, this pattern was only seen
in pups from LA ancestry (population × age, F10,62 = 2.891,
p = 0.005). LA P. maniculatus had a twofold increase in cold-
induced TiBAT flucutations relative to HA P. maniculatus and
P. leucopus at P8. At P10 all three populations were significantly
different, where cold-induced TiBAT fluctuations in P. leucopus
and LA P. maniculatus were two- and threefold higher than
HA pups. HA pups, by contrast showed no increase in
cold-induced TiBAT flucuations as they aged (figure 2e).

(c) Indirect calorimetry during an acute cold challenge
We measured cold-induced VO2 to determine when pups
were able to induce a metabolic response to cold. We found
that young pups (P2–P6) were unable to increase VO2 in
response to cold (figure 3a). Cold-induced VO2 increased
beyond P6 in all groups, but the timing of this response
varied with altitude ancestry (population × age, F8,84 =
3.247, p = 0.003). Both P. leucopus and LA P. maniculatus
showed a significant induction of VO2 in response to cold
at P8 and P10. At P10, cold-induced VO2 was driven by the
combination of an increase in VO2 in the cold-exposed pups
and a decrease in VO2 in normothermic controls (time × test
temperature, P. leucopus, F1,6 = 35.693, p < 0.0001; P. manicula-
tus, F1,6 = 13.689, p = 0.01; electronic supplementary material,
table S2). By contrast, HA P. maniculatus did not show a signifi-
cant cold-induced VO2 until P10. In this population,
normothermic control pups showed no change in VO2 (elec-
tronic supplementary material, table S2). Cold-induced VO2

was positively correlated with ΔTiBAT (R2 = 0.441, p < 0.001)
and ΔTBack (R2 = 0.485, p < 0.001; figure 3b,c).

(d) Maturation of brown adipose tissue
We found that the iBAT deposit grew continuously over the
first 10 days of development in all three groups (age, F5,104
= 30.88, p < 0.001), though it was smaller in HA pups (popu-
lation, F2,104 = 7.586, p < 0.001; figure 4a). When expressed
relative to body mass iBAT was largest at birth, but remained
at a constant proportion of body mass at all other ages (age,
F5,104 = 16.258, p < 0.001), suggesting iBAT mass tracked
overall growth. Relative iBAT mass was highest in LA
P. maniculatus compared to the two other groups (population,
F2,104 = 32.932, p < 0.001; figure 4b). Neither iBAT capillary
density, area density, nor length density differed between
LA (P. leucopus) and HA deer mice at any age (figure 4c).

To determine if iBAT metabolic phenotype could help
explain population differences in thermogenic performance,
we assessed protein content of CS (figure 4d ), and UCP-1
(figure 4e). Protein abundance for CS ( p = 0.991) and UCP-1
( p = 0.964) did not differ between the populations. By con-
trast, at P10 expression of TH, the rate-limiting enzyme in
norepinephrine production, was significantly different
between the populations (figure 4f; F2,17 = 4.634, p = 0.025)
with a threefold higher expression in LA pups compared to
HA P. maniculatus pups. This TH expression is localized to
the neurons innervating BAT (electronic supplementary
material, figure S2).
4. Discussion
The main objective of this study was to determine if the post-
natal onset of homeothermic endothermy is influenced by
altitude ancestry in deer mice. We show that P. maniculatus
pups of HA ancestry delay the onset of endothermy com-
pared to LA pups. Over the first 10 postnatal days, HA
pups did not guard skin surface temperature in the face of
an acute cold challenge. By contrast, by P8, pups of LA
P. maniculatus and P. leucopus could increase aerobic metab-
olism, and by P10 could maintain homeostatic body
temperatures in response to cold. At P10, BAT was phenoty-
pically similar regardless of altitude ancestry, except for a
threefold lower expression of TH seen in HA pups,
suggesting neurotransmitter synthesis and neural activation
of this tissue is delayed in this population. To our knowledge,
this is the first study to demonstrate that the developmental
trajectory of thermogenesis is altered as an adaptation to HA.
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(a) Timing of the onset of homeothermic endothermy
We found that the onset of thermogenesis in LA mice occurs
between P8 and P10, consistent with previous reports for
P. leucopus [10]. This species increases metabolic rate with
mild, acute cold stress (24°C) at P8 and maintains constant
body temperature by P10 [10], in line with our results on
both this species and LA deer mice. By contrast, we found
deer mice of HA ancestry did not respond metabolically to
acute cold until P10, and could not maintain body tempera-
ture. These data suggest that developmental milestones of
endothermy are highly conserved in LA native mice, and
that the delay in thermogenesis observed in HA natives is a
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derived trait that represents a fundamental shift in the devel-
opmental trajectory of this population. This may be an
example of physiological heterochrony, an evolved change
in timing of the development of a physiological process [37].

Homeothermy is determined not only by metabolic heat
production but also by an animal’s ability to retain heat,
which in turn is linked to body size [38]. Neonates born
less than 4 g typically cannot maintain body temperature
and must first reach a critical body mass before they can suc-
cessfully retain heat [6,39]. The predicted critical mass for
LA P. maniculatus is approximately 4.8–5.4 g [6]. We found
that despite the greatest disparity in mass, the two LA
species had almost identical development of thermal endur-
ance and thermal capacity. Additionally, by the time LA
pups could successfully thermoregulate (P10), all three
groups reached the critical mass predicted for effective ther-
moregulation [6]. The HA native pups were of an
intermediate size, with similar proportions of WAT com-
pared to LA native pups, yet they showed delays in all
aspects of thermoregulatory capacity by at least 2 days,
suggesting a fundamental shift in their physiology that is
independent of body size.

Another critical factor for heat retention is insulation.
Neonatal Peromyscus have sparse but visible hairs by P4
and insulation continues to increase linearly with age [40].
Lack of pelage at P8 may explain why cold-induced meta-
bolic rate was insufficient to maintain skin surface
temperature of LA pups. We did not measure pelage, and it
is possible that population differences in fur density may con-
tribute to the greater heat loss observed in HA pups.
However, we also found a direct correlation between the
cold-induced metabolic rate and change in body temperature.
Our data suggest that metabolic heat production accounts for
approximately 48.5% of the change in body temperature in
cold-exposed pups and that neither body size nor insulation
can fully account for the delay in the thermoregulatory ability
of HA natives. Instead, our data point to a direct effect of HA
adaptation on the thermoregulatory systems.
(b) Brown adipose tissue maturation and recruitment
It is likely that metabolic heat production in the first 10 days
of postnatal development is driven exclusively by the matu-
ration of non-shivering thermogenesis in BAT as skeletal
muscles of neonatal mice are immature at this stage
[6,16,41]. Maturation of iBAT appears fixed in deer mice
regardless of altitude ancestry, increasing in size at similar
rates, with similar vascularization. By P10 all pups
expressed similar levels of the mitochondrial marker CS
and the functional thermogenic protein UCP-1. However,
TiBAT is tightly correlated to TBack throughout development
(R2 = 0.96, electronic supplementary material, figure S3),
suggesting that the ability of LA pups to maintain body
temperature at P10 is owing to the activation of BAT. How
then is the cold-induced activation of BAT delayed in HA
native pups?

In altricial rodents, the neuronal circuits that sense cold
are established sometime during the first two weeks of post-
natal development (e.g. Rattus [42]; Mus [43]). We observed a
fluctuating pattern of iBAT during acute cold, indicative of
active centrally mediated regulation, which increases with
age in LA but not HA pups at the onset of thermogenesis
(P8–P10). Lower expression of the enzyme TH in the neurons
innervating iBAT of HA native pups suggests that neuro-
transmitter synthesis and neural activation of this tissue is
delayed in this population. Any delay in the innervation of
BAT would inhibit cold-induced recruitment of this tissue
[32,44] . This may explain why HA pups fail to recruit their
iBAT at P10, despite the presence of functional thermogenic
machinery (e.g. UCP-1). Whether this difference in TH
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expression is specific to the neurons innervating BAT or part
of a more global delay in the development of autonomic
pathways in HA pups remains to be seen.

The common garden nature of our study allowed us to
uncover genetically based differences in developmental
milestones as a function of altitude ancestry. The differences
in timing of the onset of endothermy and recruitment of
BAT suggest a shift in the developmental programme of
these traits as a result of selective pressures at HA. However,
it is important to consider the influence that rearing environ-
ment may play in shaping thermogenic phenotypes in the
wild [45]. The primary abiotic stressors at HA, low PO2

and temperature, are known to alter the development of
BAT in laboratory rodents [22,23]. For example, rat pups
reared in cold increase innervation of BAT by 70% [22].
It is possible that HA pups may require this chronic
environmental stimulus and may not exhibit the same
developmental delays in their native environment. The
mechanistic changes responsible for the altered develop-
mental programme of the thermo-effector organs in HA
species is an area rife for exploration but outside the scope
of this study.
(c) Adaptive benefits of delayed development of
homeothermic endothermy

Maintaining an elevated and constant body temperature is
critical for the growth and maturation of young mammals.
In fact, it has been theorized that endothermy evolved specifi-
cally to facilitate increased postnatal growth rates [46–49].
Why then would the onset of endothermy be delayed in
HA environments, which are characterized by low ambient
temperatures year-round?

At HA, low PO2 may limit aerobic ATP production, caus-
ing resources to be allocated to maintenance metabolism
(basal metabolic rate, thermal regulation and physical
work) instead of growth or reproduction. This is beneficial
in the short term but has detrimental effects on fitness if sus-
tained. Reduced growth rates are observed in many
vertebrates when development occurs in chronic hypoxia
(e.g. [23,50]). Young mammals typically respond to acute
hypoxia by suppressing thermoregulation to reduce meta-
bolic demand and conserve energy [51,52]. This acute
response may have been canalized at HA to allow pups to
allocate their limited ATP resources towards growth.
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The trade-off between growth and thermoregulation may
be critically important given the large litter sizes of HA deer
mice, which are consistent with wild populations [53]. Post-
natal growth in mice is limited by milk availability [54] and
pups from larger litters have less access to milk and therefore
slower growth rates [55]. However, despite large litter sizes,
we observed that HA pups maintained similar growth rates
to LA pups. While mothers in our study were fed ad libitum,
larger litter sizes should still increase intra-litter competition
for milk [56]. If HA pups are nutrient limited owing to
increased competition from litter mates, then suppressing
energetically costly thermogenesis may help them recoup
some of their energetic costs in favour of maintaining
growth rates even in normoxia. This may also allow the pres-
ervation of BAT for adulthood, when it is probably critical for
re-warming from bouts of torpor [30,31].

While larger litters may impose an energetic cost, there is
a thermoregulatory benefit to having many siblings. We per-
formed all measurements on individual pups, isolated from
both their parents and litter mates. This was necessary to
assess the maturation of the physiological systems respon-
sible for heat production. However, Peromyscus pups
huddle when their mothers are absent [57]. The decreased
surface area relative to the volume of the whole litter allows
pups to retain heat for several hours in the absence of an
exogenous heat source, even at low ambient temperature
[58]. Additionally, mothers of various wild LA Peromyscus
species from northern latitudes alter their nests to further
increase insulation [59]. Our data suggest that HA pups
rely more heavily on parental care and/or huddling with
nestlings allowing for equivalent postnatal growth rates to
LA pups. How HA mothers balance their own metabolic
needs while caring for larger, less capable litters than
their LA conspecifics, under harsh alpine conditions, is an
important area for future exploration.

(d) Conclusion
We have provided direct evidence that HA adaptation delays
the transition from poikilothermy to homeothermic
endothermy. This may be driven by a delay in the sympath-
etic regulation of BAT. These findings reject the hypothesis
that adaptation to HA favours early onset of endothermy.
Instead, we suggest this delay is a cost-saving adaptation
that allows HA pups to maintain growth rates under the
O2-limited conditions. This seemingly paradoxical result is
at odds with the elevated thermogenic capacity seen in
adult HA mice [28,29], which improves overwinter survival
and is under directional selection at HA [31]. Our findings
stress the importance of understanding how the same selec-
tive pressures can act differently depending on life-history
stage to truly understand the evolution of an adaptive
physiological trait.
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