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Abstract: Thermoregulation in newborn mammals is an essential species-specific mechanism of the
nervous system that contributes to their survival during the first hours and days of their life. When
exposed to cold weather, which is a risk factor associated with mortality in neonates, pathways
such as the hypothalamic–pituitary–adrenal axis (HPA) are activated to achieve temperature control,
increasing the circulating levels of catecholamine and cortisol. Consequently, alterations in blood
circulation and mechanisms to produce or to retain heat (e.g., vasoconstriction, piloerection, shivering,
brown adipocyte tissue activation, and huddling) begin to prevent hypothermia. This study aimed
to discuss the mechanisms of thermoregulation in newborn domestic mammals, highlighting the
differences between altricial and precocial species. The processes that employ brown adipocyte
tissue, shivering, thermoregulatory behaviors, and dermal vasomotor control will be analyzed to
understand the physiology and the importance of implementing techniques to promote thermoreg-
ulation and survival in the critical post-birth period of mammals. Also, infrared thermography as
a helpful method to perform thermal measurements without animal interactions does not affect
these parameters.

Keywords: thermoregulation; body temperature; brown adipose tissue; neonate welfare;
shivering; vasoconstriction

1. Introduction

Neonatal mortality in domestic animals such as lambs, calves, foals, piglets, and
rodents responds to several maternal and offspring factors. Within these, hypothermia
caused by excessive heat loss or inhibition of thermoregulation and heat production is
considered a major element that causes mortality of newborn animals [1–3]. Hypothermia
is mainly the result of starvation when the offspring is unable to suckle [1]. Neonatal
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survival within the first 24 to 72 hours is highly related to decreased body temperature
experienced at birth. At this moment, the offspring abruptly transitions from a warm,
nutritious, sterile, and controlled environment in utero to the extrauterine environment,
usually at a much colder temperature (1 to 2 ◦C below), exposed to novel microorganisms
and deprived of a nutrient supply via placenta [4–7]. These physical and physiological
changes can generate hypoglycemia, hypoalbuminemia, energy alterations, or acid-base
alterations leading to growth retardation or multiorgan failure [8].

The separate evolution of endothermy in mammals and birds is considered an im-
portant transition in vertebrate evolution. It is a unique case of convergence between
these two groups, essential to their rapid spread across the planet and their ecological
success [9,10]. Rezende et al. [10] observed that when metabolism increases, the sizes of the
individuals decrease (and that is why dinosaurs gave rise to birds). In endotherm animals,
thermoregulation is a homeostatic and dynamic process between the internal response of
an organism and its external environment [11–13]. This internal response triggers a series
of thermoregulatory mechanisms that are modulated by the preoptic area of the hypotha-
lamus (POA) [14], and they are aimed at promoting energy conservation in the neonate,
using this mechanism for growth, development, and cellular functions [15,16]. However,
newborn’s interspecies characteristics, such as the presence or absence of thermogenic cells,
e.g., brown adipocyte tissue its acronym is BAT; the presence of fur at birth, the thickness
of the dermis, behavior at birth, locomotor abilities, and general organ development, can
either facilitate or hinder thermoregulation [17].

These interspecies differences respond to physiological maturity, known as the new-
born’s capacity to cope with the transition between the intrauterine life and the external
environment. Such maturity involves activating several neuroendocrinological and be-
havioral changes. Nonetheless, nutrition, genetic selection, and pharmacology can also
influence maturity at birth. Similarly, factors leading to the activation of the hypothalamic–
pituitary–adrenal axis (HPA) [18], increasing the catecholamine and cortisol concentrations
either in the fetus or the newborn animal [19], will cause changes in blood flow that will
ultimately compromise the newborn’s thermoregulation capacity [20].

Determined mainly by physiological maturity, mammals can be classified into altricial
and precocial species (see Section 3). Although altricial and precocial newborns have several
mechanisms to maintain a stable body temperature [21,22], a sudden drop in temperature
experienced at birth reduces vigor and affects their feeding ability. Consequently, the
acquisition of immunoglobulins and the ingestion of nutrients that fuel thermogenesis are
compromised [23–28].

Thermoregulation is one of the most complex mechanisms of the organism and a
critical factor for the survival of newborn non-human mammals. However, it is not always
well understood due to interspecies differences. Therefore, the present review aims to
discuss the mechanisms of thermoregulation in domestic mammalian newborns, highlight-
ing the differences between altricial and precocial species. The main thermoregulation
mechanisms among domestic mammals (i.e., use of BAT activation, shivering, dermal
vasomotor control, and thermoregulatory behaviors) will be analyzed to understand their
physiology. Additionally, the importance of implementing diverse techniques, such as
infrared thermography, that evaluate and promote thermoregulation and survival in the
critical post-birth period of mammals will be reviewed.

2. General Thermoregulatory Mechanisms Triggered at Birth

In many species, the drop in temperature experienced at birth induces an immediate
compensatory response by the neonate to modify the physiological parameters and to avoid
further heat loss. It has been described that when the neonate experiences a drop of up
to 2 ◦C in body temperature—in the case of piglets and ruminants—the body is triggered
to use thermogenesis mechanisms coordinated by the Nervous System (NS) [25,29,30].
The thermoneutral zone is the temperature range in which an animal’s body temperature
remains within the normal physiological range, being able to regulate either heat loss or
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heat production with minimal effort [31]. Further, endothermy or homeothermy is a state
associated with thermogenesis, initiated by hypothalamic activation, which aims to reduce
heat loss or increase heat production [32,33].

Exposure to cold temperatures or when the environmental temperature changes
from the thermoneutral zone (below the low critical temperature) induces the response of
peripheral thermoreceptors located at the dermal level. Transient potential receptors (TRP)
TRPM8 and TRPA1 are activated at temperatures below 27 ◦C and 17 ◦C, respectively [34,35].
These TRP transduce the thermal stimulus and transmit through the primary sensory fibers,
such as the A-beta, A-delta, and C fibers, which conduct the thermal sensation to higher
brain structures, such as the hypothalamus, specifically in the POA, a structure that also
receives thermal signals from the solitary tract [36].

The preceding allows the understanding that the successful compensation of hypother-
mia largely depends on the degree of neurodevelopment of the structures that coordinate
the cited response.

Heat production is the generation of heat through intensified muscular activity or
shivering, or the production of metabolic heat through the breakdown of BAT, which is
generated mainly in the thorax or perirenal areas [12,14,22]. The regulation of shivering
involves structures that connect the POA with the lateral parabrachial nucleus, the dor-
somedial hypothalamus, the raphe pallidus, and motor neurons of the spinal cord [37].
Although shivering employs thermosensitive neurons in the POA and the spinal cord, these
neurons also activate mechanisms such as breaking down BAT. Banet et al. [38] determined
that the POA activation threshold is higher than for shivering in the case of BAT activation,
whereas the opposite case occurs in neuronal cells of the spinal cord, in which the threshold
for shivering is lower than for breaking down BAT. The above means that when a newborn
requires activation of BAT to produce heat, the neurons of the POA will be the first to
respond; in contrast, if the required mechanism is shivering, the neurons of the spinal cord
will play a primary role.

Additionally, it is mentioned that the presence of insulator fur makes animals less
susceptible to thermal losses than those with glabrous skin, such as human or pig new-
borns. In them, there is a greater heat production capacity per unit of body weight and a
smaller surface area about its weight [1]. However, BAT thermogenesis causes considerable
energy consumption, and the newborn resorts to the use of glucose and oxygen reserves
to produce heat, with the consequent risk of hypoxia, adynamia, hypoglycemia, and even
death, emphasizing the importance of early recognition of hypothermia in the neonate [39]
(Figure 1).

Another hypothalamic coordinated thermogenic response begins with reducing heat
loss through peripheral vasoconstriction before catecholamine neurosecretion (adrenaline
and noradrenaline). Vasoconstriction preserves the central temperature in organs with high
metabolic requirements, such as the brain [1]. Furthermore, in the case of the newborn
piglet, decreasing blood flow through vasoconstriction of the nearby skin capillaries helps
decrease corporal heat loss during convection exchange [25,36].

The thermoregulatory capacity during the postnatal stage will primarily be dependent
on the NS response to activating thermogenesis mechanisms and whether the species is
altricial or precocial. In both, the compensation strategies depend on the NS maturation
degree and the presence or absence of structures such as hair or fur or BAT activation,
which will be discussed in detail in the following sections.
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Figure 1. Neonate compensatory mechanisms in response to hypothermia. In newborns (illustrated
by a naked mole (Heterocephalus glaber) in this figure), when the peripheral receptors responsible
for the thermal sensation of cold are activated (e.g., TRPM8 and TRPA1), a neuronal response is
generated that involves spinal structures (DRG) and the brain. In the brain, the thermoregulatory
center (POA) receives the signal from the LPB. The POA has connections to the DMH, which,
in turn, is connected to the rRPA and the IML neurons. Once in the spinal cord, two responses
are produced through sympathetic efferents. Firstly, the innervation of blood vessels generates
vasoconstriction and heat retention; conversely, the sympathetic release of NE acts on the BAT
adrenergic receptors to produce heat. An additional response is shivering, a heat-generating process
that depends on the spinal cord’s somatic motoneurons and their terminals. These mechanisms
promote the production or retention of heat to protect the body from the consequences of hypothermia.
BAT: brown adipocyte tissue; DMH: dorsomedial hypothalamus; DRG: dorsal root ganglion; IML:
intermediolateral nucleus; LPB: lateral parabrachial nucleus; NE: norepinephrine; POA: preoptic area
of the hypothalamus; rRPa: rostral raphe pallidum; SS: somatosensory cortex; UCP1: uncoupling
protein 1; VM: ventromedial hypothalamus.

3. Morphoanatomical Differences Associated with Thermoregulation in Precocial and
Altricial Newborns

Neonates of precocial species are physically mature at birth, with fully functional
ears and eyes, fur-bearing [40], and do not require constant parental care or nest rearing.
The locomotion capacity of the precocial allows them to move and to immediately seek
the dam’s udder and start suckling after birth [41,42]. Being animals that show a greater
organic development, essential vital functions such as thermoregulation are facilitated [40]
since the organogenesis of structures such as the lung, liver, and brain are carried out in
utero [43].

In contrast, the offspring of altricial species are small-sized, compared to precocial
species, naked with little or no fur, with uncoordinated locomotion (Table 1). If they are
removed from the nest or the parents, or the parents are unable to feed them, their ther-
moregulation is affected because they cannot produce sufficient endothermy heat, resulting
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in hypothermic mortality [44]. However, enhanced postnatal plasticity is attributed to
altricial animals. For example, altricial species are born with incomplete maturation of
the nervous system and organs (e.g., the lungs) and a low metabolic rate, but these char-
acteristics are completed faster than precocial animals during the first days of birth [45].
Nevertheless, because this process takes days, they lack thermoregulatory capacity imme-
diately after birth, and they are susceptible to hypothermia [40]. Lambs have shown that
their thermoregulatory ability is present within the first 60 minutes after birth, unlike other
precocial species such as cattle calves or the altricial, such as puppies [5]. This difference
within precocial species arises from the physiological and morphological resemblance to
altricial species, when animals have reduced thermoregulatory capacity at birth, such as
piglets without an adequate amount of BAT, or newborn mice and rat pups, in which the
maturation of BAT coincides with the full functionality of the HPA, around seven days
after birth (Table 1) [46,47]. A similar case is seen in neonatal European rabbits (Oryctolagus
cuniculus) in which the expression of UCP1 depends on the environmental challenges
to thermoregulate, not only recurring to metabolic pathways through BAT activation but
behavioral changes such as huddling [48]. Figure 2 schematizes a comparison between altricial
and precocial rodents and the morphological differences that influence thermoregulation.
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Figure 2. Morphoanatomical differences in altricial and precocial newborn rodents and their influence
on thermoregulation. In altricial or underdeveloped Monodelphis domestica and Rattus norvegicus) and
precocial or physically mature species (Cavia porcellus, Acomys cahirinus), morphological characteristics
promote or hinder thermoregulation. The lack of fur, low amounts of BAT, uncoordinated locomotion,
and thin skin with capillaries close to the epidermis contribute to heat loss and susceptibility to
hypothermia in altricial species, contrarily to precocial species. BAT: brown adipose tissue; WAT:
white adipose tissue.

Neurologically, differences in brain growth and development between precocial and
altricial species are observed. The central nervous system maturation in altricial animals
depends mainly on the postnatal period because the hypothalamic structures are the main
thermoregulatory organs. During their fetal state, the brain reaches only 10% of its total
growth, in contrast to precocial animals in which it reaches up to 50% of its adult size [41]. In
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rats (Rattus norvegicus), maturation of the prefrontal cortex, with complete synaptogenesis
and myelination, occurs at approximately 90 days post-birth [49]. As a result, delayed
neural processing in altricial species delays the development of sensory and behavioral
skills that influence their ability to thermoregulate [41].

Table 1. Main mechanism of thermoregulation and its maturation time in different species. The
difference between altricial and precocial species depends on the degree of neurodevelopment which
can produce variations in time to achieve optimal thermoregulation between them. Precocial species
reach this capacity in the first hours after birth, while altricial species develop this ability between 20
and 45 days after birth.

Species Maturation Time Main Mechanism of Thermoregulation References

Precocial

Bos taurus calves 1 to 2 h after birth Non-shivering thermogenesis
Shivering thermogenesis

Vasomotor control
Postural changes

[18,50,51]

Piglets 4 to 8 h after birth
[25,52–56]

Lambs 1 to 5 h after birth Shivering and non-shivering [22]

Altricial
Rat pups 13 to 20 days after birth Postural changes [57–59]

Rabbits 9 to 11 days after birth Vasomotor control [60–62]

Kitten 45 days after birth Non-shivering thermogenesis [63]

The degree of muscle development, one of the thermoregulatory characteristics that
generate the shivering mechanism in newborns, is another factor that presents differences
between the offspring of altricial and precocial species [64]. Grand [41] has recorded
the force-to-weight ratio in the altricial and the precocial as 60% and 90%, respectively,
meaning greater motor and thermoregulatory independence in the latter. In the altricial,
the muscular resources for heat production, such as locomotion, piloerection, and shivering
are immature and do not participate until after three weeks of birth [65].

Similarly, skin thickness and the presence or absence of fur are relevant for thermoreg-
ulation, and they present differences between altricial and precocial animals. In altricial
species such as gray short-tailed opossum (Monodelphis domestica), the skin in which the
receptors in charge of perceiving thermal stimuli are located [66–68] has a thinness of
63.2 ± 2.2 µm [40], with an average range among marsupials of 36 to 186 µm [69]. In these
animals, many superficial capillaries are located near the epidermis, between 38.5 ± 1.4 µm
for M. domestica [40] and 30 to 35 µm in the case of the quokka wallaby (Setonix brachyurus),
an extreme case of altricial species, facilitating heat loss [70]. Additionally, there is a com-
plete absence of sebaceous and sweat glands and hair follicles [68], which, coupled with the
small body size, makes them susceptible to hypothermia, relying entirely on their mother
for thermoregulation. Additionally, the lack of insulator fur increases the area-to-mass
ratio and susceptibility to heat loss [71]. This ratio is known as an association where, for
example, small animals have a relatively larger surface area from where they can lose
or dissipate heat with respect to their volume, compared to larger animals [72]. Unlike
precocial species such as guinea pigs (Cavia porcellus) or the African spiny mouse (Acomys
cahirinus) [43] in which the young are born with fur, achieving a maximum heat production
rate of 70 ml/kg/min at ambient temperatures of 30 ◦C [73]. In lambs, heat production
depends on shivering and non-shivering thermogenesis. The ability of lambs to cope with
cooling environments has shown differences between individuals and may be related to
genetic and phenotypic factors such as properties of the coat (wool), body weight, and
skin. Body weight would be particularly important because of the effects and relationship
between surface area and volume ratios [22].

Lastly, the primary mechanism of heat production in neonates is BAT activation;
however, the perinatal development of BAT differs among species. Precocial animals
such as guinea pigs, lambs, and cattle calves, are born with a well-developed BAT that
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atrophies rapidly, and it is replaced by white adipose tissue (WAT) within a short time
during the postpartum period [74,75]. In contrast, altricial species are born with little
or no BAT, whose deposition increases when exposed to low temperatures during the
first weeks of birth [75], and they are the primary source of metabolic heat [66]. In mice
(Mus musculus), this happens at approximately two weeks of birth [76]. Analysis from
days 0 to 120 after birth has reported that the interscapular BAT’s weight increases from
approximately 10 mg to almost 60 mg, respectively, to be replaced later by WAT [77]. This
replacement or atrophy of BAT depends on the species. In rabbits (O. cuniculus), ovine
(Ovis aries), bovines (Bos taurus, Bos indicus), and goats (Capra hircus), BAT disappears
within a month, from 2 to 3 days in rabbits and ovine and from 2 to 6 days after birth
in bovines [75]. A particular case among precocial species is in pigs (Sus scrofa). Despite
having independent locomotion within a few minutes of birth [78], piglets are highly
susceptible to hypothermia due to their large surface/body mass ratio [56], their little
subcutaneous fat, and the fact that they are born wet and hairless [79]. In particular, the
wet surface of newborns due to amniotic or placental fluids can promote hypothermia, as
described in piglets by Malmkvist et al. [80], influencing or enhancing the cooling effect on
the skin and heat loss by evaporation immediately after birth [81].

To sum up, the morphological characteristics of the animals at birth will dictate
their thermoregulatory capacity, either facilitating or altering it. For this reason, it is
necessary to understand the specific precocial and altricial mechanisms used to preserve
body temperature before we introduce any intervention to prevent neonatal hypothermia.

4. Thermoregulatory Mechanisms in Altricial and Precocial Species
4.1. Brown Adipose Tissue Activation (BAT)

Among the three types of adipose cells found in mammals (brown, white, and beige),
BAT represents the least abundant but the one with the greatest thermogenic capacity,
especially at birth [82]. Nonetheless, its quantity depends on the fetal development during
gestation, the species (altricial or precocial), and the deposited anatomical site [83].

Unlike WAT, BAT has more mitochondria, high cytochrome Cc content, a vast vascu-
lar network [22,84], and BAT activation is mediated by uncoupling protein 1 (UCP1) [8].
UCP1s respond to the secretion of norepinephrine (NE) released by the sympathetic nerves
and its action on β3 adrenoreceptors, whose effect is reversible through vagal stimula-
tion (parasympathetic) [11,85]. Among other actions, NE promotes the proliferation of
preadipocytes, the differentiation of mature adipocytes, regulates the expression of genes
that encode UCP1, and increases mitochondrial mass. Altogether, NE actions contribute
to heat generation through ATP synthesis by UCP1 [86] and lipolysis [87]. In the case
of altricial species such as laboratory rodents, the relative percentage of BAT and white
adipocytes can vary, depending on environmental and nutritional conditions, sex, and age.
However, its remarkable plasticity allows retroperitoneal WAT to transform to BAT when
exposed to cold [88].

An example of this was reported in 27 newborn deer mice (Peromyscus maniculatus)
kept at a temperatures of 5 ◦C. BAT utilization increased by 42% (measured in terms of
oxygen consumption), suggesting it is the only mechanism responsible for maintaining
thermal stability during the first days of life [89]. Likewise, prenatal exposure to tem-
peratures of 15 ± 4.2 ◦C on a female Darwin´s leaf-eared mouse (Phyllotis darwini) was
shown to improve the thermoregulatory capacity of neonates, achieving higher body tem-
peratures (32.3 ± 2.41 ◦C) compared to animals acclimated to an ambient temperature of
30 ◦C, which can be attributed to higher amounts of BAT and the increased expression
of UCP1 in adipocytes [45]. Nevertheless, the characteristics and the properties of BAT
may differ between lines of the same species. In a comparative study between B6 and A/J
mice, it was found that cold stress only induced BAT activation in A/J mice due to genetic
variability in the expression of UCP1 and adipogenesis. B6 mice are an inbred strain used
to study obesity, a trait associated with BAT [90], while A/J mice are another strain with
susceptibility to obesity and, together with B6 mice, have shown regional differences after
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adrenergic stimulation of UCP1 [91]. In B6 mice, a resistance of BAT induction has been
reported by adrenergic stimulation, contrary to the A/J strain. In A/J mice, the UCP1
expression in the retroperitoneal fat at 60 days of age was higher than in B6 mice, with an
induced activity of 71%, more active than interscapular BAT. In contrast, in B6 mice, the
presence of BAT was lower than that found in A/J mice at one month of birth [77].

Additionally, the mother’s diet and body condition have also been associated with the
functionality and pre- and post-natal development of BAT. A study with female C57/BL
mice of 10 to 12 weeks of age observed that obese mothers fed a high-fat diet presented
a deficient activity of BAT as a thermoregulator, where the activation and the expression
of UCP1 and other proteins responsible for lipolysis had a lower oxygen consumption. In
contrast, a deficient BAT activation was not observed in mice from dams with balanced
diets [92].

On the other hand, species that are born with a low birth weight in relation to the
average birth weight of the species or breed, like canine puppies, are more exposed to
hypothermia because they have less adipose tissue. Moreover, when there is competition
with littermates for access to a nipple/teat or a deficiency in colostrum intake at birth,
there is a higher risk of hypoglycemia, which has important repercussions on neonatal
survival [93,94].

Precocial animals, such as ruminants usually present a greater development of ther-
moregulatory mechanisms at birth, allowing them to maintain a constant body temperature,
even in cold environments [30]. In these species, non-shivering thermogenesis is the most
used mechanism in neonates. For example, in lambs (O. aries), approximately half of the
cold-induced summit metabolic rate comes from non-shivering thermogenesis. The pres-
ence of metabolic-active BAT during the early postnatal period is essential [95]. However,
adipose tissue distributed in the pre-scapular, inguinal, and prerenal regions represents
only 2% of the total body weight [85,96].

The thermogenic activity has been measured in perirenal adipose tissue from newborn
lambs (O. aries) for up to 33 days. In these animals, the impact of cold acclimatization
of the pregnant dams can influence the thermogenic capacity of the offspring. In lambs
from mothers exposed to cold climates, they had a 21% greater perirenal fat, increased
metabolic activity (40%), and higher oxygen consumption in cold temperatures (16%).
Additionally, the thermogenesis responses of these lambs were due solely to non-shivering
thermogenesis, in contrast to lambs from dams not climatized to the cold [97]. The activation
of BAT tissue responds to an increase in blood levels of cortisol, NE, and epinephrine. These
catecholamines bind to beta-3-adrenergic receptors located in BAT, activating the UCP1 in
the inner mitochondrial membrane. UCP1 and thermogenin increase the H+ ion flux at
the mitochondrial level without ATP production [35]. Similarly, during birth, the plasma
levels of hormones such as triiodothyronine (T3) and thyroxine (T4), triggered by the
release of thyroid-stimulating hormone (TSH), increase metabolic consumption of adipose
tissue to produce non-shivering thermogenesis [29]. In lambs, Schermer et al. [98] studied
the thermoregulatory capacity of newborn lambs with fetal thyroidectomy. According
to Litten et al. [99] and Silva [100], the thyroid hormone pathway for heat production is
more developed in precocial species. Thyroid hormones are critical for the generation and
the maintenance of body basal temperature (BBT), and even slight changes in hormone
levels can affect BBT [100]. It has been observed that minor changes in thyroxine (T4)
concentrations significantly impact body temperature [100,101]. BAT contains multiple
enzymes called deiodinases, essential for converting T4 to active triiodothyronine (T3). In
other words, BAT can generate T3, which is crucial for producing ATP and heat [102]. When
exposed to cold stimuli, the enzyme 5-deiodinase type II is activated, converting T4 to T3.
However, if T3 is not produced, UCP1 synthesis is blocked, leading to hypothermia [103].

Due to the influence of thyroid hormones in thermoregulation [99,100], thyroidec-
tomized animals presented lower colon temperatures (up to 2.35 ◦C) than control animals.
For example, Berthon et al. [104] found that in pigs, lower plasma levels of T4 are present
in animals with a lower rectal temperature after birth. Likewise, the thyroidectomized
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animals had a lower oxygen consumption rate and a higher incidence of shivering thermo-
genesis, which coincides with a lower activity of the perirenal adipose tissue, lower levels
of uncoupling protein, and a higher lipid content.

In most mammals, concurrently with non-shivering thermogenesis, colostrum intake
in the first hours of life represents an energy resource that contributes to maintaining a
stable temperature in neonates [2]. In particular, the nutrients present in colostrum provide
water, bioactive compounds, growth factors, digestive enzymes, and immunoglobulins,
and one of its main roles during the first days after birth is the supplement of energy in the
form of kcal/L. Although it is said that the nutritional properties of colostrum and milk are
similar during the first days of life, the energy value of colostrum can be 20–30% higher
than the values registered after three days or two weeks [105]. Additionally, colostrum
intake and glucose absorption prevent hypoglycemia due to the low fat and glycogen
storage in newborns [106], maintaining normal glucose levels that can support thermogen-
esis [107]. For example, in calves, colostrum provides large amounts of glucose and amino
acids, equivalent to 6.7 MJ/g, that can be used to produce heat [29,108]. Piglets (S. scrofa)
are a species born with low amounts of BAT; their main ways of heat production rely on
shivering and colostrum intake shortly after birth [23]. Furthermore, several molecular (e.g.,
the presence of uncoupling proteins 1, 2, or 3, the responsible for non-shivering thermogen-
esis), ultrastructural (e.g., number of mitochondria in longissimus thoracis and rhomboideus
muscle per unit tissue area), biochemical (e.g., fat oxidation, mitochondrial processes),
physiological, and metabolic adaptations in the maturation of the energy production of
the musculoskeletal system in piglets are an adaptive thermoregulatory mechanism [23].
Additionally, newborn piglets use their body fat and glycogen stores to survive in the first
12 to 24 h after birth [109].

On the other hand, the fetal development of BAT, the mother’s diet during gestation,
and the influence of hormones such as melatonin have been shown to influence the ther-
moregulation capacity of the newborn. The case of 5 to 6-day-old lambs born from dams
with low melatonin profiles and exposed to 4 ◦C showed a reduction in BAT tempera-
ture of approximately 39.8 ◦C compared to the control group of 40 ◦C and elevated NE
concentrations greater than 1000 pg/ml, as a result of thermal stress [110].

Thermogenesis by BAT activation is essential in the neonate of most species, and it is also
essential in hibernating animals such as American black bears (Ursus americanus) [111,112],
which represents the first resource during the postnatal period. However, for species
with limited energy reserves at birth, such as newborn piglets with low amounts of BAT
or rodent pups with non-fully developed interscapular BAT, colostrum intake and other
mechanisms to preserve heat are critical to prevent hypothermia.

4.2. Shivering

Shivering is the universal thermogenic mechanism through the repetitive and rapid
contraction of the skeletal muscle when the body is exposed to cold environments or when
there is hypothermia. The muscle fibers are from resistant aerobic muscles that can produce
repeated contractions [113]. This process utilizes the oxidation of carbohydrates, lipids,
and proteins obtained from muscle reserves and the circulating blood [114].

Despite being a mechanism for heat production, shivering includes consequences such
as an increase in oxygen consumption of up to 20-fold, increasing the aerobic capacity
of muscle fibers, and leading to fatty acid oxidation [113]. Other consequences include
an increased intracranial pressure and metabolic demand, causing poor ventilation syn-
chronization [115]. This hypoxic effect has been reported in newborns. For example, in
deer mice (P. maniculatus), high-altitude habitats (4350 m.a.s.l.) reduce the capacity to
generate heat by shivering. The capacity is reduced by 30%, and only when deer mice pups
reach 27 days-old do they develop an aerobic muscle phenotype, predisposing them to
hypothermia and mortality. However, this characteristic is also considered a physiological
adaptation to reduce energy expenditure by thermoregulation [116].
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One of the main differences in thermogenic capacity through shivering between altri-
cial and precocial species is caused by species-specific morphological features. For example,
the intensity of shivering depends on the percentage of body fat, the surface-to-volume
ratio, and the ATP necessary to maintain contractions [114]. In the case of dogs, the mecha-
nism of shivering thermogenesis is poor or absent, having a greater risk of hypothermia.
Additionally, dog puppies (Canis lupus familiaris) have only 1.3% body fat [117]; therefore,
they rely on milk intake and constant maternal care to properly thermoregulate [118,119].
A similar case is seen in cubs of polar bears (Ursus maritimus), where they are born in
temperatures as low as −25 ◦C. Over time they increase the ability to shiver, improve their
insulation traits and, in some cases, develop BAT [120], or resort to other methods such as
vasomotor control to maintain an adequate body temperature.

As stated before, thermogenesis through rapid and oscillating muscle contractions or
twitching of skeletal muscle is an involuntary mechanism that produces energy released
in heat [35]. Although for most precocial species it is the most efficient method for heat
production and thermal equilibrium when exposed to cold environments [50], it cannot be
used as a primary method due to the immaturity of the muscle tissue observed in some
species, such as ruminants) [30].

In this sense, shivering heat production in piglets has been associated with a decrease
in muscle glycogen up to 47%, as well as a decrease in total lipid content, a decrease in
lactate in blood, and better muscle cytochrome oxidase activity (by 20% more), indicating
the increase in muscle potential with exposure to cold [121].

According to Alexander and Williams [122], in one-day-old Merino lambs and one-
month-old lambs, the mechanisms of thermogenesis by shivering, in comparison with the
mechanisms that use BAT, are considered the basis of its thermoregulation in the first days
of life. Similarly, shivering is considered a complementary mechanism activated in the first
four days of birth because newborns suffer rapid thermoregulatory alterations when the
adipose tissue is insufficient to maintain thermal comfort [97].

On the other hand, in piglets exposed to low temperatures (25 ◦C), thermogenesis by
shivering increased its activity. However, their temperatures remained slightly lower than
newborns exposed to thermoneutral temperatures (34 ◦C) [121]. In a recent study, Schmitt
et al. [123] evaluated the piglets’ thermoregulation efficiency from two divergent lines for
the residual feed intake (high feed efficiency and less feed efficiency). Rectal temperature,
infrared thermography of ear base and tip and back were recorded. Vigor, evaluated
by respiration, mobility, vocalization, and morphology, was also registered by weight,
length, width, and circumference. The authors observed that both vigor and morphology
did not vary between piglet lines, but it was possible to observe a greater weight gain
in the efficient lines (7.1 ± 1.3 g) compared to the less efficient (3.6 ± 1.3 g). Likewise,
animals with a higher efficiency had a lower temperature in the ear region (24.7 ± 0.37 ◦C
vs. 26.3 ± 0.36 ◦C). All of the above allows us to establish that thermogenesis through
shivering is a mechanism that depends on the type of muscle fiber of the newborn. In this
process, efficient feeding is essential since neonates use their feed intake as a source of
energy to maintain vital function and, consequently, survival. However, if the source of
hypothermia is not addressed, continued shivering can have adverse consequences for the
neonate.

4.3. Vasomotor Control

Another sympathetic-dependent response to hypothermia is vasomotor shifts in the
peripheral circulation [124]. When exposed to a cold stimulus, the cold-sensitive neurons
located in the POA and the activation of the HPA axis induce the secretion of catecholamines
(epinephrine and NE) and other neurotransmitters such as neuropeptide and ATP [35].
Consequently, they activate receptors in the blood vessels to produce vasoconstriction [125,
126] to divert blood flow from the limbs or peripheral structures to vital organs [127–129].
Solomon et al. [130] demonstrated this in four Long Evans rats (Rattus norvegicus) subjected
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to motility frustration (e.g., not being able to use an activity wheel). These animals showed
restlessness, and the stress caused low paw temperatures due to sustained vasoconstriction.

In precocial species, some differences in thermoregulation between breeds have been
reported. In pigs (S. scrofa), 2 to 4-hour-old Meishan piglets (Sus domesticus) have greater
development at birth than piglets of the European breed. For example, in Meshian piglets,
cardiovascular responses to cold (vasoconstriction) were observed on birth/1 day/2 days
after birth. In contrast, in Pietrain, Landrace, and Large White crossbred piglets, the
vasomotor response capacity was not observed until five days after birth [56]. However,
these differences cannot only be associated with the vasomotor response. Renaudeau
et al. [131] have studied the thermoregulatory differences between European (Large White)
and Caribbean (Creole) pigs regarding breed, season, and skin histology. The authors
found that the dermis of Creole pigs was thicker than Large White (3.60 vs. 3.13 mm) and
they had a higher density of sweat glands (32.0 and 25.4 glands per mm2, respectively).
Although these traits can be associated with enhanced adaptability of Creole pigs as a heat-
tolerant breed, they may also influence the thermoregulatory efficiency in piglets during
the first days of life or the growing stage, but this research needs further studies [132]. As a
possible assessment of this vasoconstriction during hypothermia, infrared thermography
(IRT) has been implemented, which reflects the peripheral blood flow through the emitted
radiation [133].

Kammersgaard et al. [134] evaluated the thermal response in 91 newborn piglets under
three different environmental temperatures (15 ◦C, 20 ◦C and 25 ◦C) through IRT and rectal
temperature from birth to 48 h after parturition. They observed a positive correlation
between the ear and rectal body temperature. For example, when the piglet’s IRT indicated
a temperature of 30 ◦C, the rectal temperature was 32 ◦C or less, with an IRT confidence
of 91.3%. Similarly, McCoard et al. [135] evaluated the thermal response by IRT and rectal
temperature after birth in 10 newborn lambs. Continuous thermograms were recorded
during the evaluation of a 30-min sequential baseline (11–18 ◦C), 30-min cold exposure
(0◦ C), and 30-min recovery (11–18 ◦C) time evaluation. They observed that the rectal
temperature decreased between 0.4–1 ◦C from the baseline to the end of the recovery
period, while there were no changes in IRT during the baseline event. Five minutes after
cold exposure, a rapid decrease of 5 ◦C was observed. These authors attribute that the
observed linear thermal response is due to the change in surface blood flow in response to
cold to preserve heat. This result makes it possible to suggest IRT as a valuable tool because
of its non-invasive nature and the correlation between the decrease in peripheral blood
flow caused by hypothermia.

4.4. Behavior and Postural Changes

Besides the metabolic and physiological mechanisms of thermoregulation, animals
perform certain behaviors and postural changes to minimize heat loss [136]. Some ex-
amples are warmth seeking, nesting, burrowing, huddling, basking, and calling for the
mother [40,137].

Most of the thermoregulatory behavioral changes observed in animals are innate
activities. However, there is evidence that learning is another adaptative mechanism to
adverse environmental conditions, as observed in rats who have shown their capability to
learn and light lamps to generate heat [138]. It is believed that these behavior and postural
changes involve the activation of the POA; however, it has not yet been established [11].
In pigs (S. scrofa), it has been observed that adopting postures such as huddling with
littermates [139] or assuming a sternal position reduces the contact surface with the ground
and prevents heat loss at birth [25]. In European rabbit kits (O. cuniculus), the most frequent
behaviors are huddling, rooting, climbing, and maintaining close contact with the rest of
the littermate. These behaviors seek to retain a better position within the nest, ensuring
a source of heat and food [62]. In this same sense, García-Torres et al. [140] have studied
the relationship between BAT, triglyceride concentrations, and huddling of the chinchilla-
strain rabbits (O. cuniculus, F. domestica). In this study, the authors determined that BAT
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is the main activation mechanism of thermogenesis in newborn rabbits, and that posture
changes are vital in preserving their body temperature. They reported that kits positioned
on the group’s periphery had lower BAT reserves and low triglyceride concentrations
(101.7 ± 24.8 mg/dL), suggesting that these animals were exposed to a greater thermal and
metabolic challenge than the rabbit neonates found in central positions. IRT is a tool not
limited to evaluating vasomotor thermoregulation mechanisms, and there are reports that
this tool can record BAT or muscle activity in laboratory animals in different settings [141].
Figure 3 shows the author’s preliminary findings in concordance with those reported by
García-Torres et al. [140] on the effect of huddling and animal position inside the nest.
In this figure, Wistar rat pups and New Zealand rabbit (O. cuniculus) pups are shown
to represent altricial species and the effect that central or peripheral position has on the
superficial temperature of newborn rodents and lagomorphs. As stated previously, postural
changes such as adopting a central position are a thermoregulatory mechanism that prevent
heat loss and facilitate heat conduction by the presence of littermates and even the dam.
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Figure 3. Huddling behavior in newborn Wistar rats (R. norvegicus) and New Zealand rabbit pups (O.
cuniculus). (A) Thermoregulatory effect of huddling and the influence of the position within the nest
in 1-day-old rat pups. The surface temperature of one of the rats in a central position, measured in
the dorsal interscapular region (Bx1), shows a maximum, a minimum, and an average temperature of
37.3, 36.8, and 37.0 ◦C, respectively. In contrast, the temperatures of one rat pup in the nest periphery
(Bx2) registered a maximum value of 36.7 ◦C, a minimum of 36.1 ◦C, and an average of 36.4 ◦C.
(B) 1-day-old New Zealand rabbit pups huddling with conspecifics (Bx1) in a central position are
observed as a white tone in the thermogram. A reddish-yellow tone is observed in newborn rabbits
positioned in the group periphery (Bx2). Between central and peripheral positioned rabbit neonates,
a difference of up to 2.3 ◦C in the minimum temperature (39 vs. 36.7 ◦C) and an average difference
of up to 0.6 ◦C were recorded. These values measured through infrared thermography provide
information on the importance of neonate rodents and leporids’ behaviors to preserve heat and to
maintain a stable body temperature. The authors took the thermographic images with a FLIR E80
camera with an 18 mm FOL lens at a resolution of 320 × 240 pixels and the ability to accurately
measure temperatures from −20 ◦C to 550 ◦C/−4◦F to 1022◦F (emissivity = 0.95, distance = 30 cm).

In precocial species such as lambs, behavior at birth greatly contributes to their ther-
moregulation. One of its first reflexes is standing from the floor and seeking the udder to
suckle and to consume colostrum. Getting up off the ground reduces heat loss, while the
vitality and they speed with which the newborn finds the nipple promote early colostrum
intake necessary for energy production [2]. Unlike lambs, kids (newborn goats) are con-
sidered more sensitive to hypothermia during the first hours of life. Giannetto et al. [142]
have reported in Maltese kids that the circadian system is the predominant mechanism
for maintaining homeostasis after birth due to the development of this system and the
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genetic and phenotypic differences with lambs. In newborn piglets, vitality, and suckle
capacity influence their survival rate after birth and determine their thermoregulation
efficiency [143]. Together with animals’ weight and size, vitality influences thermoregula-
tion [144]. Moreover, it has been reported in newborn moose (Alces alces) that, in addition to
the amount of BAT present at birth, newborns require feeding an average of 8 times a day
in 130 second sessions to obtain nutrients and to thermoregulate [145]. Similarly, blue foxes
(Alopex lagopus) in artic environments can reduce heat loss through postural and behavioral
changes, increasing metabolic heat production to prevent heat transfer from the core to the
surface [146].

4.5. Diving Air-Breathing Marine Vertebrates

Air-breathing marine vertebrates need to maintain thermal homeostasis in an oxygen-
limited aquatic environment. That is why these animals, thanks to their phylogeny and
thermoregulatory adaptations, have managed to survive in environments with changing
temperatures using morphological, physiological, and behavioral traits [147–149]. Sirenians,
for example, are the only herbivorous marine mammals with relevant thermoregulatory
implications. They have a very slow metabolism, limiting their capacity for thermogenesis
and making them sensitive to cold [150]. Marine mustelids and ursides are also exposed to
extreme climatological challenges. Small marine mammals such as otters (Enhydra lutris)
inhabit places with cold temperature climates to subarctic waters, while polar bears (Ursus
maritimus) live in the arctic [151]. Another example is penguins (Aptenodytes patagonicus),
which with their adaptations can lower their abdominal and subcutaneous temperature to
−25 ◦C and then return to their normal temperature through subsequent rewarming [152].
We can observe that all these species have something in common: their evolutionary
adaptations that have allowed them to survive in extreme temperatures.

5. Opportunity Areas and Application of IRT as an Evaluation Tool to Help the
Intervention of Animals Cope with Neonatal Hypothermia

IRT has shown that it allows evaluating the thermal state of animals when exposed
to extreme environmental conditions, but also in the newborn it allows monitoring each
of the thermoregulatory mechanisms during hypothermia [25,134]. Its non-invasive and
real-time monitoring properties make it an alternative for evaluating the body’s response
to hypothermia in different species [153–155]. For example, Figure 4 shows a comparison
between thermograms taken 60 min after birth in a precocial (water buffalo newborn calf)
and an altricial animal (newborn puppy dog). According to their characteristics and neu-
rodevelopment, precocial species such as water buffalo can stand up almost immediately
after birth [41]. This ability prevents heat loss by contact with a surface, resulting in higher
superficial temperatures, as shown in the buffalo thermogram. In contrast, at the same time
after birth, altricial animals such as newborn dogs are not able to incorporate or actively
seek the teat until day 21 [156], and their limited thermoregulatory capacity is reflected in
the lower superficial temperatures shown in the B thermogram.

IRT has been suggested as a tool that could evaluate the compensatory thermal
response to hypothermia in different species such as dogs, pigs, and ruminants [25,119,135].
In this sense, IRT could help to identify hypothermia in the newborn early and assess the
continuous heat loss during the postnatal period. In the same way, it has been observed
that IRT helps to evaluate the organism’s adaptation towards hypothermia in litters of
female desert hamsters (Phodopus roborovskii). At birth, their surface temperature was
similar to that of the environment (21 ◦C) due to their low body mass. In contrast, after
15 and 16 days, their body mass increased to 5.5 ± 0.2 g and 5.8 ± 0.2 g, respectively,
facilitating metabolism and heat production [44]. The same effects have been observed in
species that resort to a state of hibernation but cannot compensate for their temperature
in environments where the cold is extreme. As a result, IRT has been suggested as a way
to identify a state of severe hypothermia [157]. Some authors report the usefulness of
IRT in assessing the thermal state of neonates [134,158], and some results show a positive
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correlation between thermal response and rectal temperature [36,123]. However, the results
are not as conclusive. For example, it has been reported that ocular temperature has no
association with rectal values [159]. Soerensen and Pedersen [160] mentioned that although
the temperature of the base of the ear, eyes, and udder has a high correlation with rectal
temperature, factors such as age and biological status can alter its reading. Therefore, IRT
may not be able to accurately assess body temperature with precision, but it is considered a
valuable tool to assess changes in superficial temperature [134,159].

Vet. Sci. 2022, 9, x FOR PEER REVIEW 14 of 22 
 

 

thermoregulatory implications. They have a very slow metabolism, limiting their capacity 

for thermogenesis and making them sensitive to cold [150]. Marine mustelids and ursides 

are also exposed to extreme climatological challenges. Small marine mammals such as 

otters (Enhydra lutris) inhabit places with cold temperature climates to subarctic waters, 

while polar bears (Ursus maritimus) live in the arctic [151]. Another example is penguins 

(Aptenodytes patagonicus), which with their adaptations can lower their abdominal and 

subcutaneous temperature to −25 °C and then return to their normal temperature through 

subsequent rewarming [152]. We can observe that all these species have something in 

common: their evolutionary adaptations that have allowed them to survive in extreme 

temperatures. 

5. Opportunity Areas and Application of IRT as an Evaluation Tool to Help the Inter-

vention of Animals Cope with Neonatal Hypothermia 

IRT has shown that it allows evaluating the thermal state of animals when exposed 

to extreme environmental conditions, but also in the newborn it allows monitoring each 

of the thermoregulatory mechanisms during hypothermia [25,134]. Its non-invasive and 

real-time monitoring properties make it an alternative for evaluating the body's response 

to hypothermia in different species [153–155]. For example, Figure 4 shows a comparison 

between thermograms taken 60 min after birth in a precocial (water buffalo newborn calf) 

and an altricial animal (newborn puppy dog). According to their characteristics and neu-

rodevelopment, precocial species such as water buffalo can stand up almost immediately 

after birth [41]. This ability prevents heat loss by contact with a surface, resulting in higher 

superficial temperatures, as shown in the buffalo thermogram. In contrast, at the same 

time after birth, altricial animals such as newborn dogs are not able to incorporate or ac-

tively seek the teat until day 21 [156], and their limited thermoregulatory capacity is re-

flected in the lower superficial temperatures shown in the B thermogram. 

 

Figure 4. Thermographic evaluation in altricial and precocial neonates. (A) Dry newborn water buf-

falo calf (Bubalus bubalis) thermogram. The maximum temperature (shown as a white color in the 
Figure 4. Thermographic evaluation in altricial and precocial neonates. (A) Dry newborn water
buffalo calf (Bubalus bubalis) thermogram. The maximum temperature (shown as a white color in
the thermogram) is observed in the facial and thoracic region, while the coolest temperatures (color
green and yellow) are observed in the forelimbs and hindlimbs. (B) Dry newborn puppy (Canis lupus
familiaris) thermogram. The maximum temperature can be seen in the cranial region of the thoracic
and pelvic limbs (white color), while the back and the facial region (yellow color) and the nose (green
color) of the newborn represent the coolest regions. (C) The graph exhibits the maximum, minimum,
and average temperatures of the water buffalo newborn calf’s thoracic, abdominal, forelimb, and
hindlimb areas. (D) The graph displays the newborn puppy’s maximum, minimum, and average
temperature in the thoracic, abdominal, forelimbs, and hindlimb areas. A significant difference
between the temperatures of both species can be recognized, where the water buffalo newborn calf
has the highest values regardless of the evaluated region. Both thermograms were recorded at minute
60 post-birth to compare the thermoregulatory ability of a precocial animal (water buffalo neborn
calf) and an altricial animal (puppy dog). The authors took the thermographic images with a FLIR
E80 camera with an 18 mm FOL lens at a resolution of 320 × 240 pixels and the ability to accurately
measure temperatures from −20 ◦C to 550 ◦C/−4 ◦F to 1022 ◦F (emissivity = 0.95, distance = 30 cm).

IRT has also been used in maternity pens to evaluate the influence of the pen char-
acteristics (e.g., ventilation systems) on the thermal response of sows and piglets. Dela
Ricci et al. [161] found that ventilation and roof sprinkles did not reduce the superficial
temperature of sows during summer, meaning that the roof design and the material were
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not providing an adequate heat flow. Additionally, Labeur et al. [162] have determined
that the body region used to assess IRT in ewes shorn during pregnancy influences the
neonate’s results. In lambs, 4 hours after birth, the maximum and the average temperatures
were located in the hip, and it was found that lambs born from shorn ewes maintained an
adequate surface temperature when compared to the control animals, suggesting a better
development of BAT in these animals.

6. Conclusions

One of the situations that can affect the survival of newborns is low temperatures or
cold environments since their thermoregulatory system is limited in most cases. Neonatal
animals from altricial species are usually more likely to suffer from hypothermia due to their
reduced maturity/development at birth. On the contrary, precocial animals tend to adapt
more quickly to thermal changes at birth, except for individuals born with a lower birth
weight or difficulties during parturition that cannot have adequate access to colostrum. The
ability of newborn mammals to maintain their core temperature within normal parameters
is fundamental for their adaptation to the extrauterine environment and survival. That is
why understanding better the specific mechanisms used by each species will allow targeted
interventions to develop. Moreover, implementing thermoregulation monitoring tools,
such as IRT, would help to refine and to assess the success of targeted interventions to
prevent hypothermia and the consequences it can generate in neonatal mammals.

Author Contributions: Conceptualization, D.M.-R.; investigation, D.M.-R., R.M., K.L.-G., J.M.-B. and
D.V.-G.; writing—original draft preparation, D.M.-R., R.M., K.L.-G., J.M.-B., A.D-O., J.G.-P., P.M.-M.,
A.C.-A., A.O.-H., P.S. and D.V.-G.; writing—review and editing, D.M.-R., R.M., A.D.-O., K.L.-G. and
J.M.-B.; project administration, D.M.-R., D.V.-G., J.M.-B. and R.M. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Mellor, D.J.; Stafford, K.J. Animal welfare implications of neonatal mortality and morbidity in farm animals. Vet. J. 2004, 168,

118–133. [CrossRef] [PubMed]
2. Dwyer, C.M.; Conington, J.; Corbiere, F.; Holmøy, I.H.; Muri, K.; Nowak, R.; Rooke, J.; Vipond, J.; Gautier, J.M. Invited review:

Improving neonatal survival in small ruminants: Science into practice. Animal 2016, 10, 449–459. [CrossRef] [PubMed]
3. Kammersgaard, T.S.; Pedersen, L.J.; Jorgensen, E. Hypothermia in neonatal piglets: Interactions and causes of individual

differences. J. Anim. Sci. 2011, 89, 2073–2085. [CrossRef] [PubMed]
4. Nowak, R.; Poindron, P. From birth to colostrum: Early steps leading to lamb survival. Reprod. Nutr. Dev. 2006, 46, 431–446.

[CrossRef] [PubMed]
5. Vannucchi, C.; Rodrigues, J.; Silva, L.; Lúcio, C.; Veiga, G. A clinical and hemogasometric survey of neonatal lambs. Small Rumin.

Res. 2012, 108, 107–112. [CrossRef]
6. Indrebø, A.; Trangerud, C.; Moe, L. Canine neonatal mortality in four large breeds. Acta Vet. Scand. 2007, 49, S2. [CrossRef]
7. Mullany, L.C.; Katz, J.; Khatry, S.K.; LeClerq, S.C.; Darmstadt, G.L.; Tielsch, J.M. Risk of mortality associated with neonatal

hypothermia in southern Nepal. Arch. Pediatr. Adolesc. Med. 2010, 164, 650–656. [CrossRef]
8. Lawler, D. Neonatal and pediatric care of the puppy and kitten. Theriogenology 2008, 70, 384–392. [CrossRef]
9. Sibley, C.G.; Ahlguist, J. Phylogeny and Classsification of Birds: A Study in Molecular Evolution; Yale University Press: New Haven,

CT, USA, 1990; p. 976.
10. Rezende, E.L.; Bacigalupe, L.D.; Nespolo, R.F.; Bozinovic, F. Shrinking dinosaurs and the evolution of endothermy in birds. Sci.

Adv. 2020, 6, eaaw4486. [CrossRef]
11. Tan, C.L.; Knight, Z.A. Regulation of body temperature by the nervous system. Neuron 2018, 98, 31–48. [CrossRef]
12. Mendoza, K.; Griffin, J. Thermoregulation. In Encyclopedia of Behavioral Neuroscience; Elsevier: Amsterdam, The Netherlands, 2010;

pp. 400–404.
13. Mrowka, R.; Reuter, S. Thermoregulation. Acta Physiol. 2016, 217, 3–5. [CrossRef]
14. Lizarralde, P.; Gutiérrez, M.; Martínez, O. Alteraciones de la termorregulación. Emergencias 2000, 12, 197–207.
15. Nord, A.; Nilsson, J.F.; Sandell, M.I.; Nilsson, J.-Å. Patterns and dynamics of rest-phase hypothermia in wild and captive blue tits

during winter. J. Comp. Physiol. B 2009, 179, 737–745. [CrossRef] [PubMed]

http://doi.org/10.1016/j.tvjl.2003.08.004
http://www.ncbi.nlm.nih.gov/pubmed/15301760
http://doi.org/10.1017/S1751731115001974
http://www.ncbi.nlm.nih.gov/pubmed/26434788
http://doi.org/10.2527/jas.2010-3022
http://www.ncbi.nlm.nih.gov/pubmed/21317343
http://doi.org/10.1051/rnd:2006023
http://www.ncbi.nlm.nih.gov/pubmed/16824451
http://doi.org/10.1016/j.smallrumres.2012.05.013
http://doi.org/10.1186/1751-0147-49-S1-S2
http://doi.org/10.1001/archpediatrics.2010.103
http://doi.org/10.1016/j.theriogenology.2008.04.019
http://doi.org/10.1126/sciadv.aaw4486
http://doi.org/10.1016/j.neuron.2018.02.022
http://doi.org/10.1111/apha.12664
http://doi.org/10.1007/s00360-009-0357-1
http://www.ncbi.nlm.nih.gov/pubmed/19352685


Vet. Sci. 2022, 9, 246 16 of 20

16. Oliver, S.R.; Anderson, K.J.; Hunstiger, M.M.; Andrews, M.T. Turning down the heat: Down-regulation of sarcolipin in a
hibernating mammal. Neurosci. Lett. 2019, 696, 13–19. [CrossRef] [PubMed]

17. Pacheco-Cobos, L.; Rosetti, M.; Distel, H.; Hudson, R. To stay or not to stay: The contribution of tactile and thermal cues to
coming to rest in newborn rabbits. J. Comp. Physiol. A 2003, 189, 383–389. [CrossRef]

18. Roland, L.; Drillich, M.; Klein-Jöbstl, D.; Iwersen, M. Invited review: Influence of climatic conditions on the development,
performance, and health of calves. J. Dairy Sci. 2016, 99, 2438–2452. [CrossRef]

19. Travain, T.; Colombo, E.S.; Heinzl, E.; Bellucci, D.; Prato Previde, E.; Valsecchi, P. Hot dogs: Thermography in the assessment of
stress in dogs (Canis familiaris)—A pilot study. J. Vet. Behav. 2015, 10, 17–23. [CrossRef]

20. Bouwknecht, J.A.; Olivier, B.; Paylor, R.E. The stress-induced hyperthermia paradigm as a physiological animal model for anxiety:
A review of pharmacological and genetic studies in the mouse. Neurosci. Biobehav. Rev. 2007, 31, 41–59. [CrossRef]

21. Hanania, N.A.; Zimmerman, J.L. Accidental hypothermia. Crit. Care Clin. 1999, 15, 235–249. [CrossRef]
22. Plush, K.; Brien, F.D.; Hebart, M.L.; Hynd, P.I. Thermogenesis and physiological maturity in neonatal lambs: A unifying concept

in lamb survival. Anim. Prod. Sci. 2016, 56, 736–745. [CrossRef]
23. Herpin, P.; Damon, M.; Le Dividich, J. Development of thermoregulation and neonatal survival in pigs. Livest. Prod. Sci. 2002, 78,

25–45. [CrossRef]
24. Martínez-Burnes, J.; Mota-Rojas, D.; Villanueva-García, D.; Ibarra-Rios, D.; Lezama-García, K.; Barrios-García, H.; López-

Mayagoitia, A. Invited review: Meconium aspiration syndrome in mammals. CAB Rev 2019, 14, 1–12. [CrossRef]
25. Villanueva-García, D.; Mota-Rojas, D.; Martínez-Burnes, J.; Olmos-Hernández, A.; Mora-Medina, P.; Salmerón, C.; Gómez, J.;

Boscato, L.; Gutiérrez-Pérez, O.; Cruz, V.; et al. Hypothermia in newly born piglets: Mechanisms of thermoregulation and
pathophysiology of death. J. Anim. Behav. Biometeorol. 2021, 9, 21001. [CrossRef]

26. Mota-Rojas, D.; Martínez-Burnes, J.; Villanueva-García, D.; Trujillo, O.; Orozco, H. Animal welfare in the newborn piglet: A
review. Vet. Med. 2012, 57, 338–349. [CrossRef]

27. Ahmed, B.M.S.; Younas, U.; Asar, T.O.; Dikmen, S.; Hansen, P.J.; Dahl, G.E. Cows exposed to heat stress during fetal life exhibit
improved thermal tolerance. J. Anim. Sci. 2017, 95, 3497–3503. [CrossRef]

28. Monteiro, A.; Tao, S.; Thompson, I.; Dahl, G. In utero heat stress decreases calf survival and performance through the first
lactation. J. Dairy Sci. 2016, 99, 8443–8450. [CrossRef]

29. Kozat, S. Hypothermia in newborn calves. J. Istanbul Vet. Sci. 2018, 2, 30–37. [CrossRef]
30. Rowan, T.G. Thermoregulation in neonatal ruminants. BSAP Occas. Publ. 1992, 15, 13–24. [CrossRef]
31. IUPS. Thermal Commission Glossary of terms for thermal physiology. Jpn. J. Physiol. 2001, 51, 245–248.
32. Farmer, C.G. Parental care: The key to understanding endothermy and other convergent features in birds and mammals. Am. Nat.

2000, 155, 326–334. [CrossRef]
33. Ivanov, K. The development of the concepts of homeothermy and thermoregulation. J. Therm. Biol. 2006, 31, 24–29. [CrossRef]
34. Latorre, R.; Brauchi, S.; Madrid, R.; Orio, P. A cool channel in cold transduction. Physiology 2011, 26, 273–285. [CrossRef] [PubMed]
35. Tansey, E.A.; Johnson, C.D. Recent advances in thermoregulation. Adv. Physiol. Educ. 2015, 39, 139–148. [CrossRef] [PubMed]
36. Mota-Rojas, D.; Wang, D.; Titto, C.G.; Gómez-Prado, J.; Carvajal-de la Fuente, V.; Ghezzi, M.; Boscato-Funes, L.; Barrios-García,

H.; Torres-Bernal, F.; Casas-Alvarado, A.; et al. Pathophysiology of Fever and Application of Infrared Thermography (IRT) in the
Detection of Sick Domestic Animals: Recent Advances. Animals 2021, 11, 2316. [CrossRef]

37. Kerman, I.A.; Enquist, L.W.; Watson, S.J.; Yates, B.J. Brainstem substrates of sympatho-motor circuitry identified using trans-
synaptic tracing with pseudorabies virus recombinants. J. Neurosci. 2003, 23, 4657–4666. [CrossRef]

38. Banet, M.; Hensel, H.; Liebermann, H. The central control of shivering and non-shivering thermogenesis in the rat. J. Physiol.
1978, 283, 569–584. [CrossRef]

39. Grigg, G.C.; Beard, L.A.; Augee, M.L. The evolution of endothermy and its diversity in mammals and birds. Physiol. Biochem.
Zool. 2004, 77, 982–997. [CrossRef]

40. Ferner, K.; Schultz, J.A.; Zeller, U. Comparative anatomy of neonates of the three major mammalian groups (monotremes,
marsupials, placentals) and implications for the ancestral mammalian neonate morphotype. J. Anat. 2017, 231, 798–822.
[CrossRef]

41. Grand, T.I. Altricial and precocial mammals: A model of neural and muscular development. Zoo Biol. 1992, 11, 3–15. [CrossRef]
42. Versace, E.; Vallortigara, G. Origins of Knowledge: Insights from Precocial Species. Front. Behav. Neurosci. 2015, 9, 338. [CrossRef]
43. Haughton, C.L.; Gawriluk, T.R.; Seifert, A.W. The biology and husbandry of the african spiny mouse (Acomys cahirinus) and the

research uses of a laboratory colony. J. Am. Assoc. Lab. Anim. Sci. 2016, 55, 9–17. [PubMed]
44. Geiser, F.; Wen, J.; Sukhchuluun, G.; Chi, Q.-S.; Wang, D.-H. Precocious torpor in an altricial mammal and the functional

implications of heterothermy during development. Front. Physiol. 2019, 10, 469. [CrossRef] [PubMed]
45. Canals, M.; Figueroa, D.P.; Miranda, J.P.; Sabat, P. Effect of gestational and postnatal environmental temperature on metabolic rate

in the altricial rodent. Phyllotis Darwini. J. Therm. Biol. 2009, 34, 310–314. [CrossRef]
46. Symonds, M.E.; Pope, M.; Budge, H. Adipose tissue development during early life: Novel insights into energy balance from

small and large mammals. Proc. Nutr. Soc. 2012, 71, 363–370. [CrossRef]
47. Symonds, M.E. Brown adipose tissue growth and development. Scientifica 2013, 2013, 1–14. [CrossRef] [PubMed]

http://doi.org/10.1016/j.neulet.2018.11.059
http://www.ncbi.nlm.nih.gov/pubmed/30528880
http://doi.org/10.1007/s00359-003-0413-3
http://doi.org/10.3168/jds.2015-9901
http://doi.org/10.1016/j.jveb.2014.11.003
http://doi.org/10.1016/j.neubiorev.2006.02.002
http://doi.org/10.1016/S0749-0704(05)70052-X
http://doi.org/10.1071/AN15099
http://doi.org/10.1016/S0301-6226(02)00183-5
http://doi.org/10.1079/PAVSNNR201914013
http://doi.org/10.31893/jabb.21001
http://doi.org/10.17221/6262-VETMED
http://doi.org/10.2527/jas2016.1298
http://doi.org/10.3168/jds.2016-11072
http://doi.org/10.30704/http-www-jivs-net.409147
http://doi.org/10.1017/S0263967X00004055
http://doi.org/10.1086/303323
http://doi.org/10.1016/j.jtherbio.2005.12.005
http://doi.org/10.1152/physiol.00004.2011
http://www.ncbi.nlm.nih.gov/pubmed/21841075
http://doi.org/10.1152/advan.00126.2014
http://www.ncbi.nlm.nih.gov/pubmed/26330029
http://doi.org/10.3390/ani11082316
http://doi.org/10.1523/JNEUROSCI.23-11-04657.2003
http://doi.org/10.1113/jphysiol.1978.sp012520
http://doi.org/10.1086/425188
http://doi.org/10.1111/joa.12689
http://doi.org/10.1002/zoo.1430110103
http://doi.org/10.3389/fnbeh.2015.00338
http://www.ncbi.nlm.nih.gov/pubmed/26817973
http://doi.org/10.3389/fphys.2019.00469
http://www.ncbi.nlm.nih.gov/pubmed/31068837
http://doi.org/10.1016/j.jtherbio.2009.04.003
http://doi.org/10.1017/S0029665112000584
http://doi.org/10.1155/2013/305763
http://www.ncbi.nlm.nih.gov/pubmed/24278771


Vet. Sci. 2022, 9, 246 17 of 20

48. Bautista, A.; Castelán, F.; Pérez-Roldán, H.; Martínez-Gómez, M.; Hudson, R. Competition in newborn rabbits for thermally
advantageous positions in the litter huddle is associated with individual differences in brown fat metabolism. Physiol. Behav.
2013, 118, 189–194. [CrossRef] [PubMed]

49. Zeiss, C.J. Comparative milestones in rodent and human postnatal central nervous system development. Toxicol. Pathol. 2021, 49,
1368–1373. [CrossRef]

50. Carstens, G.E. Cold thermoregulation in the newborn calf. Vet. Clin. N. Am. Food Anim. Pract. 1994, 10, 69–106. [CrossRef]
51. Wang, J.; Li, J.; Wang, F.; Xiao, J.; Wang, Y.; Yang, H.; Li, S.; Cao, Z. Heat stress on calves and heifers: A review. J. Anim. Sci.

Biotechnol. 2020, 11, 79. [CrossRef]
52. Berg, F.; Gustafson, U.; Andersson, L. The uncoupling protein 1 gene (UCP1) is disrupted in the pig lineage: A genetic explanation

for poor thermoregulation in piglets. PLOS Genet. 2006, 2, e129. [CrossRef]
53. Le Dividich, J.; Noblet, J. Thermoregulation and energy metabolism in the neonatal pig. Ann. Rech. Vet. 1983, 14, 375–381.

[PubMed]
54. Mota-Rojas, D.; Villanueva-Garcia, D.; Gregorio, O.; Suarez, X.; Hernandez, R.; Trujillo-Ortega, M.E. Foetal and neonatal energy

metabolism in pigs and humans: A review. Vet. Med. 2011, 56, 215–225. [CrossRef]
55. Curtis, S. Environmental—thermoregulatory interactions and neonatal piglet survival. J. Anim. Sci. 1970, 31, 576–587. [CrossRef]

[PubMed]
56. Herpin, P.; Vincent, A.; Damon, M. Effect of breed and body weight on thermoregulatory abilities of European (Piétrain ×

(Landrace × Large White)) and Chinese (Meishan) piglets at birth. Livest. Prod. Sci. 2004, 88, 17–26. [CrossRef]
57. Malik, S.S.; Fewell, J.E. Thermoregulation in rats during early postnatal maturation: Importance of nitric oxide. Am. J. Physiol.

Integr. Comp. Physiol. 2003, 285, R1366–R1372. [CrossRef]
58. Bautista, A.; García-Torres, E.; Prager, G.; Hudson, R.; Rödel, H.G. Development of behavior in the litter huddle in rat pups:

Within- and between-litter differences. Dev. Psychobiol. 2010, 52, 35–43. [CrossRef]
59. Kleitman, N.; Satinoff, E. Thermoregulatory behavior in rat pups from birth to weaning. Physiol. Behav. 1982, 29, 537–541.

[CrossRef]
60. Hull, D.; Hull, J.; Vinter, J. The preferred environmental temperature of newborn rabbits. Neonatology 1986, 50, 323–330. [CrossRef]
61. Fewell, J.E.; Wong, S.H.; Crisanti, K.C. Age-dependent core temperature responses of conscious rabbits to acute hypoxemia.

J. Appl. Physiol. 2000, 89, 259–264. [CrossRef]
62. Bautista, A.; García-Torres, E.; Martínez-Gómez, M.; Hudson, R. Do newborn domestic rabbits Oryctolagus cuniculus compete for

thermally advantageous positions in the litter huddle? Behav. Ecol. Sociobiol. 2008, 62, 331–339. [CrossRef]
63. Olmstead, C.E.; Villablanca, J.R.; Torbiner, M.; Rhodes, D. Development of thermoregulation in the kitten. Physiol. Behav. 1979, 23,

489–495. [CrossRef]
64. Rowland, L.A.; Bal, N.C.; Periasamy, M. The role of skeletal-muscle-based thermogenic mechanisms in vertebrate endothermy.

Biol. Rev. 2015, 90, 1279–1297. [CrossRef] [PubMed]
65. Farrell, W.J.; Alberts, J.R. Rat behavioral thermoregulation integrates with nonshivering thermogenesis during postnatal develop-

ment. Behav. Neurosci. 2007, 121, 1333–1341. [CrossRef]
66. Nakamura, K.; Morrison, S.F. A thermosensory pathway mediating heat-defense responses. Proc. Natl. Acad. Sci. USA 2010, 107,

8848–8853. [CrossRef] [PubMed]
67. Kanosue, K.; Crawshaw, L.I.; Nagashima, K.; Yoda, T. Concepts to utilize in describing thermoregulation and neurophysiological

evidence for how the system works. Eur. J. Appl. Physiol. 2010, 109, 5–11. [CrossRef] [PubMed]
68. Nakamura, K. Central circuitries for body temperature regulation and fever. Am. J. Physiol. Integr. Comp. Physiol. 2011, 301,

R1207–R1228. [CrossRef] [PubMed]
69. Ferner, K. Skin structure in newborn marsupials with focus on cutaneous gas exchange. J. Anat. 2018, 233, 311–327. [CrossRef]
70. Makanya, A.N.; Tschanz, S.A.; Haenni, B.; Burri, P.H. Functional respiratory morphology in the newborn quokka wallaby (Setonix

brachyurus). J. Anat. 2007, 211, 26–36. [CrossRef]
71. Laburn, H. Thermoregulation in th Neonate. In Physiology and Pathophysiology of Temperature Regulation; Blatteis, C., Ed.; World

Scientific: Singapore, 2001; pp. 145–160.
72. Ray, D.L. Investigating the surface area to volume ratio (S/V) in Bergmann’s rule. Am. Biol. Teach. 2016, 78, 429–432. [CrossRef]
73. Hull, D. Thermoregulation in Young Mammals. In Comparative Physiology of Thermoregulation; Whittow, G.C., Ed.; Academic Press:

New York, NY, USA, 1973; pp. 167–200.
74. Cannon, B.; Houstek, J.; Nedergaard, J. Brown adipose tissue: More than an effector of thermogenesis ? Ann. N. Y. Acad. Sci. 1998,

856, 171–187. [CrossRef]
75. Oelkrug, R.; Polymeropoulos, E.T.; Jastroch, M. Brown adipose tissue: Physiological function and evolutionary significance.

J. Comp. Physiol. B 2015, 185, 587–606. [CrossRef] [PubMed]
76. Negron, S.G.; Ercan-Sencicek, A.G.; Freed, J.; Walters, M.; Lin, Z. Both proliferation and lipogenesis of brown adipocytes

contribute to postnatal brown adipose tissue growth in mice. Sci. Rep. 2020, 10, 20335. [CrossRef] [PubMed]
77. Xue, B.; Rim, J.-S.; Hogan, J.C.; Coulter, A.A.; Koza, R.A.; Kozak, L.P. Genetic variability affects the development of brown

adipocytes in white fat but not in interscapular brown fat. J. Lipid Res. 2007, 48, 41–51. [CrossRef] [PubMed]

http://doi.org/10.1016/j.physbeh.2013.05.035
http://www.ncbi.nlm.nih.gov/pubmed/23711568
http://doi.org/10.1177/01926233211046933
http://doi.org/10.1016/S0749-0720(15)30590-9
http://doi.org/10.1186/s40104-020-00485-8
http://doi.org/10.1371/journal.pgen.0020129
http://www.ncbi.nlm.nih.gov/pubmed/6677178
http://doi.org/10.17221/1565-VETMED
http://doi.org/10.2527/jas1970.313576x
http://www.ncbi.nlm.nih.gov/pubmed/4938342
http://doi.org/10.1016/j.livprodsci.2003.11.006
http://doi.org/10.1152/ajpregu.00280.2003
http://doi.org/10.1002/dev.20409
http://doi.org/10.1016/0031-9384(82)90279-7
http://doi.org/10.1159/000242616
http://doi.org/10.1152/jappl.2000.89.1.259
http://doi.org/10.1007/s00265-007-0420-4
http://doi.org/10.1016/0031-9384(79)90048-9
http://doi.org/10.1111/brv.12157
http://www.ncbi.nlm.nih.gov/pubmed/25424279
http://doi.org/10.1037/0735-7044.121.6.1333
http://doi.org/10.1073/pnas.0913358107
http://www.ncbi.nlm.nih.gov/pubmed/20421477
http://doi.org/10.1007/s00421-009-1256-6
http://www.ncbi.nlm.nih.gov/pubmed/19882166
http://doi.org/10.1152/ajpregu.00109.2011
http://www.ncbi.nlm.nih.gov/pubmed/21900642
http://doi.org/10.1111/joa.12843
http://doi.org/10.1111/j.1469-7580.2007.00744.x
http://doi.org/10.1525/abt.2016.78.5.429
http://doi.org/10.1111/j.1749-6632.1998.tb08325.x
http://doi.org/10.1007/s00360-015-0907-7
http://www.ncbi.nlm.nih.gov/pubmed/25966796
http://doi.org/10.1038/s41598-020-77362-x
http://www.ncbi.nlm.nih.gov/pubmed/33230135
http://doi.org/10.1194/jlr.M600287-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/17041251


Vet. Sci. 2022, 9, 246 18 of 20

78. Vanden Hole, C.; Goyens, J.; Prims, S.; Fransen, E.; Ayuso Hernando, M.; Van Cruchten, S.; Aerts, P.; Van Ginneken, C. How
innate is locomotion in precocial animals? A study on the early development of spatio-temporal gait variables and gait symmetry
in piglets. J. Exp. Biol. 2017, 220, 2706–2716. [CrossRef] [PubMed]

79. Herpin, P.; Le Dividich, J. Thermoregulation and the Environment. In The Neonatal Pig: Development and Survival; Varley, M.A.,
Ed.; CAB International: Wallingford, UK, 1995; pp. 57–98.

80. Malmkvist, J.; Pedersen, L.J.; Damgaard, B.M.; Thodberg, K.; Jørgensen, E.; Labouriau, R. Does floor heating around parturition
affect the vitality of piglets born to loose housed sows? Appl. Anim. Behav. Sci. 2006, 99, 88–105. [CrossRef]

81. Andersen, H.M.-L.; Pedersen, L.J. Effect of radiant heat at the birth site in farrowing crates on hypothermia and behaviour in
neonatal piglets. Animal 2016, 10, 128–134. [CrossRef] [PubMed]

82. Morrison, S.F.; Madden, C.J.; Tupone, D. Central control of brown adipose tissue thermogenesis. Front. Endocrinol. 2012, 3, 5.
[CrossRef] [PubMed]

83. Symonds, M.E.; Pope, M.; Budge, H. The ontogeny of brown adipose tissue. Annu. Rev. Nutr. 2015, 35, 295–320. [CrossRef]
84. Bi, S. Stress prompts brown fat into combustion. Cell Metab. 2014, 20, 205–207. [CrossRef]
85. Cannon, B.; Nedergaard, J. Brown adipose tissue: Function and physiological significance. Physiol. Rev. 2004, 84, 277–359.

[CrossRef]
86. Boss, O.; Muzzin, P.; Giacobino, J. The uncoupling proteins, a review. Eur. J. Endocrinol. 1998, 139, 1–9. [CrossRef] [PubMed]
87. Zhang, W.; Bi, S. Hypothalamic regulation of brown adipose tissue thermogenesis and energy homeostasis. Front. Endocrinol.

2015, 6, 1–9. [CrossRef] [PubMed]
88. Himms-Hagen, J.; Melnyk, A.; Zingaretti, M.C.; Ceresi, E.; Barbatelli, G.; Cinti, S. Multilocular fat cells in WAT of CL-316243-

treated rats derive directly from white adipocytes. Am. J. Physiol. Physiol. 2000, 279, C670–C681. [CrossRef]
89. Van Sant, M.J.; Hammond, K.A. Contribution of shivering and nonshivering thermogenesis to thermogenic capacity for the deer

mouse (Peromyscus maniculatus). Physiol. Biochem. Zool. 2008, 81, 605–611. [CrossRef] [PubMed]
90. Liu, X.; Rossmeisl, M.; McClaine, J.; Kozak, L.P. Paradoxical resistance to diet-induced obesity in UCP1-deficient mice. J. Clin.

Investig. 2003, 111, 399–407. [CrossRef]
91. Guerra, C.; Koza, R.A.; Yamashita, H.; Walsh, K.; Kozak, L.P. Emergence of brown adipocytes in white fat in mice is under genetic

control. Effects on body weight and adiposity. J. Clin. Investig. 1998, 102, 412–420. [CrossRef]
92. Liang, X.; Yang, Q.; Zhang, L.; Maricelli, J.W.; Rodgers, B.D.; Zhu, M.-J.; Du, M. Maternal high-fat diet during lactation impairs

thermogenic function of brown adipose tissue in offspring mice. Sci. Rep. 2016, 6, 34345. [CrossRef]
93. Groppetti, D.; Ravasio, G.; Bronzo, V.; Pecile, A. The role of birth weight on litter size and mortality within 24h of life in purebred

dogs: What aspects are involved? Anim. Reprod. Sci. 2015, 163, 112–119. [CrossRef]
94. Schrack, J.; Dolf, G.; Reichler, I.; Schelling, C. Factors influencing litter size and puppy losses in the Entlebucher Mountain dog.

Theriogenology 2017, 95, 163–170. [CrossRef]
95. Smith, S.; Carstens, G. Ontogeny and Metabolism of Brown Adipose Tissue in Livestock Species. In Biology of Growing Animals;

Burrin, D., Mersmann, H., Eds.; Elsevier: Philadephia, PA, USA, 2005; pp. 303–322.
96. Mattson, M.P. Perspective: Does brown fat protect against diseases of aging? Ageing Res. Rev. 2010, 9, 69–76. [CrossRef]
97. Symonds, M.E.; Bryant, M.J.; Clarke, L.; Darby, C.J.; Lomax, M.A. Effect of maternal cold exposure on brown adipose tissue and

thermogenesis in the neonatal lamb. J. Physiol. 1992, 455, 487–502. [CrossRef] [PubMed]
98. Schermer, S.; Bird, J.; Lomax, M.; Shepherd, D.; Symonds, M. Effect of fetal thyroidectomy on brown adipose tissue and

thermoregulation in newborn lambs. Reprod. Fertil. Dev. 1996, 8, 995–1002. [CrossRef] [PubMed]
99. Litten, J.; Mostyn, A.; Laws, J.; Corson, A.; Symonds, M.; Clarke, L. Effect of acute administration of recombinant human leptin

during the neonatal period on body temperature and endocrine profile of the piglet. Neonatology 2008, 93, 171–177. [CrossRef]
[PubMed]

100. Silva, J.E. Thermogenic mechanisms and their hormonal regulation. Physiol. Rev. 2006, 86, 435–464. [CrossRef] [PubMed]
101. Arsenijevic, D.; Onuma, H.; Pecqueur, C.; Raimbault, S.; Manning, B.S.; Miroux, B.; Couplan, E.; Alves-Guerra, M.-C.; Goubern,

M.; Surwit, R.; et al. Disruption of the uncoupling protein-2 gene in mice reveals a role in immunity and reactive oxygen species
production. Nat. Genet. 2000, 26, 435–439. [CrossRef]

102. Zekri, Y.; Flamant, F.; Gauthier, K. Central vs. peripheral action of thyroid hormone in adaptive thermogenesis: A burning topic.
Cells 2021, 10, 1327. [CrossRef]

103. Zaninovich, A.A. Thyroid hormones, obesity and brown adipose tissue thermogenesis. Medicina 2001, 61, 597–602.
104. Berthon, D.; Herpin, P.; Duchamp, C.; Dauncey, M.J.; Le Dividich, J. Modification of thermogenic capacity in neonatal pigs by

changes in thyroid status during late gestation. J. Dev. Physiol. 1993, 19, 253–261.
105. Rossi, L.; Lumbreras, A.E.V.; Vagni, S.; Dell’Anno, M.; Bontempo, V. Nutritional and functional properties of colostrum in puppies

and kittens. Animals 2021, 11, 3260. [CrossRef]
106. Mugnier, A.; Chastant, S.; Saegerman, C.; Gaillard, V.; Grellet, A.; Mila, H. Management of low birth weight in canine and feline

species: Breeder profiling. Animals 2021, 11, 2953. [CrossRef]
107. Münnich, A.; Küchenmeister, U. Dystocia in numbers evidence-based parameters for intervention in the dog: Causes for dystocia

and treatment recommendations. Reprod. Domest. Anim. 2009, 44, 141–147. [CrossRef] [PubMed]
108. Olson, D.; Papasian, C.; Ritter, R. The effects of cold stress on neonatal calves. II. Absorption of calostral immunoglobulins. Can. J.

Comp. Med. 1980, 44, 19–23. [PubMed]

http://doi.org/10.1242/jeb.157693
http://www.ncbi.nlm.nih.gov/pubmed/28768747
http://doi.org/10.1016/j.applanim.2005.10.007
http://doi.org/10.1017/S1751731115001913
http://www.ncbi.nlm.nih.gov/pubmed/26677934
http://doi.org/10.3389/fendo.2012.00005
http://www.ncbi.nlm.nih.gov/pubmed/22389645
http://doi.org/10.1146/annurev-nutr-071813-105330
http://doi.org/10.1016/j.cmet.2014.07.017
http://doi.org/10.1152/physrev.00015.2003
http://doi.org/10.1530/eje.0.1390001
http://www.ncbi.nlm.nih.gov/pubmed/9703368
http://doi.org/10.3389/fendo.2015.00136
http://www.ncbi.nlm.nih.gov/pubmed/26379628
http://doi.org/10.1152/ajpcell.2000.279.3.C670
http://doi.org/10.1086/588175
http://www.ncbi.nlm.nih.gov/pubmed/18729765
http://doi.org/10.1172/JCI200315737
http://doi.org/10.1172/JCI3155
http://doi.org/10.1038/srep34345
http://doi.org/10.1016/j.anireprosci.2015.10.005
http://doi.org/10.1016/j.theriogenology.2017.03.004
http://doi.org/10.1016/j.arr.2009.11.004
http://doi.org/10.1113/jphysiol.1992.sp019313
http://www.ncbi.nlm.nih.gov/pubmed/1484361
http://doi.org/10.1071/RD9960995
http://www.ncbi.nlm.nih.gov/pubmed/8896035
http://doi.org/10.1159/000108926
http://www.ncbi.nlm.nih.gov/pubmed/17895632
http://doi.org/10.1152/physrev.00009.2005
http://www.ncbi.nlm.nih.gov/pubmed/16601266
http://doi.org/10.1038/82565
http://doi.org/10.3390/cells10061327
http://doi.org/10.3390/ani11113260
http://doi.org/10.3390/ani11102953
http://doi.org/10.1111/j.1439-0531.2009.01405.x
http://www.ncbi.nlm.nih.gov/pubmed/19754554
http://www.ncbi.nlm.nih.gov/pubmed/7397595


Vet. Sci. 2022, 9, 246 19 of 20

109. Berthon, D.; Herpin, P.; Le Dividich, J. Shivering thermogenesis in the neonatal pig. J. Therm. Biol. 1994, 19, 413–418. [CrossRef]
110. Seron-Ferre, M.; Reynolds, H.; Mendez, N.A.; Mondaca, M.; Valenzuela, F.; Ebensperger, R.; Valenzuela, G.J.; Herrera, E.A.;

Llanos, A.J.; Torres-Farfan, C. Impact of maternal melatonin suppression on amount and functionality of brown adipose tissue
(BAT) in the newborn sheep. Front. Endocrinol. 2015, 5, 232. [CrossRef]

111. Pérez, M.; Cabrera, P.; Varela, M.; Garaulet, M. Distribución regional de la grasa corporal. Uso de técnicas de imagen como
herramienta de diagnóstico nutricional. Nutr. Hosp. 2010, 25, 207–223.

112. Hill, E.M. Seasonal Changes in White Adipose Tissue in American Black Ears (Ursus americanus). Master’s Thesis, University of
Tennessee, Knoxville, TN, USA, 2013.

113. Hohtola, E. Shivering Thermogenesis in Birds and Mammals. In Life in the Cold: Evolution, Mechanisms, Adaptation, and Application;
Barnes, M., Carey, H.V., Eds.; ARCUS: Fairbanks, AK, USA, 2004; pp. 241–252.

114. Haman, F. Shivering in the cold: From mechanisms of fuel selection to survival. J. Appl. Physiol. 2006, 100, 1702–1708. [CrossRef]
115. Olson, D.M.; Grissom, J.L.; Williamson, R.A.; Bennett, S.N.; Bellows, S.T.; James, M.L. Interrater reliability of the bedside shivering

assessment scale. Am. J. Crit. Care 2013, 22, 70–74. [CrossRef]
116. Robertson, C.E.; McClelland, G.B. Developmental delay in shivering limits thermogenic capacity in juvenile high-altitude deer

mice (Peromyscus maniculatus). J. Exp. Biol. 2019, 222, jeb210963. [CrossRef]
117. Kienzle, E.; Zentek, J.; Meyer, H. Body composition of puppies and young dogs. J. Nutr. 1998, 128, 2680S–2683S. [CrossRef]
118. Mila, H.; Grellet, A.; Feugier, A.; Chastant-Maillard, S. Differential impact of birth weight and early growth on neonatal mortality

in puppies. J. Anim. Sci. 2015, 93, 4436–4442. [CrossRef]
119. Reyes-Sotelo, B.; Mota-Rojas, D.; Martínez-Burnes, J.; Olmos-Hernández, A.; Hernández-Ávalos, I.; José, N.; Casas-Alvarado, A.;

Gómez, J.; Mora-Medina, P. Thermal homeostasis in the newborn puppy: Behavioral and physiological responses. J. Anim. Behav.
Biometeorol. 2021, 9, 1–25. [CrossRef]

120. Blix, A.S. Adaptations to polar life in mammals and birds. J. Exp. Biol. 2016, 219, 1093–1105. [CrossRef] [PubMed]
121. Berthon, D.; Herpin, P.; Bertin, R.; De Marco, F.; Le Dividich, J. Metabolic changes associated with sustained 48-Hr shivering

thermogenesis in the newborn pig. Comp. Biochem. Physiol. Part B Biochem. Mol. Biol. 1996, 114, 327–335. [CrossRef]
122. Alexander, G.; Williams, D. Shivering and non-shivering thermogenesis during summit metabolism in young lambs. J. Physiol.

1968, 198, 251–276. [CrossRef]
123. Schmitt, O.; Reigner, S.; Bailly, J.; Ravon, L.; Billon, Y.; Gress, L.; Bluy, L.; Canario, L.; Gilbert, H.; Bonnet, A.; et al. Ther-

moregulation at birth differs between piglets from two genetic lines divergent for residual feed intake. Animal 2021, 15, 100069.
[CrossRef]

124. Krogstad, A.-L.; Elam, M.; Karlsson, T.; Wallin, B.G. Arteriovenous anastomoses and the thermoregulatory shift between
cutaneous vasoconstrictor and vasodilator reflexes. J. Auton. Nerv. Syst. 1995, 53, 215–222. [CrossRef]

125. Cook, N.; Schaefer, A.; Warren, L.; Burwash, L.; Anderson, M.; Baron, V. Adrenocortical and metabolic responses to ACTH
injection in horses: An assessment by salivary cortisol and infrared thermography of the eye. Can. J. Anim. Sci. 2001, 81, 621.

126. Ulrich-Lai, Y.M.; Herman, J.P. Neural regulation of endocrine and autonomic stress responses. Nat. Rev. Neurosci. 2009, 10,
397–409. [CrossRef]

127. Mai, T.C.; Braun, A.; Bach, V.; Pelletier, A.; Seze, R. Low-level radiofrequency exposure induces vasoconstriction in rats.
Bioelectromagnetics 2021, 42, 455–463. [CrossRef]

128. Stephens, D.P.; Aoki, K.; Kosiba, W.A.; Johnson, J.M. Nonnoradrenergic mechanism of reflex cutaneous vasoconstriction in men.
Am. J. Physiol. Circ. Physiol. 2001, 280, H1496–H1504. [CrossRef]

129. Stephens, D.P.; Saad, A.R.; Bennett, L.A.T.; Kosiba, W.A.; Johnson, J.M. Neuropeptide Y antagonism reduces reflex cutaneous
vasoconstriction in humans. Am. J. Physiol. Circ. Physiol. 2004, 287, H1404–H1409. [CrossRef] [PubMed]

130. Solomon, G.F.; Moos, R.H.; Stone, G.C.; Fessel, W.J. Peripheral vasoconstriction induced by emotional stress in rats. Angiology
1964, 15, 362–365. [CrossRef] [PubMed]

131. Renaudeau, D.; Leclercq-Smekens, M.; Herin, M. Differences in skin characteristics in European (Large White) and Caribbean
(Creole) growing pigs with reference to thermoregulation. Anim. Res. 2006, 55, 209–217. [CrossRef]

132. Gourdine, J.-L.; Riquet, J.; Rosé, R.; Poullet, N.; Giorgi, M.; Billon, Y.; Renaudeau, D.; Gilbert, H. Genotype by environment
interactions for performance and thermoregulation responses in growing pigs. J. Anim. Sci. 2019, 97, 3699–3713. [CrossRef]
[PubMed]

133. Magnin, M.; Junot, S.; Cardinali, M.; Ayoub, J.Y.; Paquet, C.; Louzier, V.; Garin, J.M.B.; Allaouchiche, B. Use of infrared
thermography to detect early alterations of peripheral perfusion: Evaluation in a porcine model. Biomed. Opt. Express 2020, 11,
2431. [CrossRef]

134. Kammersgaard, T.; Malmkvist, J.; Pedersen, L. Infrared thermography—A non-invasive tool to evaluate thermal status of neonatal
pigs based on surface temperature. Animal 2013, 7, 2026–2034. [CrossRef]

135. McCoard, S.A.; Henderson, H.V.; Knol, F.W.; Dowling, S.K.; Webster, J.R. Infrared thermal imaging as a method to study
thermogenesis in the neonatal lamb. Anim. Prod. Sci. 2014, 54, 1497–1501. [CrossRef]

136. Mota-Rojas, D.; Pereira, A.M.F.; Wang, D.; Martínez-Burnes, J.; Ghezzi, M.; Hernández-Avalos, I.; Lendez, P.; Mora-Medina, P.;
Casas, A.; Olmos-Hernández, A.; et al. Clinical applications and factors involved in validating thermal windows used in infrared
thermography in cattle and river buffalo to assess health and productivity. Animals 2021, 11, 2247. [CrossRef]

137. Terrien, J.; Perret, M.; Aujard, F. Behavioral thermoregulation in mammals: A review. Front. Biosci. 2011, 16, 1428–1444. [CrossRef]

http://doi.org/10.1016/0306-4565(94)90040-X
http://doi.org/10.3389/fendo.2014.00232
http://doi.org/10.1152/japplphysiol.01088.2005
http://doi.org/10.4037/ajcc2013907
http://doi.org/10.1242/jeb.210963
http://doi.org/10.1093/jn/128.12.2680S
http://doi.org/10.2527/jas.2015-8971
http://doi.org/10.31893/jabb.21012
http://doi.org/10.1242/jeb.120477
http://www.ncbi.nlm.nih.gov/pubmed/27103673
http://doi.org/10.1016/0305-0491(96)00044-2
http://doi.org/10.1113/jphysiol.1968.sp008605
http://doi.org/10.1016/j.animal.2020.100069
http://doi.org/10.1016/0165-1838(94)00178-M
http://doi.org/10.1038/nrn2647
http://doi.org/10.1002/bem.22350
http://doi.org/10.1152/ajpheart.2001.280.4.H1496
http://doi.org/10.1152/ajpheart.00061.2004
http://www.ncbi.nlm.nih.gov/pubmed/15165988
http://doi.org/10.1177/000331976401500806
http://www.ncbi.nlm.nih.gov/pubmed/14198214
http://doi.org/10.1051/animres:2006012
http://doi.org/10.1093/jas/skz245
http://www.ncbi.nlm.nih.gov/pubmed/31351442
http://doi.org/10.1364/BOE.387481
http://doi.org/10.1017/S1751731113001778
http://doi.org/10.1071/AN14301
http://doi.org/10.3390/ani11082247
http://doi.org/10.2741/3797


Vet. Sci. 2022, 9, 246 20 of 20

138. Carlton, P.; Marks, R. Cold exposure and heat reinforced operant behavior. Science 1958, 128, 1344. [CrossRef]
139. Hrupka, B.J.; Leibbrandt, V.D.; Crenshaw, T.D.; Benevenga, N.J. Effect of sensory stimuli on huddling behavior of pigs. J. Anim.

Sci. 2000, 78, 592–596. [CrossRef] [PubMed]
140. García-Torres, E.; Hudson, R.; Castelán, F.; Martínez-Gómez, M.; Bautista, A. Differential metabolism of brown adipose tissue in

newborn rabbits in relation to position in the litter huddle. J. Therm. Biol. 2015, 51, 33–41. [CrossRef] [PubMed]
141. Verduzco-Mendoza, A.; Bueno-Nava, A.; Wang, D.; Martínez-Burnes, J.; Olmos-Hernández, A.; Casas, A.; Domínguez, A.;

Mota-Rojas, D. Experimental applications and factors involved in validating thermal windows using infrared thermography to
assess the health and thermostability of laboratory animals. Animals 2021, 11, 3448. [CrossRef] [PubMed]

142. Giannetto, C.; Arfuso, F.; Fazio, F.; Giudice, E.; Panzera, M.; Piccione, G. Rhythmic function of body temperature, breathing and
heart rates in newborn goats and sheep during the first hours of life. J. Vet. Behav. 2017, 18, 29–36. [CrossRef]

143. Muns, R.; Nuntapaitoon, M.; Tummaruk, P. Non-infectious causes of pre-weaning mortality in piglets. Livest. Sci. 2016, 184, 46–57.
[CrossRef]

144. Mota-Rojas, D.; López, A.; Martínez-Burnes, J.; Muns, R.; Villanueva-García, D.; Mora-Medina, P.; González-Lozano, M.;
Olmos-Hernández, A.; Ramírez-Necoechea, R. Is vitality assessment important in neonatal animals? CAB Rev. 2018, 13, 1–13.
[CrossRef]

145. Severud, W.J.; DelGiudice, G.D.; Obermoller, T.R. Minimizing mortality of moose neonates from capture-induced abandonment.
Alces A J. Devoted Biol. Manag. Moose 2016, 52, 73–83.

146. Harri, M.; Mononen, J.; Haapanen, K.; Korhonen, H. Postnatal changes in hypothermic response in farmborn blue foxes and
raccoon dogs. J. Therm. Biol. 1991, 16, 71–76. [CrossRef]

147. Reidenberg, J.S. Anatomical adaptations of aquatic mammals. Anat. Rec. Adv. Integr. Anat. Evol. Biol. 2007, 290, 507–513.
[CrossRef]

148. Kelley, N.P.; Pyenson, N.D. Evolutionary innovation and ecology in marine tetrapods from the Triassic to the Anthropocene.
Science 2015, 348, aaa3716. [CrossRef]

149. Favilla, A.B.; Costa, D.P. Thermoregulatory strategies of diving air-breathing marine vertebrates: A review. Front. Ecol. Evol. 2020,
8, 555509. [CrossRef]

150. Domning, D.P. Sirenian Evolution. In Encyclopedia of Marine Mammals; Würsig, B., Thewissen, J.G., Kovacs, K.M., Eds.; Academic
Press: San Diego, CA, USA, 2018; pp. 856–859.

151. Rode, K.; Stirling, I. Polar Bear. In Encyclopedia of Marine Mammals; Würsig, B., Thewissen, J.G., Kovacs, K.M., Eds.; Academic
Press: San Diego, CA, USA, 2018; pp. 743–746.

152. Enstipp, M.R.; Bost, C.-A.; Le Bohec, C.; Bost, C.; Le Maho, Y.; Weimerskirch, H.; Handrich, Y. Apparent changes in body
insulation of juvenile king penguins suggest an energetic challenge during their early life at sea. J. Exp. Biol. 2017, 220, 2666–2678.
[CrossRef] [PubMed]

153. Knizkova, I.; Kunc, P.; Gurdil, G.; Pinar, Y.; Selvi, K. Applications of infrared thermography in animal production. J. Fac. Agric.
OMU 2007, 22, 329–336.

154. Casas-Alvarado, A.; Martínez-Burnes, J.; Mora-Medina, P.; Hernández-Avalos, I.; Domínguez-Oliva, A.; Lezama-García, K.;
Gómez-Prado, J.; Mota-Rojas, D. Thermal and Circulatory Changes in Diverse Body Regions in Dogs and Cats Evaluated by
Infrared Thermography. Animals 2022, 12, 789. [CrossRef] [PubMed]

155. Mota-Rojas, D.; Titto, C.G.; Orihuela, A.; Martínez-Burnes, J.; Gómez-Prado, J.; Torres-Bernal, F.; Flores-Padilla, K.; Carvajal-de la
Fuente, V.; Wang, D.; la Fuente, V.C.; et al. Physiological and behavioral mechanisms of thermoregulation in mammals. Animals
2021, 11, 1733. [CrossRef]

156. Santos, N.R.; Beck, A.; Fontbonne, A. A review of maternal behaviour in dogs and potential areas for further research. J. Small
Anim. Pract. 2020, 61, 85–92. [CrossRef]

157. South, K.E. Infrared Thermography of Erinaceus europaeus: Applications with Hypothermia and Hibernation. Master’s Thesis,
University of Plymouth, Plymouth, UK, 2018.

158. Schmitt, O.; O’Driscoll, K. Use of infrared thermography to noninvasively assess neonatal piglet temperature. Transl. Anim. Sci.
2021, 5, 1–9. [CrossRef]

159. Soroko, M.; Howell, K.; Zwyrzykowska, A.; Dudek, K.; Zielińska, P.; Kupczyński, R. Maximum eye temperature in the assessment
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