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Behavioral thermoregulation, in contrast, depends on voluntary decisions. Like what occurs with the physiological
mechanisms, thermal stimuli are detected by the afferent pathway that transfers the message to the spinal cord and
cerebral cortex, influencing the level of perceived thermal comfort and the individual's decision to gain or lose heat. These
thermoregulating behaviors entail goal-oriented actions learned through reinforcement, as was demonstrated long ago.
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| 1. Introduction

Living beings have developed various adaptive mechanisms for the many alterations their environment may undergo
depending on the place, time, or season in question. These mechanisms include morphological, physiological, and

behavioral changes that allow them to confront variable conditions and, in this way, regulate their physiological capacities
[1][21[3114]

Examples could include the long, highly-vascularized ears ofOryctolagus cuniculusfor dissipating heat, the development of
thermogenesis from brown adipose tissue (BAT) in placental (eutherian) mammals, the reduced thickness of
subcutaneous fat in ruminants from arid regions &, and the huddling of seals as temperatures decrease [EIZIEl
Physiological mechanisms consist of involuntary effectors that produce mostly automatic responses that generate or
dissipate heat upon the activation of thermoreceptors and the arrival of information to the hypothalamus, relayed through
the spinal cord and midbrain. It is essential to understand that the principle thermo-effector tissues include the cutaneous
blood vessels, since (i) many metabolic sources of heat (liver, heart, limb muscles) are distant from the skin, where heat is
lost; and (i) body tissues are poor conductors 2. Some species have specialized thermoregulating organs, like the rat's
tail, that dissipate heat quickly due to its large surface area and dense vascularization

Behavioral thermoregulation, in contrast, depends on voluntary decisions. Like what occurs with the physiological
mechanisms, thermal stimuli are detected by the afferent pathway that transfers the message to the spinal cord and
cerebral cortex, influencing the level of perceived thermal comfort and the individual’s decision to gain or lose heat. One of
the most basic thermoregulating behaviors consists of searching out cold or hot habitats that allow the organism to alter
its rate of heat loss or gain. In contrast, the most complex thermoregulating behaviors include making nests or burrows [,
social behaviors like huddling with conspecifics %, and human behaviors like wearing clothes or turning on an air
conditioner [,

In mammals, conserving a relatively constant core body temperature (37 °C in most species) has been essential in
maintaining an optimal body system functionality and the sensitive chemical and physical processes involved.
Temperatures above 45 °C can cause fatal brain injuries, while those below 27-29 °C can cause cardiac fibrillation, a
progressive decrease in respiratory rate, and even death [,

Scientific knowledge indicates that controlling the body’s core temperature is essential for survival 2412 Under conditions
where thermoregulating mechanisms cannot re-establish body temperature, individuals suffer thermal stress 131,
Observation of the offspring of meerkats (Suricata suricatta), for example, a species that inhabits arid regions, has
revealed reduced growth and survival rates when ambient temperatures are high 241,

In areas that produce food of animal origin for human consumption, temperature also plays an essential role because
poultry, swine, and cattle are all particularly vulnerable due to their high metabolic and growth rates and elevated
production levels. Stress caused by intense heat before slaughtering X5, for instance, stimulates muscle glycogenolysis
that results in pale, soft exudative meat (PSE) characterized by a low water-holding capacity (WHC). In contrast, stress
due to chronic heat reduces the animal’s muscle glycogen reserves, resulting in dark, firm, and dry (DFD) meat with high
pH There are also reports on production rates due to the effects of temperature, as in the case of the water buffalo



(Bubalus bubalis), which, during periods of high ambient temperatures, have been shown to reduce their milk production,

growth, and fertility rates due to an inhibition effect on the enzymatic activity generated by extreme heat LEILA18I19][20][21]
[22][23]

Infrared thermography is a technique used in both veterinary and human medicine to quantify the skin's surface
temperature based on visualizations of thermographic changes 8129 Since thermal stress affects the welfare and
productivity of animals 121[2A[231[241[25](26][27] sty dies designed to achieve a complete understanding of thermoregulating
mechanisms using tools like infrared thermography (IRT) WALBIL920]21]127]28]129] \oyld allow us to comprehend the

effects that factors like climate change has on different species.

Thermography can detect the release of surface heat in the form of thermographic images. Thus IRT detects the
peripheral microcirculation controlled by the autonomous nervous system, whose parasympathetic element causes the
peripheral vasoconstriction of the capillaries nearest the skin, produced by the neurosecretion of catecholamines 281291 At
the same time, affecting the temperature in situations that are stressful for animals 29 are factors such as post-birth
hypothermia BABLB2 \yeaning B3 before slaughter B42AE3, or such surgical procedures as castration 28, and the effect
of necessary pre-operatory procedures, including anesthesia 2.

Negative handling in farm animals (shouting and hitting) leads to poor animal welfare, more fear, acute and chronic stress,
fear reactions being the most immediate responses that animals show to potentially dangerous stimuli in their
environment BAB8IEY. Having mentioned the potential scope and implications of neurophysiological and behavioral
studies of thermal responses, the data obtained in scientific studies will help propose solutions to problems related to
thermal stress, fear, and other situations that threaten the health and welfare of domestic and wild animals [12[201[21][22]120]
[41]142][43] Thjs review, therefore, analyzes the main anatomical structures and neural pathways that allow the generation
of autonomous and behavioral mechanisms that regulate body heat in mammals, information that can be used in related
disciplines and areas of opportunity.

| 2. Neurophysiological Responses for Controlling Hyperthermia

Under normal resting conditions, the body generates and dissipates heat to maintain temperature stability. A human body
temperature above 104 °F (40 °C) is defined as severe hyperthermia; that is, a state of high temperature that, in
normothermic organisms, triggers mechanisms as cutaneous vasodilation and eccrine sweating or evaporative cooling
(conduction and convection), which constitute the principal means of modulating such alterations 44, Body heat is
significantly regulated by the central nervous system (CNS), which receives, deciphers, and sends signals through diverse
structures to activate the mechanisms that manage heat dissipation. In some studies, the POA has been stimulated
directly with heat to demonstrate its importance in thermoregulation.

The skin has a complex, sympathetic innervation that includes several nervous structures: vasodilators, vasoconstrictors,
sudomotors, pilomotors, sensory fibers, or thermoreceptors 43 Thanks to its structures, the skin can detect changes in
ambient temperature and transmit the perceived stimuli directly to the POA, permitting the generation of effective
responses to defend the organism’s thermal homeostasis 28l In addition, its nervous structures receive nervous stimuli
sent by the heat-loss center to activate mechanisms like sweating and vasodilatation 2. It is important to note that the
activation of all these mechanisms is controlled by the release of diverse chemical substances that function as
messengers inside the communication network called the nervous system 431,

In a general description, the POA contains warm-sensitive neurons that, upon perceiving an alteration, send a stimulus to
the sympathetic preganglionic neurons distributed in the nucleus of the intermediolateral area of the spinal cord, which
connects to the sympathetic ganglia responsible for innervating the blood vessels, cutaneous vessels and diverse
glandular structures that participate in modulating hyperthermia . Similarly, the information perceived by the cutaneous
thermoreceptors is transmitted through synapses to the dorsal horn and trigeminal nerve, and from there is relayed to the
lateral parabrachial nucleus, which connects to various nervous regions connected to the POA [,

Nowadays, the mechanism that allows the integration of the information captured by the cutaneous thermoreceptors
remains unknown. As mentioned above, organisms use two main mechanisms to control hyperthermia: cutaneous
vasodilatation and evaporative cooling.

The function of cutaneous vasodilatation is to divert central circulation into peripheral circulation to dissipate heat using
blood as a vehicle. Nowadays, two mechanisms of vasodilatation are known: active vasodilation, characterized by
augmenting blood flow by increasing nervous activity, and passive vasodilation, which also increases blood flow, but by



reducing the activity of the vasoconstrictor nerve 4248l (Figure 1). Some studies speculate on control through a network
of active neurogenic vasodilators in specific sites of the glabrous skin 4. As with the mechanisms for controlling
hypothermia, the rostral raphe pallidus and rostral ventrolateral medulla (RVLM) participate in inducing vasodilatation.
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Figure 1. Thermograms of a hand subjected to (A) heat and (B) cold for 30 s. These images show that in response to a
hot stimulus, a larger area of the palm presents a temperature of 36.3 °C with a maximum of 38.2 °C in the center and
around the proximal and distal transverse creases. In contrast, in response to a cold stimulus, most of the palm—marked
with ellipses—and the fingers present a temperature around 20.3 °C, while only the wrist, the center of the palm, and a
small area of interdigital spaces have a maximum of 30.2 °C. Observations show that heat is distributed across almost the
entire surface of the palm in response to a hot stimulus due to heat-induced vasodilatation. In response to a cold stimulus,
in contrast, the surface temperature decreases, and heat concentrates in strategic points due to peripheral
vasoconstriction. (Images obtained with a FLIR E 50 camera with an 18-mm FOL lens at a resolution of 240 x 180 pixels,
(emissivity = 0.95, distance = 0.5 m)).

Regarding vasodilatation, it is believed that the dorsomedial hypothalamic nucleus (DHM) is not required for cooling since
the probability of direct projections between the POA and rostral raphe pallidus (rRPA) has already been mentioned 5%
even though the ventral tegmental area (VTA) and rostroventrolateral PAG have been posited as brain regions that
substitute the chemical stimulus to the rRPA from the DHM B (Figure 2).
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Figure 2. Efferent thermogenic pathways in mammals. Green (marked with the number 1) represents the efferent
pathway for BAT (brown adipose tissue) thermogenesis; purple (marked with the number 2) indicates the efferent pathway
that produces changes in the skin blood flow; orange (marked with the number 3) shows the efferent pathway for the



production of sweat; yellow (marked with the number 4) exhibits the efferent pathway for shivering thermogenesis. Red
lines show the path that occurs in the sympathetic preganglionic neurons, while the blue lines indicate the path that takes
place on the postganglionic neurons. The broken line (-----) indicates that the anatomical pathway that connects said
structures is unknown. Preoptic area (POA); dorsomedial hypothalamus (DMH); lateral hypothalamus (LH);
periaqueductal gray (PAG); ventral tegmental area (VTA); raphe pallidus (RPA); rostral ventrolateral medulla (RVLM);
rostral ventromedial medulla (RVMM); intermediolateral column (IML). (Exclusive images created by Adriana Dominguez).

It is not clear whether, as in hypothermia, the population of glutamatergic cells is responsible for inducing heat-dissipating
mechanisms since some studies have described the participation of GABAergic cells 22, However, the participation of
any of these cell populations is possible as evidence indicates that a large portion of the POA neurons express for these
two receptors. In addition, since these two populations are heterogeneous, it is necessary to identify objective molecular
targets that will enable better understanding of the efferent pathways that activate the associated mechanisms [,

In non-human mammals, other mechanisms may cool by evaporation with species-specific variations; examples include
salivation and spreading saliva over the entire cutaneous surface or fur and panting performed through the respiratory
tract 481, Results showed that sweating activity increased by 80% in the hyperthermal state, reflecting its predominance in
that condition; in other words, evaporative cooling constituted the main mechanism of heat dissipation 23, This process
occurs through the eccrine glands, which consist of a spiral secretor in the form of a spiral-shaped, tubular gland that
contains a secreting and a proximal conductor located on the dermis, where multiple nervous fibers are enveloped by a
dense network of capillaries are found 54, Accompanied by a group of other cell types, these fibers respond to hydrostatic
pressure by generating sweat 52!,

It has been determined that sweating in rodents is mediated by the release of acetylcholine, a chemical mediator in the
synaptic areas of the sympathetic nerves located in the peripheral sweat glands . Specifically, sympathetic innervation is
stimulated by a package of nerves that terminates in the preganglionic neurons residing in the intermediolateral cells of
the spinal cord.

The column of IML cells has projections to the rostral ventromedial medulla (RVMM), which correlates to sweating in cats
and humans B8, Currently, the stimulation pathways between the RVMM and POA are not entirely known, so they are still
under study @ (Figure 2).

An important finding is that the mechanism of evaporation demands a high caloric cost for the organism and entails
significant physiological alterations, such as excessive water loss that alters osmotic stability. An option is high caloric
density diets so that the individual can replenish energy losses with a small amount of food. Nonetheless, in species that
inhabit arid regions during seasons marked by a drastic shortage of food and water, there are reports of adaptations that
allow a considerable temperature increase that may induce a state of hyperthermia which reduces energy costs and water
loss by up to 50%. This adaptive process may benefit from the recent substantial increase in ambient temperatures
worldwide 57,

Another alteration caused by states of acute hyperthermia is hypoxia, which affects mainly highly irrigated organs like the
intestinal mucosa, producing tissue damage that results in increased permeability B8l For this reason, intensive
production systems have been forced to designh methods to reduce the impact of heat stress on their animals 22,

Although the cooling mechanisms of vasodilatation and evaporation are described in the literature individually, and it is
believed that distinct nervous circuits mediate them, they are broadly related because vasodilatation provides heat and
blood plasma; that is, the resources used as the fluid required for evaporation to occur through sweating, salivation, and
panting 4. Studies have also documented that when sweat and salivary glands are activated, they release an enzyme
that catalyzes bradykinin, a peptide with a high capacity for stimulating vasodilatation. When released into the interstitial
space, bradykinin causes active vasodilatation, suggesting that it is not a mediator of the activation of cutaneous
vasodilatation 62,

During dynamic exercise, the organism concentrates large quantities of metabolic heat produced by muscular
contractions. The body’s deep temperature rises due to the heat generated, so cooling mechanisms like vasodilation and
evaporation are activated to dissipate excess heat 1. These specific mechanisms are considered independent from the
changes in deep temperature at the onset of exercise; in other words, sweating and vasodilatation can be mediated by
exercise even before the organism registers changes in its deep temperature 2. It has been observed that the fatigue
generated by exercise works as an inhibitory stimulus sent to the hypothalamus in response to hyperthermia, where it
causes a decrease in the resistance to exercise that functions as a heat-dissipating mechanism [©€2!,



Tanda 4! carried out a study with runners utilizing IRT that allowed him to achieve his main objective: to relate the
concentration of metabolic heat with ambient temperature, genetic traits, training, acclimatization, and skin surface
temperature. Depending on the capacity of different bodies to dissipate heat through the methods outlined previously, the
runners presented central temperatures from 38.5 to 40 °C at the end of the competitions, whether the distances involved
were short or long. The study concluded that skin temperature represents the main variable that controls heat exchange
during body-environment interaction and that this is due to changes in blood flow caused by vasoconstriction and
vasodilatation in the skin. To appreciate changes in ocular temperature registered by IRT in dogs subjected to exercise,
see Figure 3.

Figure 3. Thermograms of an idle dog (A) vs. a dog doing exercise (B). During repose (A), the ocular temperature was
35.1 °C, compared to image (B showing an ocular temperature of 37.2 °C in a dog after 15 min of exercise. (Obtained with
an FLIR E 50 camera with an 18-mm FOL lens at a resolution of 240 x 180 pixels, (emissivity = 0.95, distance = 1 m)).

Today, it is of great clinical importance to monitor the body temperature of certain mammal species involved in sporting
activities [65], Methods have been created that allow the objective measurement of temperature changes on the body’s
surface, including the aforementioned infrared thermography (IRT) technique 28], A pilot study using IRT was conducted in
2017 to demonstrate the changes observed in horses subjected to different times and intensities of physical exercise. All
the regions of interest showed an average temperature increase of 2 °C, indicating that IRT is an effective tool, though
additional research is required to improve its performance 68!,

The fear response is another phenomenon that triggers behavioral and physiological changes through which organisms
seek to increase their chances of survival by reacting adequately to threats occurring in the environment [4. It is not clear
how the nervous system participates in the fear response, but it has been suggested that the onset of these reactions and
the changes observed as a consequence depend on connections among the thalamus, amygdala, and hypothalamus. It is
important to recall that the DHM contains nerve cells to trigger thermogenesis and cutaneous vasoconstriction €8, |t is
well-known that the amygdala is a region of neural control involved in the emotions but also plays a vital role in fear
conditioning, and it has been noted that it has synaptic connections that endow it with the ability to store memories related
to threat stimuli or fear conditioning 6.

Research has shown that when threats trigger fear reactions in rats, these animals undergo various cardiovascular
changes involving a decrease in blood perfusion in areas like the tail and limbs, which are considered zones that have a
greater capacity to dissipate heat and that in threatening situations are the most exposed parts of the body. The
decreased perfusion is due to cutaneous vasoconstriction of these specific areas, perhaps because the rat is preparing for
either “fight-or-flight” and so acts to prevent significant blood loss through these vulnerable anatomical structures 779,
This response has been observed under IRT as a concentration of large amounts of heat on the dorsal surface of the rats’
body, and shallow temperatures in the limbs and skin surface since this redistribution of the blood also modifies heat



concentrations 9. As a result, recent findings indicate that behavioral, physiological, and emotional modifications
associated with stressful stimuli can be measured not only by utilizing such biomarkers as lactate, glucose, and cortisol,
among others A2 pyt also by methods like infrared thermography RI[20[21] ghservations of body language and facial
expressions B8I73] and more advanced techniques, such as electroencephalography (EEG) and computed tomography
(cT) 22,

| 3. Neurophysiological Responses for Controlling Hypothermia

Ascending signals from the thermoreceptors in the skin, viscera, and spinal cord reach the cold-sensitive sensory neurons
innervating the superficial laminae of the dorsal horn, which then send glutamatergic projections to the lateral parabrachial
nucleus (LPB), specifically the external lateral LPB (LPBel) . The cold-activated LPB neurons send glutamatergic
projections to the midline POA, specifically the median preoptic nucleus (MnPO), which, through efferent pathways
involving the sympathetic and somatic motor systems, trigger cold-defensive responses, like vasoconstriction and
thermogenesis to block heat loss 1.

Madden and Morrison 24 mention that the thermogenic efferent pathway (Figure 4) involves an inhibitory output of the
POA that affects the hypothalamic neurons in the dorsomedial hypothalamus. The thermogenesis-promoting neurons of
the dorsomedial hypothalamic nucleus (DMH) activate premotor neurons in the raphe pallidus area (RPa) that, in turn,
send a descending excitatory drive to the spinal neurons (sympathetic preganglionic neurons for BAT; motor neurons for
shivering). The difference lies in the fact that no relay in the DMH is required because the inhibitory output of the POA
directly impacts the sympathetic premotor cutaneous vasoconstrictor neurons in the raphe.
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Figure 4. General mechanism of physiological thermoregulation in mammals. This process begins when the organism’s
thermoreceptors in the skin detect a temperature change, either environmental or internal. Upon detecting the new
temperature, those thermoreceptors transmit a signal through afferent nerve fibers to the dorsal horn of the spinal cord,
where warm/cold-sensitive sensory neurons are activated. These neurons, in turn, transmit a response that consists of a
nerve impulse sent to the lateral parabrachial nucleus (LPB) 2. This triggers a reaction in the preoptic area (POA) of the
hypothalamus—a structure considered responsible for thermoregulation in mammals 8 _specifically, the median
preoptic nucleus (MnPO) . After that, cold- or heat-defensive responses are initiated through efferent pathways 1,

In response to cold, the sympathetic nerve fibers that innervate the cutaneous vasculature are activated, causing
cutaneous vasoconstriction that (i) reduces heat transfer with the environment and (ii) conserves heat in the center of the
organism’s body 4 Those authors observed that inhibiting the MnPO neurons by microinjections of GABA caused
vasoconstriction in the tails of mice (Mus musculus) due to the increased activity of the sympathetic CVC nerve fibers.
The above suggests that an output from the MnPO inhibits the sympathetic CVC nerve fibers. Excitation of the rostral
raphe pallidus (rRPA) also increases vasoconstriction and reduces the cutaneous temperature of the tail (Figure 5), while
its inhibition blocks vasoconstriction [,



Figure 5. Thermograms of mole-rats subjected to (A) heat and (B) cold. Clearly, under hot ambient temperatures, the
body’s entire surface presents a temperature above 33.3 °C, with a maximum of 38.3 °C on the face, back, and tail. In
contrast, in a cold environment (B), the tail and pelvic limbs present a surface temperature of 18.4-18.6 °C, with a
maximum of 29.3 °C in the head, eyes, and back. Observations show that heat distribution differs depending on the
stimulus. In warmer environments, the zones with greater heat are the eyes, head, back (the prescapular zone where
brown adipose tissue (BAT) is stored), and tail; while under cold conditions, heat concentrates in the eyes, head, and the
first part of the back. Thermogram A shows the mechanism of peripheral cutaneous vasodilation under high temperatures,
which increases heat transfer towards the environment, while thermogram B illustrates the mechanism of peripheral
cutaneous vasoconstriction, visible on the pedal surfaces and tail, at low temperatures. This mechanism conserves heat
in the organism’s core region to protect its vital organs 4. The images also show that the tail and feet are key organs for
conserving and dissipating heat in two thermally distinct environments. These findings agree with McGowan et al.’s report
on mole-rats 8. The animals shown in the thermograms were subjected to ambient temperature changes for only 30 min,
following Mexican regulations for the care and use of experimental animals. (Images obtained with an FLIR E 50 camera
equipped with an 18-mm FOL lens at a resolution of 240 x 180 pixels, (emissivity = 0.95, distance = 0.5 m)).

Although the raphe pallidus area (RPa) has sympathetic premotor neurons for cutaneous vasoconstriction 4, it appears
that the inhibitory output from the MnPO is an indirect input to the sympathetic CVC premotor neurons in the RPa 873,
The skin cooling activates neurons in the POA to directly excite the RPa’s CVC premotor neurons by activating
glutamatergic receptors B2, In response, the RPa’s CVC premotor neurons trigger cutaneous vasoconstriction through the
excitatory glutamatergic and serotoninergic projections to the preganglionic neurons in the intermediolateral cell column of
the spinal cord 74 However, the RVLM plays only a minor role in CVC activity compared to the RPa’s sympathetic
premotor neurons.

Brown adipose tissue (BAT) is a specialized organ for rapid heat production. Tan and Knight @ affirm that the release of
norepinephrine from this sympathetic innervation induces a mitochondrial leak in BAT that consists of a facilitated proton
leak through mitochondrial membranes of the brown adipocytes that occurs due to the elevated release of the uncoupling
protein-1 (UCP1) This process is known as non-shivering or BAT thermogenesis. 81 and dorsomedial hypothalamic
nucleus (DMH) 82, since chemical stimulation in these regions induces BAT thermogenesis.

In cold environments, the cool-afferent input to the median preoptic nucleus (MnPO) excites its neurons, which in
response inhibit the activity of a population of inhibiting neurons in the medial preoptic area (MPA), suppressing activation
of the BAT thermogenesis-promoting neurons 74l In response to both cold stimuli and fever, activation of the BAT
thermogenesis-promoting neurons in the DMH is likely due to the elimination of the active thermogenesis-suppressing
output and activation of glutamatergic receptors in the DMH neurons 3. However, activation of a subpopulation of
neurons that contain leptin receptors (LepR) has been detected in mice B485 These glutamatergic neuropsins in the
POA can also be expressed in the retina, skin, adrenal glands, liver, heart, and pancreas (€8],



Activation of the BAT sympathetic premotor neurons in the RPa, likely through glutamatergic input from the DMH to the
RPa [8188] promotes the descending glutamatergic and serotonergic input to the spinal cord, since glutamate and
serotonin in the spinal cord contribute to activating BAT 4] (Figure 6).
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Figure 6. Neurophysiological mechanism for developing the BAT thermogenesis response. Detection of cold excites the
neurons of the median preoptic nucleus (MnPO), which inhibits the activity of a group of neurons in the medial preoptic
area (MPA) whose function is to suppress the activity of brown adipose tissue (BAT) thermogenesis-promoting neurons.
The inhibition of said neurons and excitation of the glutamatergic receptors of the neurons in the dorsomedial
hypothalamic nucleus (DMH) activate the BAT thermogenesis-promoting neurons in that structure. These neurons send a
glutamatergic signal that activates the BAT sympathetic premotor neurons in the raphe pallidus area (RPA), increasing the
descending glutamatergic and serotonergic input to the intermediolateral cell column (IML). These are the substances that
trigger BAT activation

Tan and Knight ! noted that the regulation of shivering also involves a group of structures that govern other physiological
responses. Observations from decades ago showed that direct cooling of the POA fostered shivering induced by
environmental cold in goats Subsequently, those neurons activate the somatic premotor neurons for muscle shivering
found in the RPa. Contrary to what was observed in the neural circuit for the sympathetic control of BAT, where the RPa
neurons activate sympathetic preganglionic neurons in the intermediolateral cell column (IML), in this case, the
descending input from the RPa for shivering activates alpha and gamma motor neurons B2 in the ventral horn of the
spinal cord of rats (Figure 7).
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Figure 7. Neurophysiological mechanism for developing the shivering thermogenesis response. This mechanism is quite
similar to the one without shivering; the difference lies in the fact that the activated neurons of the raphe pallidus area
(RPA) are the alpha/gamma motor neurons in the ventral horn of the spinal cord. Activation of gamma motor neurons is
involved in muscle tone, an event that precedes the development of muscular shivering /4. Median preoptic nucleus
(MnPO); medial preoptic area (MPA); dorsomedial hypothalamic nucleus (DMH).



Although various studies have demonstrated the existence of direct descending projections from RPa neurons towards
ventral horn somatomotor neurons, the pathways and mechanisms through which the alpha/gamma motor neurons are
activated during shivering are not yet fully understood 4],

| 4. Thermoregulating Behavior in Mammals

Animals are also capable of performing voluntary behaviors that alter their local thermal environment. The above suggests
that thermoregulating behaviors are driven by the same motivational system that preserves other behaviors—eating and
drinking, for example—that arise in response to homeostatic needs 4. The former includes strategies to conserve body
heat, such as adopting certain postures (ball-like position) or basking under the sun, and nest-building, huddling, and
nest-sharing. Mammals perform these behaviors when exposed to severe thermal conditions in which their autonomous
regulation loses effectiveness, and valuable body resources like water and energy could be compromised.

Although thermal salivation decreases when lesions occur to the anterior 29, |ateral 22, and ventromedial hypothalamus
(921 it is believed that the simplest pathway is the one through which the preoptic area of the hypothalamus (POA)
activates lateral hypothalamic inputs to the superior salivary nucleus 231, However, grooming activity can be induced by
increasing the temperature of the posterior—not anterior—hypothalamus, suggesting that some behavioral
thermoregulating responses may be triggered in areas distinct from the POA 4. Furthermore, the increase of warmth-
induced locomotor activity that appears in rats upon stimulating the septal area, ventral midbrain, and dorsal medulla has
not been affected after lesions in either these areas or in the POA [B5l98] |n contrast, studies with rats have shown that
activating the POA with heat induces prone extension behavior 22!, while lesions in this region, and the ventral part of the
MnPO, reduce or eliminate this behavior 2811971,

The evidence suggests that local cooling or heating of the POA is sufficient but not necessary for activating most
thermoregulatory behaviors that reverse changes in the core body temperature . Observations have shown that
optogenetic stimulation of POAPACAP/BDNFneurons activated by heat induces cold-seeking but inhibits nest-building [€8.
Chemogenetic stimulation of POALepRneurons induces prone extension behavior to dissipate heat in mice 28, Similarly,
autonomous and behavioral responses to manipulations of the POA can stimulate thermoregulating behaviors, likely
through the dorsomedial hypothalamic nucleus (DMH) 2,

Several authors mention that lesions that ablate the POA in rats leave most thermoregulating behaviors intact [28[821(200]
Carlisle 229 observed that Sprague-Dawley rats held in a cold environment after lesions to the POA improved their
responses to the heat-reinforced operant procedure to which they were subjected. Probably to compensate for their loss
of autonomous thermoregulation.

Most lesioning experiments have been unsuccessful in identifying the forebrain region necessary for thermoregulating
behaviors, as the POA is for autonomous responses. Observations of primates have shown that the thalamus plays an
important role in temperature perception ROUI92l However, recent studies with rodents have demonstrated that even after

this area is injured, no alterations are detected in behaviors related to thermoregulation (5,

The failure to block thermoregulating behaviors by injuring the POA has led some researchers to conclude that this area is
not involved in those specific responses 2231, According to Tan and Knight [, these conflicting results could be explained
by the complexity of the POA circuit, which contains many different intermingled cell types that make it difficult to interpret
the results of lesioning experiments lacking adequate cell-type specificity. When not specific, those injuries cause
hyperphagia and obesity in rats, suggesting that the ARC functions as an anxiety center 1941 while ablation of a specific
type of ARC cells (AgRP neurons) causes starvation in mice 2%l Thus, we hope that future research will focus on
manipulations of specific cell types to re-analyze the role of the POA and downstream structures in controlling

thermoregulating behaviors.
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