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ABSTRACT

In hypothermia, the core temperature of the body decreases below 35°C. In this situation, the
body initiates some thermal regulatory process. Thermal regulation is the balance between heat
production (thermogenesis) and heat loss (thermolysis) during thermal changes.
Thermoregulation in skin blood flow can maintain body temperature and so homeostasis. A large
body of literature has shown that in cold exposure, the hypothalamus contributes to
thermoregulation by affecting skin blood flow. Moreover, some peripheral factors contribute to
thermoregulation through modification of skin blood flow. Furthermore, the sympathetic
nervous system can regulate the body temperature through a noradrenergic vasoconstrictorand
a vasodilator system. As orexin receptors are also found in several peripheral mammal tissues,
the activation of the orexin may stimulate the autonomic nervous system to increase blood
pressure leading to control of heat balance. The present study aimed to evaluate the activity
level and involvement of thermal regulators in cold stress. Generally, more experiments should
be accomplished to find the regulatory pathways in these situations. Furthermore, this study
was focused on the effect of orexin on thermoregulatory functions. This brief review intended
to report the studies revealing the prime effects of orexin on the body temperature through
influences exerted on the sympathetic nervous system.
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Introduction

hysiological thermoregulation includes
Pchanges in heat production and heat loss
by shivering and cutaneous vasodilation,
respectively, in response to various internal and

external thermal stimuli (1).
The main thermoregulatory center is the
preoptic-anterior hypothalamus which collects
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information on temperature from internal (core)
and surface (skin) receptors directly or
indirectly. This region of the hypothalamus
processes thermal information and relays it
through efferent neural pathways (2, 3); then,
like a thermostat, it recruits heat loss and heat
gain responses when the temperature is low or
high. The route of thermoregulation is shown in
figure 1.
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Figure 1. Thermoregulatory loop by the involvement of hypothalamus. Hypothalamus gather the information about
rising of internal and/or skin temperatures and then makes augmented heat loss via cutaneous vasodilation and
sweating, to adjust the initiated changes. Diminished skin or internal temperature causes reactions that decrease heat
loss (cutaneous vasoconstriction) and increase heat production (shivering), which adjusts the first change.

The skin plays an important role in
thermoregulation. Enhancement or reduction of
core temperature results in activation of the
sympathetic  nervous system and thus
vasodilation and vasoconstriction effects,
respectively (4). In hypothermia, to save the
heat, vasoconstriction occurs, then blood is
shifted from the skin surface to the deeper veins
and organs; therefore, the spreading of the
temperature between core and peripheral organs
occurs according to the temperature gradient. In
response to hypothermia, the sympathetic
vasoconstrictor system through activation of a-
noradrenergic receptors causes the contraction of
the smooth muscles of the blood vessels, which
is called vasoconstriction. Neuropeptide Y and
ATP are other transmitters that contribute to this
vasoconstriction (5, 6).

Hypothermia was classified as “mild,”
“moderate,” or “severe” based purely on the
CBT (mild hypothermia: 32.2-35 °C, moderate

402

hypothermia: 28-32.2 °C, profound
hypothermia: <28 °C). In mild hypothermia, the
thermoregulatory ~ mechanisms including
shivering and heat-seeking behavior are not seen
yet, but ataxia may be detected. Moderate
hypothermia brings about the progressive loss of
the thermoregulatory system with a reduction of
consciousness and initial  cardiovascular
instability. In severe hypothermia, whole loss of
the thermoregulatory system, an inability to
shiver, comatose states, and susceptibility
to ventricular fibrillation were detected (7).

Neural control of thermoregulation
Regulation of body temperature is a role of a
central mechanism. The key thermoregulatory
center is the hypothalamus, principally the
preoptic area (POA) that is the integration center
of the sensory inputs of body temperature (2).
Other areas of the central nervous system,
including the brainstem and spinal cord, also
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contribute to thermoregulation. The
hypothalamic POA possesses three groups of
neurons:

1. Warm-sensitive neurons, which represent
~ 20% of POA neurons, enhance the firing rate
at higher temperatures and reduce it when the
brain temperature drops. In inflammation, the
warm receptors are stimulated. Previous studies
have shown the anti-inflammatory effect of
calcium channel blockers (8); therefore, we have
shown that calcium channel blockers can inhibit
the increased blood flow and so the temperature
in chronic inflammation.

2. Cold-sensitive neurons that
characterize ~10% of POA neurons are
normally inhibited by the warm-sensitive
neurons but are activated by the firing rate
reduction of warm-sensitive neurons during
cooling.

3. The remaining 70% of neurons of the
preoptic area are temperature-insensitive (2).

Rabbits adapted to lower temperatures
display lower temperature set points than the
control ones. Therefore, the temperature has
setpoints that are not permanent and change by
the neural system and can alter during the
individual development.

Lower optimal temperatures  cause
hypothalamic thermosensitivity and enhance the
number of warm-sensitive neurons. Higher
optimal temperatures show the opposite effect
(9).

There is no evidence showing any genes
regulate set points for the temperature in warm-
blooded animals. Thermoregulation has three
stages: afferent sensing, central control, and
efferent responses. There are receptors for both
heat and cold throughout the human body.
Afferent sensing activates these receptors to
inform the body's core temperature. The
hypothalamus is the central regulator of
thermoregulation (10). There is also an efferent
behavioral component that replies to variations
in body temperature. For example, if a person
feels too warm, he/she removes an outer article
of clothing. If a person feels too cold, he/she
wears more layers of clothing. Efferent
responses also contain automatic responses by
the body to defend itself from exciting variations
in temperature, like sweating, vasodilation,
vasoconstriction, and shivering (11).

The balance between them which preserves
body temperature near 37°C, permits the enzyme
systems to operate in a narrow optimum activity.
Many studies have evaluated skin blood flow

403

(SBF) in response to hypothermia. In mild
hypothermia, the thermoregulatory mechanisms
function is at a maximum level in an effort to
contest heat loss by shivering, cutaneous
vasoconstriction, diminished peripheral
perfusion, and enhance cerebral blood flow, and
blood pressure (12). Cutaneous vasodilation and
sweating during exercise and heat exposure are
substantial for heat loss. During hypothermia,
skin blood vessels constrict to diminish heat loss
and protect from hypothermia. Thus, changes in
skin blood flow have important clinical
consequences and can put down the mechanism
of heat balance (13). The core temperature is
preserved in a very small range close to 37°C
during rest by the equilibrium between heat loss
and heat gain. The core function of the posterior
hypothalamus is the integration of temperature
signals reaching from cold- and warm-sensitive
nerve endings located on the skin through the
sympathetic nervous system. There is also a
functional relation between the posterior
hypothalamus and the anterior hypothalamus in
thermoregulation. The skin has more cold
receptors than warm ones, which are closer to the
surface; therefore, it has a more rapid
recognition of cold compared to warmth (14).

The thermoresponsive neurons are situated
mostly in the nucleus raphe magnus (NRM) (14).
The medullar raphe regulates the rat tail blood
flow (TBF) which is the main organ of heat loss
in this species (15, 16).

The nucleus raphe magnus (NRM) regulates
vasomotor responses to modification of
environmental temperature through regulation of
the SBF (17, 18). Considerable evidence has
reported that electrical stimulation of mid to
caudal raphe magnus augments sweat secretion
and SBF in forepaw pads of decerebrate cats (15,
19, 20).

Excitation of the raphe neurons changes the
cutaneous blood flow without disturbing arterial
pressure and changing blood pressure in the
mesenteric bed (21, 22). In another study,
chemical stimulation of the rostral ventrolateral
medulla in anesthetized hyperthermic rats could
reduce tail temperature (23). The evidence
displays that medullar raphe is involved in the
regulation of rat tail blood flow. An increment of
Fos immunoreactivity resulted from the raphe
stimulated by cold exposure (24). In our earlier
study, injection of lidocaine interrupted local
neuronal activity in the NRM (25). In
hypothermia, lidocaine injections into the
medullary  raphe  decrease  the  tail
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vasoconstriction and so lidocaine decreases the
thermoregulatory effect of NRM and diminishes
TBF (25).

During cold exposure, cutaneous
vasoconstriction decreases heat loss and protects
the body from hypothermia (26). Thus, changes
in SBF have important clinical consequences
and can suppress the mechanism of heat balance.
In our previous study, microinjection of
lidocaine into the NRM significantly reduced the
TBF; therefore, it was concluded that the NRM
has a thermoregulatory effect in response to
hypothermia (27).

In postnatal development, some
glutamatergic  synapses  possess NMDA
receptors (28-30) which mostly cause

hyperpolarization and have inhibitory roles (31).
Synchronized application of glutamate and
nitroprusside, which is a NO donor, exhibited an
opposite effect. Therefore, cells showed
depolarization and excitation (32). It can be
assumed that NO contribute to inhibitory
responses to glutamate (31). According to our
previous study, when TBF decreased in
hypothermia, the injection of glutamate in the
raphe magnus enhanced the blood flow of the tail
cutaneous bed. Then, we found that this effect of
L-glutamate was diminished by prior intra NRM
administration of neuronal nitric oxide synthase
(nNOS) inhibitor (L-NAME) (33). Thus, nitric
oxide (NO) in the nucleus raphe magnus may
interact with excitatory amino acids and control
cutaneous blood flow in rats. In the central
nervous system (CNS), nNOS-produced nitric
oxide involves in the regulation of body
temperature (34). Our previous study suggested
that alteration of nitric oxide causes the same
skin blood flow changes in both morphine-
dependent and intact rats (35). Also, central
administration of dopamine as a
neurotransmitter involved in modulatory system
(36) shows an important effect in
thermoregulation (37).

Overview of the role of skin in human
physiological thermoregulation

Body temperature regularly imitates the
central core and peripheral shell temperatures.
The core temperature reflects the temperature
within the “deep” body tissues and organs with a
high level of basal metabolism (including the
heart, brain, and liver). The shell temperature
reflects skin blood flow, which is raised with a
high core temperature and environmental
temperature. The surface area-to-mass ratio of
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end organs is high (38), which is important for
thermal energy transmission. During cold stress,
skin blood flow is reduced, causing a reduction
in shell temperature and preservation of heat in
the core. The temperature gradient between core
and skin can be a valuable nonspecific monitor
of thermal status. The hypothalamus is the
directing or central integration center for
thermoregulation. The evidence suggests that the
preoptic anterior hypothalamus is the most
important region for autonomic temperature
control (5).

Resting SBF in environments with
normothermic temperature is about 250 mL/min,
which makes 80 to 90 kcal/h of heat loss, which
is about the same level of resting metabolic heat
production (39, 40). Key physiological
responses to losing heat during exercise are
cutaneous vasodilation and sweating (39, 41).
Cutaneous vasodilation and sweating during
exercise augment blood flow to the skin through
amplified cardiac output and displaces blood
flow through splanchnic vasoconstriction
without steady changes in oxygen supply to the
organs such as the heart, but adequate to fulfil
the demand of amplified skin blood flow (39).

Additionally, the evaporation of sweat, like
cutaneous  vasodilation,  decreases  skin
temperature. Therefore, skin blood flow and
sweating remain increasing until a heat
equilibrium is reached, at which the rate of heat
production is equal to the heat loss. Internal
temperature or core body temperature, which is
the temperature of the internal organs located
deep within the body, decreases and then returns
to a normal level when cutaneous vasodilation
and sweating cause cooling of the blood. Internal
temperature  thresholds induce cutaneous
vasodilation and sweating (39, 41). Furthermore,
the slope of skin blood flow-internal temperature
relationship is measured as the heat gain or
sensitivity of the sweating or vasodilator
response (42). Lower skin blood flow at a given
internal temperature in heat stress is caused by
active vasodilator activity originating from
higher internal temperatures (an increased
threshold for vasodilation), a reduced response
sensitivity, or a combination of both (13).
Factors affecting the sensitivity of skin
vasodilation are heat adaptation, circadian
rhythm (43, 44), exercise training (45), and
female reproductive hormone level (46).

Skin blood flow decreases due to cutaneous
vasoconstriction in cold exposure. As the
temperature decreases to a lower level, the
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shivering begins. Muscle contraction associated
with vascular contraction, enhancement of heat
production, and reduction of heat loss decay heat
transfer from the core to the surface, and so
maintain the core temperature in cold exposure
(13).

The laser-Doppler flowmetry and venous
blocking plethysmography are two techniques
for the measurement of skin blood flow (39, 47,
48). Venous blocking plethysmography can be
exerted to assess blood flow in the limbs
including the forearm, lower leg, or finger (13).

Contribution of central factors in skin blood
flow regulation

Vasoconstriction control of skin blood flow by
the sympathetic nervous system

Vessel constriction is performed to regulate
skin circulation, especially by the sympathetic
nervous system (49). The glabrous skin
(including palms, soles, and lips) is innervated
by the sympathetic vasoconstrictor nerves (39).
In glabrous skin, the blood flow rates from
arterioles to venules are altered through the
opening or closing of arteriovenous anastomoses
(AVA) (50). Arteriovenous anastomoses, like
the elaborate system in rats' tails, control heat
dissipation by sympathetic activation in cold
exposure (51).

Cold exposure recruits an augmented
vasoconstrictor nerve activity and the release of
norepinephrine. ~ NPY  which  activates
postsynaptic al and o2 receptors on cutaneous
arterioles and AVA causes skin blood flow
decrement (52-54). This thermoregulatory
vasoconstriction can limit the skin blood flow by
changes of the vasoconstrictor outflow to
cutaneous arterioles and mainly arteriovenous
anastomoses, which is a countercurrent
exchange of heat to make an additional decrease
of heat loss (55). The vasoconstrictor system of
human skin is active at normal brain and skin
temperatures (56) that is responsible for the
regulation of normal body temperature. Slight
deviations of body temperature lead to minor
alterations in skin blood flow and heat removal;
therefore, the body temperature is maintained in
a very fine range (54).

Vasodilation control of skin blood flow by
nitric oxide

Nitric oxide, as a gaseous second messenger,
plays the main role in thermoregulation in the
central and peripheral nervous systems (57).
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Nitric oxide is synthesized in all mesencephalic
raphe nuclei cells and is a dominant activator of
the heat defense mechanism (57). In a previous
study, it was demonstrated that intra-NRM
microinjection of SNP stops thermal
vasoconstriction of rat tail vessels in cold
exposure, but injection of an NO synthase (L-
NAME ) inhibitor, restrains the excitatory effect
of glutamate on the NRM and TBF (58). Nitric
oxide and subsequent cGMP levels augment
through stimulation of NMDA receptors.
Moreover, NO increases the release of excitatory
amino acids in the dorsomedial medulla through
cGMP (59). It is established that L- NAME
diminished NO facilitation of excitatory amino
acid-evoked excitation of NTS neurons (60).
Also, NOS inhibitor (61, 62), or NO donor (61),
causes a tonic limitation in central sympathetic
outflow. Sympathetic nerves cause
vasoconstriction of the skin vascular beds.
Therefore, a decrease in the sympathetic outflow
by NO in the raphe may be responsible for
thermoregulatory processes in the CNS (58). In
addition, during local warming, vasodilation
happens in two phases including a rapid phase
and a slower phase; the local nervous activity
and NO contribute to these two phases,
respectively (63, 64).

Orexin and hypothermia

Orexin neuropeptides are produced in the
lateral part of the hypothalamus area and activate
postsynaptic neurons through two G-protein
coupled receptors (65, 66). Orexins are involved
in memory (67), development of morphine
dependence (68-70), and formalin-induced
nociceptive behaviors (71, 72). They are
distributed across many brain regions including
locus coeruleus and hippocampus (73).
Hypothalamic orexin neurons are involved in
thermoregulation. Orexin receptor antagonist
causes alteration of core body temperature after
exercise (74). Orexin plays a role in the central
adjustment of sleep, energy metabolism, and the
cardiovascular system (75). Heat loss is a critical
feature of sleep. There is an elevated body
temperature during sleep in orexin knockout
mice (76).

Orexin neurons may not be implicated in the
alteration of basal body temperature in an awake
state and at rest, but are involved in the alteration
of body temperature in spontaneous movements
and during sleep even without stimulation of the
animals (77).
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Orexin neurons in the lateral hypothalamus
innervate the rostral raphe pallidus, and this is a
central path for brown adipose tissue (BAT)
thermogenesis in cold temperatures (78). Orexin
neurons attach to upstream factors of the
thermoregulatory circuit, like the preoptic area.
An orexinergic projection from the perifornical
hypothalamus to raphe pallidus enhances BAT
thermogenesis in rats (79).

In stressful conditions, the orexinergic
system may modify the thermogenic response at
the central level with an augmentation of orexin
levels in the cerebrospinal fluid. The antagonist
of the orexin receptor reduces the rise in core
body temperature in resting and exercise
states. Orexin is important  in the
thermoregulation  response  to  stressful
events (74).

Orexin-A can enhance sympathetic discharge
and body temperature. For instance, the caudal
raphe nuclei in the medulla known as the
sympathetic preganglionic motor neurons,
which are contributed to thermal and
cardiovascular regulation, are innervated by
orexin-A fibers. It was reported that orexin-A
might also show an important role in
thermoregulation. Moreover, the
thermosensitivity of orexin neurons may play an

important role in  maintaining energy
homeostasis during fever (80).
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