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REM SLEEP RELATED INCREASE IN BRAIN TEMPERATURE:
A PHYSIOLOGIC PROBLEM

PL. PARMEGGIANI

Dipartimento di Fisiologia Umana e Generale, Bologna

INTRODUCTION

Many Authors have reported changes in brain temperature during the ultradian
sleep cycle in several mammalian species. The temperature decrease in NREM sleep
is not discussed here since it is a normal effect of thermoregulation operating at a
lower set point temperature than in wakefulness. In contrast, the increase in brain
temperature related to REM sleep appears paradoxical from the viewpoint of normal
thermoregulation. The problem of the physiologic mechanisms underlying this tem-
perature change remains unresolved (cf. 26).

Changes in brain temperature are in general relevant to both the energy metabo-
lism of the brain and the function of the preoptic-hypothalamic thermostat.
However, the increase in temperature related to REM sleep, amounting to a few
tenths of a degree Celsius at most, may appear of little physiologic importance from
a physicochemical viewpoint (Q10 effect). Whereas this assertion applies to neurons
lacking high specific thermosensitivity, a different problem is whether such temper-
ature change is a feedback signal for specific thermoresponsive neurons. However,
the issue may be resolved considering the depression in the responsiveness of the
preoptic-hypothalamic thermostat during REM sleep (cf. 26, 39). Notwithstanding
this conclusion, a review of experimental results will show that it is physiologically
relevant to appreciate the mechanisms underlying the brain temperature rise related
to REM sleep.

PHYSIOLOGIC MECHANISMS FOR BRAIN COOLING

Brain temperature changes are quantitatively expressed as the ratio between the
changes in heat content and mass of the nervous tissue multiplied by its specific heat
(AT = AQ/mc). Heat is produced by cellular energy metabolism and is transferred to
the arterial blood in inverse relation to its temperature, which is lower than that of the
brain in normal conditions (25). It is obvious that brain homeothermy is altered essen-
tially by quantitative imbalances between metabolic heat production and heat loss.

There are different mechanisms for cooling the brain in mammals and more than
a single mechanism may be operative. In general, the cool venous blood flowing
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from the systemic heat exchangers of the body (upper airway mucosa, ear pinna,
horn, tail, skin, according to species) to the heart mixes with the warm venous blood
returning to the heart from heat-producing body tissues. This systemic mechanism
cools the arterial blood including that flowing to the brain (systemic brain cooling).
In addition to systemic brain cooling, there is also a mechanism for selective brain
cooling. In species like the cat, dog, sheep and goat (23, 25), the carotid blood sup-
ply to the brain is again thermally conditioned prior to entering into the circle of
Willis by countercurrent heat exchange between carotid rete and venous sinuses
(e.g., sinus cavernosus). The carotid rete is a network of fine vessels (rudimental in
the dog), derived from the external branch of the common carotid artery. The arter-
ial blood flowing to the brain in the carotid rete is surrounded by sinus venous blood
cooled in the upper airway mucosa and flowing in an opposite direction to the heart
(5. 6, 18, 25). The carotid rete is connected to the circle of Willis through a short
artery (homologous to the distal part of the internal carotid artery of species lacking
the carotid rete). As a result of the countercurrent heat exchange, the temperature of
the carotid blood reaching the circle of Willis is further decreased with respect to that
of the aortic arch blood (5, 6, 25). Vertebral artery blood is not thermally conditioned
by a countercurrent heat exchange mechanism and enters into the circle of Willis at
the temperature of the blood in the aortic arch (25). In conclusion, the difference
between the temperatures of vertebral artery blood (systemic cooling only) and
carotid artery blood (both systemic and selective cooling) flowing into the circle of
Willis depends on the heat loss from the carotid rete. Eventually, the average brain
temperature is determined by the relative amounts of carotid and vertebral artery
blood contributing to the total blood flow of the brain.

Another mechanism for selective brain cooling is typical of species lacking the
carotid rete (e.g., rabbit and rat). It is provided by conductive heat exchange between
the basal portion of the brain, including the circle of Willis, and the basal venous
sinuses that drain cool venous blood from the upper airway mucosa (13).

The effects of systemic and selective brain cooling appear in the temperatures of
the hindbrain and forebrain, respectively. This is shown by the positive difference
between pontine and preoptic-hypothalamic temperatures in cats (4, 41), rabbits (41,
42) and rats (11, 41).

Heat loss from systemic heat exchangers, affecting carotid blood temperature
through the systemic venous return to the heart (systemic brain cooling), is the most
important determinant of brain temperature in primates (24, 25). Concerning
humans, in particular, there is no consensus as to whether a mechanism for selective
brain cooling plays a significant role (8, 9, 10, 28, 29, 35).

REM SLEEP RELATED CHANGES IN BRAIN TEMPERATURE

REM sleep in several mammalian species is characterized by a rise in brain tem-
perature (1, 3,5, 6,15, 17, 19, 23, 25, 27, 31-33, 40, 44, 51, 56-60). It is remarkable
that such rise occurs at ambient temperatures not only above or within the ambient
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thermoneutral zone of the species but also below this zone (2, 21, 40, 44-46). In con-
trast, studies in primates showed a decrease in hypothalamic temperature (24, 25)
and cortical temperature (47, 54) in relation to REM sleep at ambient temperatures
close to or within the ambient thermoneutral zone of the species.

Concerning REM sleep in the two species (cat and rabbit) considered in detail
here, the increase in brain temperature is related to systemic heat exchanger vaso-
motion that is opposite to that normally observed during NREM sleep under the
influence of the same high or low ambient temperature. The proximate causes of
such vasomotion are imbalances between transmural pressure and smooth muscle
tonus during REM sleep, that appear paradoxical from the thermoregulatory view-
point (12, 14, 21, 37, 40, 44). The REM sleep related increase in brain temperature
at high ambient temperature appears. nevertheless, as a consistent result of the para-
doxical replacement of thermoregulatory vasodilatation in NREM sleep by vaso-
constriction reducing systemic heat loss in REM sleep. In contrast, the REM sleep
related increase in brain temperature at low ambient temperature appears clearly
inconsistent with the paradoxical replacement of thermoregulatory vasoconstriction
in NREM sleep by vasodilatation increasing systemic heat loss in REM sleep.

MECHANISMS UNDERLYING THE REM SLEEP RELATED
INCREASE IN BRAIN TEMPERATURE

From different viewpoints, many studies contributed to the early detection of fac-
tors directly underlying the REM sleep related increase in brain temperature (cf. 36).
In particular, an increase in the metabolic heat production of the nervous tissue was
proposed by several authors (15, 31, 32, 51, 56). Other authors proposed the arteri-
al blood flow as a main factor (17, 30, 48, 49, 54-56), whereas others considered the
arterial blood temperature the main factor (5, 6, 25).

The metabolic heat production of the nervous tissue appears an unlikely candidate
as the primary cause of the observed change in brain temperature. In fact, several
studies suggest that both brain metabolic rate and arterial blood flow increase in
REM sleep with respect to NREM sleep (cf. 20, 34). On this basis, the increase in
brain metabolic heat production is indirectly related to the rise in heat clearance by
the increase in arterial blood flow. Therefore, temperature alone is not a reliable indi-
cator of changes in metabolic heat production (cf. 25, 52, 53). In any case, metabol-
ic heat production is unlikely to play a major role in the increase of brain tempera-
ture related to REM sleep particularly on the basis of subsequent experimental evi-
dence.

The other factors at issue are the flow and temperature of the arterial blood sup-
plied to the circle of Willis by different sources.

The effects of the transient fall in common carotid blood flow were studied in cats
and rabbits (4, 38, 42). The fall was provoked by short (£ 100 s) bilateral common
carotid artery occlusion during wakefulness and NREM sleep at ambient tempera-
ture (25 = 2 °C) close to thermal neutrality. A decrease in ear pinna temperature and
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an increase in both preoptic-hypothalamic and pontine temperatures were elicited by
this procedure. Different mechanisms underlie these temperature changes. The short
latency and the steepness of the initial rise in preoptic-hypothalamic temperature
appear as an obvious effect of brain autoregulation of flow for the following reason.
In response to the metabolic demand of the cerebral bed, suddenly raised by the fall
in the carotid artery share of cerebral blood flow, autoregulation (cf. 7) buffers the
fall in carotid blood supply by increasing the supply of vertebral artery blood. The
flow increase in vertebral artery blood, warmer (systemic cooling only) than carotid
artery blood (both systemic and selective cooling), initially contributes more to the
increase in preoptic-hypothalamic temperature than the depression of selective brain
cooling. This temperature approaches but does not reach the also rising value of the
pontine temperature during the short duration of bilateral common carotid artery
occlusion. The pontine temperature rises with a lesser slope than preoptic-hypothal-
amic temperature as it is driven by the increasing temperature of vertebral artery
blood. The latter rise is a result of the decrease in common carotid artery blood flow
depressing systemic heat loss from upper airway mucosa and ear pinna. Moreover,
the degree of this effect depends also on the surface area of the ear pinna, since the
pontine temperature increases more slowly and less in cats than in rabbits (4, 42). In
support of the importance of autoregulation of blood flow, it is worth mentioning
that electroencephalographic signs of ischemia are absent during bilateral common
carotid artery occlusion of long (up to 300s) but evidently harmless duration in cats
(4). In this case, the preoptic-hypothalamic and pontine temperatures tend to a
plateau following the initial rise. This is a sign of the new thermal equilibrium exist-
ing between metabolic heat production and decreased systemic and selective heat
loss. In conclusion, changes in metabolic heat production are not necessarily
involved in these experimentally induced temperature changes during wakefulness
and NREM sleep.

Additional experimental evidence shows that the previous argument also applies
to the spontaneous increase in preoptic-hypothalamic and pontine temperatures
related to REM sleep (4, 38, 42). This increase is characterized initially by a rather
steep slope from the level attained at the end of NREM sleep and subsequently by a
plateau. The temperature plateau lasts for the duration of the REM sleep episode and
shows opposite variations to those of ear pinna temperature, that is systemic heat
loss.

Bilateral short (£ 100 s) occlusion of the common carotid artery at REM sleep
onset in cats and rabbits does not affect or only scarcely enhances the spontaneous
decrease in ear pinna temperature and the spontaneous increase in both preoptic-
hypothalamic and pontine temperatures. This is a crucial result showing that com-
mon carotid blood flow is spontaneously decreased on REM sleep occurrence. Such
decrease may be considered the trigger of an autoregulatory response increasing
brain blood flow in REM sleep. There is experimental evidence in the cat that the
increase in hypothalamic blood flow during REM sleep is preceded by an initial
transient decrease (16, 50). On this basis, the conclusion is warranted that bilateral
occlusion of common carotid artery in wakefulness and NREM sleep mimics a
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hemodynamic condition occurring spontaneously in REM sleep. In contrast, short
bilateral common carotid artery occlusion after the end of REM sleep stops both the
spontaneous increase in ear pinna temperature and the spontaneous decrease in pon-
tine and preoptic-hypothalamic temperatures. This shows that common carotid
artery blood flow spontaneously increases after the end of REM sleep: the increase
enhances both systemic and selective brain cooling in turn whereas vertebral artery
blood flow decreases. The indirect experimental evidence of a spontaneous fall and
rise in common carotid artery blood flow during and after REM sleep, respectively,
has recently been confirmed by direct measurement of this flow in rabbits (43).

As mentioned before, preoptic-hypothalamic temperature rises during REM sleep
also at low ambient temperature (2, 21, 40, 44-46). The event is fairly inconsistent
with the actual increased heat loss due to paradoxical vasodilatation of the systemic
heat exchangers of the head (ear pinna, upper airway mucosa). This fact adds further
indirect evidence that autoregulation of brain blood flow in REM sleep counterbal-
ances the decrease in carotid blood supply by the increase in vertebral blood supply
that is warmer than the former.

The described hemodynamic mechanisms apply not only to cats and rabbits but
probably also to rats that show comparable REM sleep related changes of upper air-
way mucosa, preoptic-hypothalamic and pontine temperatures (11, 12). On the other
hand, the remarkable morphofunctional prevalence of the internal carotid arteries
over the vertebral arteries in primates (18) underlies unfavorable hemodynamic con-
ditions, particularly in humans (22), for a significant enhancement of the blood sup-
ply of the vertebral arteries to the brain during REM sleep. Although the lack of ade-
quate experimental evidence precludes any definitive conclusion, it is probable that
brain temperature changes in primates depend only on changes in systemic brain
cooling during REM sleep.

FUNCTIONAL IMPLICATIONS

The inference of cerebral autoregulation of vertebral blood flow drawn from the
previous experimental results is fundamental to explain in detail the mechanism
underlying the REM sleep related rise in preoptic-hypothalamic temperature in cats
and rabbits. However, it should not be overlooked that the decrease in common
carotid artery blood flow, characterizing REM sleep (43), reveals a systemic hemo-
dynamic depression that appears so conspicuous as to negatively affect also verte-
bral artery blood flow and consequently cerebral autoregulation. In contrast to this
inference, an increase in cerebral blood flow during REM sleep with respect to
NREM sleep was observed in several species including the cat and rabbit (cf. 20,
34). Therefore, a basic question is how to reconcile the systemic hemodynamic
depression in REM sleep with the autoregulatory increase in cerebral blood flow.
This is conceptually possible considering the factors that may contribute to an ade-
quate autoregulation of cerebral blood flow in spite of systemic unfavorable hemo-
dynamic circumstances. The anatomical data (cf. 18) point to important morpho-
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functional differences between the carotid and vertebral tributaries of the circle of
Willis in the species considered (e.g., complex network of fine vessels of the carotid
rete in the cat; vertebral arteries larger than internal carotid arteries in the rabbit). On
this basis, higher inflow impedance for the carotid blood supply than for the verte-
bral blood supply to the circle of Willis is likely in both cats and rabbits. In this
respect, the disappearance of the negative hydrostatic load as result of the lowered
head posture, and a decrease in cerebral vascular impedance in relation with corti-
cal activation in REM sleep also deserve consideration. The existence of conditions
enhancing the vertebral blood supply to the brain in the rabbit during REM sleep is
also shown by the fact that arterial blood flow increases more in the hindbrain than
in the forebrain (cf. 20).

The autoregulatory response to the decreased common carotid artery blood sup-
ply to the forebrain is a result of the alteration of homeostatic cardiovascular regu-
lation during REM sleep (cf. 37). However, an additional autoregulatory increase in
vertebral blood supply is likely to occur as a response to brain activation in REM
sleep with respect to NREM sleep. The former autoregulatory response is the most
variable, since the “steal” of common carotid artery blood is due to autonomic
events that are intrinsically irregular, The latter autoregulatory response is the most
stable as the expression of actual flow-metabolism coupling due to the stereotyped
pattern of brain activation in REM sleep. Eventually, the overall temporal coupling
of flow and metabolism in the brain is less consistent in REM sleep than in both
wakefulness and NREM sleep, according to the different time courses of randomly
interacting peripheral and central physiological processes during REM sleep.

CONCLUSION

Summing up, three main factors have been considered as possibly underlying the
brain temperature rise related to REM sleep: namely, changes in i) the metabolic
heat production of the nervous tissue, ii) the arterial blood flow, iii) the arterial blood
temperature. The present discussion points out that the first factor is practically not
relevant to the problem. The experimental evidence supports the view that the prox-
imate causes of the rise in brain temperature related to REM sleep are the quantita-
tive shift from carotid blood supply to vertebral blood supply to the circle of Willis
and the depression of systemic and selective brain cooling. A remote cause of the
rise in brain temperature is the systemic hemodynamic alteration in REM sleep. The
instability of autonomic cardiovascular regulation brings about a “steal” of common
carotid artery blood supplying the brain and the systemic heat exchangers of the
head. A “steal”, depressing both systemic and selective brain cooling, to be coun-
terbalanced in the species considered by blood flowing to the brain primarily from
the vertebral arteries.
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SUMMARY

The roles of metabolic heat production, arterial blood flow and temperature in the
genesis of the brain temperature increase related to REM sleep occurrence in sever-
al mammalian species are discussed on the basis of available experimental evidence.
The experimental data show that only changes in arterial blood flow and tempera-
ture consistently underlie the rise in brain temperature in presence (cat) or absence
(rabbit) of the carotid rete. The alteration of cardiovascular regulation in REM sleep
is the remote cause of such rise. The proximate causes are decrease in carotid blood
supply and increase in vertebral blood supply to the brain and related depression of
systemic and selective brain cooling.
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