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1. ABSTRACT

Brain  temperature is a  physiological
parameter, reflecting the balance between metabolism-
related intra-brain heat production and heat loss by
cerebral circulation to the rest of the body and then to
the external environment. First, we present data on
brain temperature fluctuations occurring under
physiological and behavioral conditions and discuss
their mechanisms. Since most processes governing
neural activity are temperature-dependent, we consider
how naturally occurring temperature fluctuations could
affect neural activity and neural functions. We also
consider psychomotor stimulants and show that their
hyperthermic effects are state-dependent and modulated
by environmental conditions. Since high temperature could
irreversibly damage neural cells and worsen various
pathological processes, we consider the situations
associated with pathological brain hyperthermia and
evaluate its role in acute perturbations of brain functions,
neurotoxicity, and neurodegeneration. We also discuss the
limitations in consideration of brain temperature within the
frameworks of physiological regulation and homeostasis.
While different adaptive mechanisms could, within some
limits, compensate for altered intra-brain heat balance,
these mechanisms could fail in real-life situations, resulting
in life-threatening health complications.
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2. INTRODUCTION

Temperature is one of the basic physical
properties of any material object. While it could be
intuitively defined as the degree of hotness or coldness,
scientific definitions of temperature are quite complex, but
it usually defines a quality of physical objects that indicates
both whether heat will flow between them and in which
direction it will flow. Temperature is closely related to
heat, but if temperature is an object’s quality, heat is energy
to or from the object because of a temperature gradient.

Although evidence suggests that changes in brain
temperature could have profound effects on neural activity
and neural functions, our knowledge of brain temperature,
its normal and pathological fluctuations, and the
mechanisms underlying brain thermal homeostasis is
limited. Therefore, the first goal of this work is to consider
available data on normal brain temperature, its fluctuations,
relationships with body temperature, and mechanisms that
determine these fluctuations. Being simultaneously a part
of the body and the highest center for regulating
physiological functions and behavior, the brain has some
degree of autonomy from the rest of the body and differs
from the body in regulating its basic parameters (i.e.,
metabolism, cerebral blood flow, temperature, water and
ion content). While the brain plays a crucial role in
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detecting, via specialized sensory systems, variations in
environmental  temperatures, integration of this
information, and adjusting, via effector mechanisms, heat
production and/or heat loss to maintain a stable body
temperature (1), it is difficult to apply this logic to brain
temperature and it is unclear whether or not it could be
viewed as true homeostatic parameter. In contrast to
changes in environmental temperatures, which trigger
thermoregulatory mechanisms of heat production and heat
loss, we will demonstrate that robust changes in brain
temperature could occur in a temperature-stable
environment following exposure to various salient
somatosensory stimuli and during different types of
motivated behaviors. While there are different points of
view on why these fluctuations occur and what their
underlying mechanisms are, we will present evidence that
alterations in metabolic brain activity are the primary cause
of intra-brain heat accumulation and a force behind more
delayed changes in body temperature. Although brain
hyperthermia that occurs under specific physiological
conditions is associated typically with peripheral
vasoconstriction, which limits heat dissipation to the
external environment, this change differs from fever, a
stable increase in body temperature usually associated with
viral and bacterial infections. In the latter case, the brain
receives neural and humoral signals from the periphery and
actively defends a new, increased temperature baseline by
enhancing heat production and/or diminishing heat loss.

The second goal of this study is to consider
changes in brain temperature induced by various
pharmacological drugs that affect brain metabolism and
heat dissipation to the external environment. In contrast to
activation of somatosensory pathways which trigger brain
activation, thus mediating physiological fluctuations in
brain temperature, pharmacological shifts in brain
temperature are induced by direct action of drugs on
specific centrally and peripherally located neural substrates.
Our special focus will be on psychomotor stimulants (i.e.,
methamphetamine or METH, ecstasy or MDMA), widely
abused drugs that induce hyperthermia and could be
neurotoxic. We will demonstrate that hyperthermic effects
of these drugs are state-dependent and strongly modulated
by the environmental conditions that limit heat dissipation,
thus resulting in pathological brain hyperthermia.

The final topic of this work is pathological brain
hyperthermia. We will consider the situations that could
result in pathological changes in the brain’s thermal
homeostasis and discuss the mechanisms responsible for
this phenomenon. Although high temperature per se is a
powerful factor that could directly damage brain cells, it
also strongly potentiates negative impacts of other
factors and triggers a number of pathophysiological
processes that could result in life-threatening health
complications and damage of brain cells. Here, we will
present our recent data suggesting the role of brain
temperature in regulating permeability of the blood-
brain barrier (BBB) and the contribution of this
mechanism to the development of brain edema and
neurotoxicity induced by psychomotor stimulant drugs
and other hyperthermic challenges.
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3. PHYSIOLOGICAL FLUCTUATIONS IN BRAIN
TEMPERATURE: CAUSES AND MECHANISMS

In contrast to abundant information on various
sides of brain structure and functions, our knowledge of
brain temperature is limited. Surprisingly, the first thermal
recordings from the brain of an awake animal were
conducted in the late 1860s by German physiologist Moritz
Schiff (1870; cited by 2; p. 131), long before the first
recordings of the brain’s electrical activity or even the
realization that neural cells have electrical activity. Among
other important observations, Schiff described a ~1°C brain
temperature elevation in a hungry dog after the presentation
of meat and showed that this brain response depends on the
animal’s motivational state (i.e., hunger). Based on these
findings as well as early thermal recordings from the
human scalp (Lombard, 1879; Amidon, 1880; cited by 2),
William James concluded that “brain-activity seems
accompanied by a local disengagement of heat” and
speculated that cerebral thermometry could be a valuable
tool in experimental psychology, allowing the correlation
of brain activity with psychic functions (2; p. 131).

Although this pioneering idea was not reinforced
experimentally at the time, further thermorecording work in
animals revealed relatively large brain temperature
fluctuations (+2-3°C) that occur at stable ambient
temperatures following exposure to various environmental
challenges, spontaneous changes in activity states, and
during different behaviors (3-10). Brain temperature
fluctuations reported in these experiments correlated with
the biological significance of the environmental challenges,
spontaneous and stimuli-induced changes in EEG and
motor activity, and had some structural specificity with
respect to the modality of sensory stimuli. Although all
these findings point toward neural activity as a primary
cause of brain temperature fluctuations, temperature
changes were generally correlative in different brain
structures and associated typically with similar changes in
body core temperature. Therefore, brain temperature
fluctuations represent physiological reality, which is
dependent on metabolic neural activity but is quite different
from other traditional measures of neural activity.

Although the brain represents ~2% of the human
body’s mass, it accounts for ~20% of the organism’s total
oxygen consumption at rest (I, 11). Neurons require
several orders of magnitude more energy than do other
cells; the power consumption of a single central neuron is
about 0.5-4.0 nW, 300-2500 times more than the average
body cell (1.6 pW) (12). Biophysical measurements
suggest that ~10* ATP molecules are used to transmit a bit
of information at a chemical synapse and 10°10" ATP
molecules are used for spike coding (13). Although most
energy used for neuronal metabolism is spent restoring
membrane potentials after electrical discharges (14-17),
suggesting a basic relationship between metabolic and
electrical neural activity, significant energy is also used on
neural processes not directly related to electrical activity,
particularly for synthesis of macromolecules and transport
of protons across mitochondrial membranes. In addition to
neurons, the brain contains metabolically active glial and
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Figure 1. Changes in brain (NAcc, dorsal striatum and

hippocampus) and arterial blood temperature induced by 3-
min tail-pinch in awake, freely moving male rats. A shows
mean (fsem) values of absolute temperatures (°C); B
shows differentials between relative temperature changes in
each brain structure and in arterial blood; C shows rapid-
time course resolution of temperature changes (2 s). Filled
symbols in each graph indicate values significantly
different from baseline. Vertical hatched lines show onset
and offset of tail-pinch. For additional details see 18.

endothelial cells, which numbers greatly exceed those of
neural cells. Since all energy used for brain metabolism is
finally transformed into heat (11), intense heat production
appears to be an essential feature of brain metabolic
activity.

Our initial interest in brain temperature was
motivated by the desire to find a simple, sensitive, and
integrative index for characterization of alterations in
neural activity during motivated behavior. We also knew
that psychomotor stimulant drugs induce body
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hyperthermia, which is believed to be a leading contributor
to neurotoxic effects of these drugs. It was unclear,
however, whether this effect occurs in the brain, why it
occurs, and its relations to body temperature are. Before
addressing these issues, we examined brain temperature
responses to environmental challenges of different
modalities and determined their specifics in different brain
structures and other body locations. Since circulation is the
primary means of heat exchange between the brain and the
rest of the body and the temperature differential between
brain tissue and arterial blood inflow determines the
direction of heat exchange, it was important to examine the
relationships between temperature responses occurring in
the brain and in its arterial blood supply.

In these experiments (18), male rats were
chronically implanted with miniature copper-constantan
thermocouple electrodes in several brain structures (dorsal
and ventral striatum, cerebellum) and in the abdominal
aorta assessed via the caudal artery. While our goal was to
provide accurate measurement of arterial blood temperature
that enters the brain and carotid artery seems to be the best
measurement point, in rats it is quite difficult to record
temperature in this location without full blocking or
significantly decreasing blood flow, thus altering the
recorded temperature. In contrast, the presence of a
miniature catheter with a thermocouple electrode in the
abdominal aorta does not result in an evident decrease in
blood flow, thus allowing measurements be made in the
body core—the area with the high temperature. In contrast
to the carotid artery, where the recorded temperatures could
be undervalued because of a cooler neck area, temperature
values in the abdominal aorta could be only overvalued
because of heat inflow from warmer surroundings.
Temperature recordings were conducted with high temporal
resolution (each 200 ms with subsequent averaging for 2 s)
in freely moving rats exposed to a number of
physiologically relevant arousing stimuli, ranging from
simple sensory to clearly aversive (placement in the cage,
20-s sound, three-min social interaction with either a male
or female companion, and three-min tail-pinch). These
measurements were made at stable ambient temperatures
(23°0C).

This study produced several findings. First, each
brain structure had its own basal temperature (ventral
striatum 37.6°C; dorsal striatum 37.2°C; cerebellum
37.3°C), which was significantly (p<0.001) higher than that
of arterial blood (36.6°C). These absolute temperatures
typically decreased in each of four recording locations both
within each individual session and between sessions,
reflecting animal habituation to the recording environment.
However, the differences between each brain location and
arterial blood always remained positive and relatively
similar. Second, all stimuli induced rapid, unique, and
relatively long lasting temperature elevations in both brain
structures and arterial blood, greatly exceeding the duration
of stimulation (Figure 1). Cage transfer incited the
strongest change, social interaction and tail-pinch elicited
moderate changes, and sound resulted in the smallest
change. Third, temperature changes in each brain structure
occurred significantly faster and had higher amplitude than
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those in arterial blood (Figure 1C). This disparity resulted
in a significant increase in temperature differentials
between brain structures and arterial blood (Figure 1B).
For example, temperature in the dorsal and ventral striatum
became significantly higher than baseline from 8 s from the
start of a 60-s tail-pinch, while in arterial blood
temperature, increase became significant only at 38 s.
Fourth, despite a generally correlative time-course,
temperature changes had structural specificity.  Both
striatal divisions showed quite similar changes, but
temperature increases in cerebellum were more delayed and
prolonged following each stimulus. Finally, brain
temperature increases induced by environmental challenges
showed changes within repeated tests. While the elevations
following tail-pinch, male-male, and male-female
interactions remained relatively stable over five repeated
daily sessions, responses to sound showed a clear
habituation with a complete disappearance of the thermal
response by the fifth session. The initial temperature
increase associated with environmental change was
relatively stable over repeated sessions, but on each
subsequent day temperatures decreased more quickly to
lower baselines, enhancing the relative response magnitude.
Thus, during repeated habituation to the same experimental
environment, rats showed a gradual trend of decreasing
brain temperatures, which paralleled a decrease in general
motor activity.

Given that the blood supply to the brain is cooler
than the brain itself, and that brain temperatures rise more
quickly and to a larger extent than do arterial blood in
response to all challenges, intra-brain heat production
appears to be the primary cause of functional brain
hyperthermia. =~ While arterial blood temperature also
gradually increases in response to all challenges, brain-
arterial blood temperature differentials grow consistently
during behavioral activation, showing an apparent increase
in intra-brain heat production. Therefore, it seems that
increased blood circulation that accompanies functional
brain activation removes heat from the brain. Tail-pinch
similar to that used in our study induced an almost two-fold
increase in striatal blood flow; as with brain temperature,
this increase was rapid and greatly exceeded the duration of
stimulation (19). Rapid prolonged increases in striatal
blood flow (80-120%) also occurred during grooming and
eating (19), activities consistently associated with brain
temperature increases (3, 4, 20). Hence, brain circulation is
a significant factor in the re-distribution of locally released
heat within brain tissue and in its removal from the brain,
thus contributing to brain temperature fluctuations
occurring under behavioral conditions.

Our subsequent studies (21, 22) revealed that
increases in brain temperature induced by various arousing
stimuli are accompanied by slightly delayed and weaker
temperature increases in musculus temporalis, a non-
locomotor head muscle that receives the same arterial blood
supply as the brain from the carotid artery, as well as a
biphasic temperature fluctuation in the skin (Figure 2A).
These between-site differences were evident immediately
after the start of stimulation, resulting in significant
increase in brain-muscle temperature differentials (see
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Figure 2B). This accelerated rise of brain vs. muscle
temperatures (analyzed as a relative change) appears to be a
true index of brain activation, correlating more tightly with
locomotor activation and acute skin hypothermia. The
latter response is an obvious consequence of peripheral
vasoconstriction—a known adaptive organism’s response
that is triggered by various stressful stimuli (23-25) and
aimed at heat retention under conditions of potential
danger. While changes in brain and muscle temperatures
occurred with some latency, skin temperature response was
quite rapid, typically being seen during the first 10-20 s
after the start of stimulation, and correlating with the
locomotor response (C). However, skin hypothermia was
transient and inverted in rebound-like skin warming,
suggesting enhanced heat dissipation. These changes in
heat retention and loss are evident in skin-muscle
differentials, which strongly decreased for 10-20 min after
arousing stimuli but later increased above baseline.

Brain temperature responses induced by various
arousing stimuli depend upon basal brain temperature.
This correlation was found with all tested stimuli, as shown
in Figure 3 for the procedures of subcutaneous and
intraperitoneal saline injections, tail-pinch, male-male
social interaction, and presentation of sexually arousing
stimuli originated from the receptive but inaccessible
female partner to sexually experienced male rats. In each
case, temperature increase was large when basal
temperatures were low, and the response became gradually
weaker when basal temperatures were high. In each case,
regression lines crossed the line of no effect within 38-
39°C, suggesting that the response should fully disappear at
high temperatures. Such high temperatures, however, are
well within the range of physiological fluctuations and they
occur, for example, during the rats’ relocation in novel
environmental conditions (26) or natural copulatory
behavior (22). This correlation appears to be valid for any
arousing stimuli, reflecting some basic relationships
between basal activity state (basal arousal) and its changes
induced by environmental stimuli.  This correlation,
moreover, is weaker for stimuli that induce smaller
temperature increases and stronger for powerful stimuli that
result in larger temperature fluctuations. These
observations may be viewed as examples of the law of
initial values', which postulates that the magnitude and
even direction of autonomic response to an «activating»
stimulus is related to the pre-stimulus, basal values (27,
28). This relationship was evident for a number of
homeostatic parameters, including arterial blood pressure,
body temperature, and blood sugar levels.

Although different brain structures show a
generally similar pattern of temperature fluctuations, their
basal temperatures differ significantly. Tested at the same
conditions, more dorsally located structures were
consistently cooler (dorsal striatum, 36.6°C; hippocampus,
35.6°C) than more ventrally located structures (ventral
tegmental area of midbrain, 37.3°C; medial preoptic area of
hypothalamus, 37.3°C; nucleus accumbens or NAcc,
37.3°C). Importantly, these between-structural differences
exist in various environmental conditions despite large
fluctuations in absolute temperatures. ~While these data
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Figure 2. Changes in brain (NAcc), muscle (musculus temporalis) and skin temperatures induced in male rats by tail-pinch (left
panel) and social interaction with female (right panel). A shows relative temperature changes; B shows NAcc-muscle and skin-
muscle temperature differentials, and C shows locomotion. Vertical hatched lines in each graph show onset of stimulation and
filled symbols denote values significantly different from pre-stimulus baseline. For additional details see 21.

support a dorso-ventral temperature gradient described in
animal (4, 9, 29) and human brains (30-32), the reasons and
underlying mechanisms for this gradient remain unclear.
One point of view suggests that higher temperature in more
ventrally located structures reflects their further location
from the colder environment and more heating by,
presumably, warm blood from the body (33-35). However,
this assumption, inferred from rectal or core body
measurements, is challenged by direct measurements of
arterial blood temperatures (8, 18, 36), which suggest that
in awake animals, the brain is always warmer than the
arterial blood supply and thus cannot be warmed by arterial
blood. While distance from the external environment could
not be excluded as a factor, the impact of this factor seems
low in light of the brain’s heavy insulation and intense
blood flow.
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Another point of view relates dorso-ventral
temperature gradient to differences in metabolic activity,
particularly in structure-specific expression of brain
uncoupling proteins that regulate uncoupling in
mitochondria and local heat production (29) and in their
electrical activity. In the ‘cold’ cortex, for example, a great
majority of neural cells (>95-98%) are silent at rest, but
show phasic excitations as a result of either sensory
stimulation or local glutamate application. The same is true
for dorsal striatal cells, most of which (at least 90-95%) in
freely moving rats maintain electric silence at rest but show
phasic stimuli- or glutamate-induced and movement-related
excitations (37). In contrast, most neurons of the ‘warm’
hypothalamus and VTA are spontaneously active at rest
(38-40, 39). Dorso-ventral differences in neuronal impulse
activity also have been reported in our previous work both
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Figure 3. Relationships between changes in brain temperature induced in rats by various arousing stimuli [intraperitoneal (ip)
and subcutaneous (sc) injections of saline (0.2 ml), social interaction with female rat, 3-min tail-pinch and exposure of sexually-
experienced males to females] and basal brain temperature. Each graph shows dependence of NAcc temperature change induced
by a stimulus from pre-stimulus basal NAcc temperatures. In each case, temperature elevation was negatively correlated with
basal temperature (each graph shows regression lines, regression equations and coefficients of correlation, r). Original data were

previously published (21, 90).

within the diencephalon (38) and forebrain (41). Finally,
dorso-ventral temperature differences, especially in small
animals, may be due partially to technical aspects of
thermorecording. When the tip of a temperature-sensitive
metal probe is not in tight contact with brain tissue or is
implanted superficially, heat dissipation from the probe to
the external environment may be greater and measured
temperatures will be undervalued. Even greater mistakes
will occur if temperatures are measured from an open skull.

Numerous data suggest that increased brain
metabolism is accompanied by increased brain circulation,
and changes in local cerebral blood flow are widely used as
a measure of functional brain activation. However, the
relationships between brain metabolism and cerebral blood
flow are complex and are currently poorly understood (see
42, 43 for review). While temperature is usually omitted
from equations relating metabolism and blood flow or
viewed as a passive parameter (44, 45), direct relationships
between temperature and blood flow are well established in
peripheral tissues. Strong linear increases in blood flow
during local temperature increases were shown in skin (46,
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47), muscular tissue (48), the intestine (49), and the liver
(50). The same relationships were also observed in the
brain of monkeys (51), rats (52), and humans (53).
Increases in local brain temperature resulting from
enhanced neural metabolism can therefore be understood as
one of the factors that increase local blood flow. This
factor could explain, at least partially, the well-known but
little-understood phenomenon of a blood flow increase that
exceeds metabolic activity of brain tissue (42). Since
metabolic activation is accompanied by heat production
and increased local temperature, a greater blood flow
response could reflect not only an increased metabolism but
also an increased brain temperature. Using this
mechanism, the brain is able to increase blood flow more
and in advance of actual metabolic demands, thus
providing a crucial advantage for successful goal-directed
behavior and the organism’s adaptation to potential energy
demands. By increasing blood flow above the brain’s
current demand, more oxygen and nutrients are delivered to
the areas of potential demand and more potentially
dangerous metabolic heat is removed from intensively
working brain tissue. While special experiments with
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parallel measurements of temperature and blood flow
(which is a quite complex task, especially in small animals)
are necessary to clarify this issue, it appears that the brain
could “regulate” its own temperature by temperature-
dependent changing of its blood flow.

4. ALTERATIONS IN BRAIN TEMPERATURE
HOMEOSTASIS DUE TO INSUFFICIENCIES OF
HEAT DISSIPATION

Although heat cannot be delivered to the brain
from the periphery, it could be accumulated in the brain
when it cannot be properly dissipated to the external
environment. In this case, brain hyperthermia results from
temperature rise in the body core and arterial blood
temperature, decreasing heat dissipation from brain tissue.
Such hyperthermia usually occurs from a combination of
excessive heat production coupled with insufficient heat
loss. It is known that intense physical activity is associated
with robust energy consumption and significant heat
production. In humans, oxygen consumption increases up
to ten-fold in the transition between quiet resting conditions
and intense running (1, 54). This increase corresponds to
whole-body metabolic heat production, which increases
from ~ 1 W/kg at rest to ~10 W/kg during heavy exercise
(55). Enhanced heat production is compensated by
enhanced heat loss, which in humans depends on a well-
developed ability to sweat and on a dynamic range of blood
flow rates in the skin, which are much higher than those in
other species. Skin blood flow in humans, for example, can
increase from ~0.2-0.5 I/min in thermally neutral
conditions to 7-8 I/min under maximally tolerable heat
stress (56). Sweat rates under these conditions may reach
up to 2.0 I/h, providing a potential evaporative rate of heat
loss in excess of 1 kW (or ~14 W/kg), i.e., more than
maximally possible heat production. These compensatory
mechanisms, however, become progressively less effective
in hot, humid conditions, resulting in progressive heat
accumulation in the organism. For example, body
temperatures measured at the end of a marathon run on a
warm day were found to be as high as 40°C (57) and cases
of fatigue during marathon running were associated with
even higher temperatures (58). While 90-min of intense
cycling in experienced cyclists at normal environmental
temperatures increased body temperature less than 1°C,
2.0-2.5°C increases were found when participants cycled in
water-impermeable suits that restricted heat loss via skin
surfaces (53).

Although body hyperthermia associated with
intense physical activity under conditions that restrict heat
dissipation is a known phenomenon, the impact of these
conditions on the brain is a matter of speculation and
controversy (59-62). Since the direct recording of brain
temperature in humans is usually impossible, tympanic
temperature has been used as an indirect measure of brain
temperature (63, 64). Using this approach during exercise
with and without active cooling of the head, it was assumed
that brain temperatures during intense body heat production
remain lower than body temperatures, suggesting selective
brain cooling as a mechanism preventing brain over-
heating during extreme body hyperthermia.  Direct
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measurements of brain temperature in neurological patients
(31, 65, 66, 67) and applications of more sophisticated
physiological recordings (53, 68), however, called the
existence of a brain cooling mechanism in humans into
question. By directly measuring temperatures in the carotid
artery and internal jugular vein in human volunteers, it was
shown that at rest, venous blood exiting the brain is ~0.3°C
warmer than arterial blood entering the brain. Although
during 10-min cycling both temperatures increased about
1°C and the increase was stronger in the carotid artery than
in the jugular vein, the venous-arterial difference always
remained positive. When the cycling was done in water-
impermeable suits, the increases were more dramatic (up to
393 and 39.5°C for arterial and venous blood,
respectively), but the difference still remained positive.
After termination of exercise, arterial blood temperature
dropped rapidly, while venous temperature decreased more
slowly. Simultaneous measurements of tympanic
temperatures under these conditions revealed that their
values are consistently lower than, and independent of,
arterial and venous temperatures. Therefore, human brain
temperature may also increase during intense physical
exercise, reaching relatively high levels under conditions
that restrict heat dissipation to the external environment.
Although arterial blood always remains cooler than brain
tissue and removes metabolic heat from the brain,
progressive intra-brain heat accumulation occurring during
intense physical activity reflects a failure of this natural
cooling mechanism due to an inability to dissipate
metabolic heat to the external environment and gradual
warming of arterial blood arriving to the brain.

While diminished heat outflow from the brain
appears to be the primary cause of intra-brain heat
accumulation, physical exercise is also associated with
increased brain metabolism (69, 70) and consequently
enhanced intra-brain thermogenesis. Taking into account
uptake of oxygen, glucose, and lactate, an almost two-fold
increase in global brain metabolism was reported during
10-min intense cycling at normal environmental
temperatures.  Although cerebral blood flow increases
during physical exercise and this increase is in excess of
enhanced cerebral metabolic activity (53, 68), cerebral
blood flow decreases gradually during maximal exercise at
hyperthermic conditions because of a hyperventilation-
induced decrease in CO, pressure (68). In contrast to more
intense heat removal from the brain by blood flow during
physical exercise under normal conditions, under
hyperthermic conditions compromised cerebral blood
outflow is an additional, powerful factor that diminishes
heat dissipation from the brain, thus promoting intra-brain
heat accumulation.

Although robust brain hyperthermia (~39.5°C)
did occur on human volunteers during intense cycling
under conditions that restrict heat dissipation (53), this
activity did not result in clear fatigue. Hypothalamic
temperatures associated with forced exercise-induced
fatigue in rats were higher (40.1-42.1°C; 71) than those
(40.0-40.7°C for body and deep muscles) found in humans
during self-motivated exercise (72). These temperatures
exceeded the upper limits of physiological increases



Brain temperature homeostasis

(~39.5-40.0° for deep brain structures; see section 3) and
were close to the threshold values associated with
disturbances in permeability of the brain-blood barrier,
development of brain edema, and irreversible damage of
neural cells (see section 5). Although fatigue during
intense exercise may protect the brain against further
overheating, robust brain hyperthermia associated with this
condition is an obvious contributor to serious acute and
long-term health complications reported in sportsmen and
military recruits engaged in extreme physical activity under
harsh environmental conditions.

Although temperatures of venous blood exiting
the brain may be viewed as the best indirect measure of
brain temperature in humans, direct measurements in the
brain, jugular bulb, and body core (rectum) revealed
unexpected differences between these areas.  First,
temperatures in the cortex were found to be 0.2-0.8°C
higher than in the body core (31, 65, 66, 67). Second,
cortical temperatures were ~1.0°C higher than those in the
jugular vein, which were similar to core body temperature
(31, 65). Third, jugular temperatures were found to
correlate more strongly with rectal than brain temperature
(65). Brain temperatures in humans remained higher than
body temperature not only during normothermic conditions
but also during fever, suggesting that the human brain has
no specific protection against thermal impact (65, 67).
Although these data were obtained in neurological patients,
they suggest that the use of jugular vein temperatures as an
index of brain temperature may in fact underestimate real
brain temperature. This underestimation may be related to
the procedural features of measurement. Because venous
blood flow is slow and the catheter with the thermosensor
is in tight contact with the vessel’s walls, the measured
temperatures are influenced by cooler neighboring tissues
and thus are lower than true brain temperature. If jugular
venous measurements underestimate brain temperature, the
real temperature difference between brain and arterial
blood under resting conditions may be greater than 0.3°C
(53), as suggested by our measurements in rats (18).

5. PATHOLOGICAL BRAIN HYPERTHERMIA
INDUCED BY PSYCHOMOTOR STIMULANTS:
CAUSES AND MECHANISMS

Most psychoactive drugs have direct effects on
the brain and organism metabolism. For example,
amphetamine-like psychomotor stimulant drugs (i.e.,
amphetamine, methamphetamine or METH, MDMA or
Ecstasy) induce behavioral and sympathetic activation,
increase brain metabolism (73, 74) and elevate
temperatures (75-79). These drugs also have peripheral
vasoconstrictive effects (80, 81), thus diminishing heat
dissipation to the external environment. Finally, these
drugs are widely abused and often taken under conditions
of high psychophysiological activation and in warm, humid
environments, potentiating drug-induced metabolic
activation and complicating proper heat dissipation. This
combination of drug effects, the activity state, and
environmental conditions could result in pathological
hyperthermia, which appears to be tightly related to
dangerous, and even fatal, acute decompensation of vital
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functions, and neurotoxicity (82-85), a clinically important
complication of chronic use of these addictive drugs.

To examine how these drugs affect brain
temperature and how their effects are modulated by
environmental conditions that mimic human use, we
examined temperature changes in two brain structures
(NAcc, hippocampus) and temporal muscle induced by
METH (1-9 mg/kg, sc) in male rats in quiet resting
conditions at normal laboratory temperatures (23°C),
during social interaction with a female, and at moderately
warm ambient temperatures (29°C) (86-88).

Figure 4 shows the effects of METH at the same
high dose (9 mg/kg, sc) in these three conditions. As can
be seen, METH strongly increased brain (NAcc and
hippocampus) and temporal muscle temperatures during
quiet resting conditions at normal ambient temperatures
(left column; A). The increase was stronger in both brain
sites than in the muscle, exceeding that following natural
arousing stimuli (B; compare with Figure 1). A stronger
temperature increase in brain vs. muscle increased brain-
muscle differentials (C); this effect was also more profound
and prolonged than that seen with natural stimuli.
Therefore, intra-brain heat production associated with
metabolic brain activation appears to be the primary cause
of METH-induced brain hyperthermia and a factor behind
more delayed and weaker body hyperthermia.  This
temperature increase was about 3.5-4.0°C above normal
baseline (mean ~40°C) and could be viewed as a
pathological hyperthermia. Although some animals
showed even stronger temperature increases (up to 41.0°C),
they always survived this drug exposure.

Although METH-induced temperature increases
were larger in brain locations vs. temporal muscle
(~0.4°C), this brain hyperthermia is a part of general
hyperthermia, which is evident in different body locations.
While skin temperature transiently decreases after METH
administration,  reflecting  drug-induced  peripheral
vasoconstriction, it later increases well above baseline
because of a progressive warming of arterial blood inflow.

When the same drug was injected 30-min after
the start of social interaction with a female rat and pre-
injection baselines were ~1°C higher, the hyperthermic
effect of METH was significantly larger and more
prolonged than that seen in quiet resting conditions (Figure
4A and B, middle column). Importantly, METH
administered under activated conditions induced stronger
and more prolonged increases in brain-muscle differentials
than those seen in controls (C). This finding once again
suggests a role for metabolic brain activation and intra-
brain heat production in the genesis of hyperthermia.
While the potentiating effect of social interaction was not
additive, mean brain temperatures in this case maintained
above 40°C for more than two hours. Finally, the effects
of METH were greatly potentiated by a slight increase in
ambient temperature (29°C; Figure 4, right column). This
ambient temperature is close to normothermy in rats (89)
and, as we showed before (90), did not affect animal
behavior and basal temperatures. When administered at
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Figure 4. Changes in brain (nucleus accumbens or NAcc and hippocampus or Hippo) and temporal muscle temperatures
induced in male rats by methamphetamine (9 mg/kg) administered under different environmental conditions. Left panel shows
the effects in quiet resting conditions at normal ambient temperatures (23°C), middle panel shows the effects under conditions of
physiological activation (interaction with female started 30-min before drug injection; shown as first hatched line), and right
panel shows the effects in warm environmental conditions (29°C). The moment of drug injection is shown by vertical hatched
line at 0 min. Graphs in left and central panels represent absolute (A) and relative temperature (B) changes as well as brain-
muscle differentials (C). Filled symbols mark values significantly different from baseline. Since most rats exposed to METH at
29°C died during the experiment, mean temperature data for this group (right panel) are shown only for the period when all rats
were alive (A, relative temperature change; B, brain-muscle temperature. C in this panel shows temperature dynamics in all
experimental rats hours 5 hours following drug injection. Four rats (2,4,5 and 6) that showed robust hyperthermia (41-42.5°C)
died between 2 and 3 hours post-injection. Another rat (1) that survived the period of recording died over-night. For other
details see 87, 88.

29°C, METH increased temperatures rapidly in all animals, 6. BRAIN TEMPERATURE AS A FACTOR
resulting in most animals in clearly pathological AFFECTING NEURAL ACTIVITY AND NEURAL
hyperthermia (>41-42°C) and death in five of six animals FUNCTIONS, BBB PERMEABILITY, AND
(C). Similar data were also obtained with MDMA MORPHOLOGY OF BRAIN CELLS

(ecstasy), another widely abused amphetamine-like

psychostimulant drug with psychedelic properties (88). In In establishing the role brain temperature plays in
contrast to METH, MDMA at low doses slightly decreased normal physiological functions and the development of
brain and body temperatures and animal activity in standard pathological processes, it is important to realize that it
laboratory conditions and its hyperthermic and stimulant could be viewed from two different perspectives. From one
effects at equal doses were weaker than those for METH. perspective, changes in brain temperature could be viewed
However, the hyperthermic effects of this drug were as an index of altered thermal homeostasis, which is
potentiated by social interaction even stronger, possibly due determined by metabolic brain activity and heat loss via
to its stronger and more prolonged vasoconstrictive effects cerebral blood flow. Therefore, brain temperature
(80, 81). Similar to METH, MDMA at a dose (9 mg/kg) fluctuations depend on alterations in neural activity, brain
about ~1/6 of LDs, (91) induced pathological hyperthermia metabolism, and modulated by thermal influences from the
and lethality in most rats when used at moderately warm body via alterations of cerebral blood flow.  This
ambient temperatures (29°C). Therefore, one (1.5 mg/kg) perspective makes brain temperature an important and
or two tablets of MDMA may be highly toxic in relatively easily recorded physiological parameter, which
predisposed individuals if consumed in adverse could provide valuable information on basic metabolic
environmental conditions. This powerful modulation of brain mechanisms involved in different behaviors.
drug-induced toxicity by relatively weak changes in Although these mechanisms could be viewed as non-
environmental conditions may explain exceptionally strong, specific, it does not mean that they are not important or that
sometimes fatal, responses of some individuals to they should be ignored. While these issues are not within
amphetamine-like substances seen under conditions of the goals of this review article, brain thermorecording has
raves (84). been used previously to study sexual behavior (22, 92),
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feeding behavior (20) as well as heroin (93) and cocaine
self-administration behavior (94).

From another perspective, temperature could be
viewed as a factor that directly affects brain cells, neural
activity, cerebral blood flow, permeability of the brain-
blood barrier (BBB), and brain water and ion content, thus
strongly modulating neural functions. Literature data and
our own work to support this role will be discussed below.

6.1. Temperature modulation of neural activity

Although heat is an obvious “by-product” of
metabolic activation and is re-distributed continuously
within the brain via conduction and blood flow, brain
temperature changes may play important adaptive and
integrative roles, involving and uniting numerous central
neurons within the brain. Although this type of inter-
neuronal communication is obviously not the main, nor the
most efficient, it may have adaptive significance since most
physical and chemical processes governing neural activity
are temperature-dependent. While it is generally believed
that most physical and chemical processes are affected by
temperature with the average Van’t Hoff coefficient
Q10=2.3 (i.e., doubling with 10°C change [95]),
experimental evaluations using in vitro slices revealed
widely varying effects of temperature on passive
membrane properties, single spike and spike bursts as
well as the neuronal responses (i.e., EPSP and IPSP)
induced by electric stimulation of tissue or its afferents
(96-99). While confirming that synaptic transmission is
more temperature-dependent than the generation of
action potentials (100), these studies showed that
temperature dependence varies greatly for each
parameter, the type of cells under study, and the nature
of afferent input involved in mediating neuronal
responses.

Although temperature-sensitive neurons were
first described in the preoptic/anterior hypothalamus (101-
103) and they were originally viewed as primary central
temperature sensors, cells in many other structures (i.e.,
visual, motor and somatosensory cortex, hippocampus,
medullar brain stem, thalamus) also show dramatic
modulations of impulse activity by temperature. Many of
these cells have a Qo similar to classic warm-sensitive
hypothalamic neurons. In the medial thalamus, for
example, 22% of cells show a positive thermal coefficient
>0.8 imp/s/°C (104), exceeding the number of temperature-
modulated cells found in this study in both anterior (8%)
and posterior (11.5%) hypothalamus. About 18% of
neurons in the superchiasmatic nucleus are warm-sensitive
(105), while >70% of these cells decrease their activity rate
with cooling below physiological baseline (37-25°C) (106).
Finally, high temperature sensitivity was found on
electrophysiologically identified substantia nigra dopamine
neurons in vitro (107). Within the physiological range (34-
39°C), their discharge rate increases with warming
(Q1¢=3.7) and dramatically decreases (Q;(=8.5) during
cooling below physiological range (34-29°C).

Temperature also strongly modulates release of
. . T
various neuroactive substances. For example, Qo for K'-
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induced glutamate release in vitro was 3.6-5.5, 3.5-6.3 for
GABA release, and within 11.3-37.7 for K'- and
capsaicin-induced release of calcitonin gene-related
peptide (108, 109). However, in vivo, these dramatic
changes in release are compensated by increased
transmitter  uptake. For example, within the
physiological range, dopamine uptake almost doubles
with a 3°C temperature increase (Qp=3.5-5.9; 110), a
fluctuation easily achieved in the brain under conditions
of physiological activation.

The fact that temperature has strong effects on
various neural parameters, ranging from the activity of
single ionic channels to such integrative processes as
transmitter release and uptake has important
implications. First, it suggests that naturally occurring
fluctuations in brain temperature affect various
parameters of neural activity and neural functions.
While in vitro experiments permit individual cells to be
studied and individual components of neural activity and
synaptic transmission to be separated, neural cells in
vivo are interrelated and interdependent. Therefore,
their integral changes may be different from those of
individual components assessed in vitro. For example,
increased transmitter uptake should compensate for
temperature-dependent increase in transmitter release,
thus limiting fluctuations in synaptic transmission. By
increasing both release and uptake, however, brain
hyperthermia makes neurotransmission more efficient
and neural functions more effective at reaching
behavioral goals. Therefore, changes in temperature may
play an important integrative role, involving and uniting
numerous central neurons within the brain.

6.2. Temperature modulation of BBB permeability and
brain water and ionic homeostasis

Along with the influences of temperature
fluctuations on neural activity, strong temperature increases
or decreases could adversely affect brain cells and brain
functions. While brain cells seems to tolerate well low
temperatures (111, 112), multiple in vitro studies suggest
that high temperature (>40.0°C) has destructive effects on
various cells (113, 114), especially profound in
metabolically active brain cells (115-119), including
neuronal, glial, endothelial, and epithelial cells (120, 121).
Rapid damage to brain cells has been also documented in
vivo during extreme environmental warming (122-124) and
acute METH intoxication (125, 126), which both result in
robust brain hyperthermia (see above) as well as increased
permeability of the blood-brain barrier (BBB) and
vasogenic edema (122, 124, 125, 127). The integrity of the
BBB is also compromised during opiate withdrawal (128),
intense physical exercise in a warm environment (129), and
during restraint and forced swim stress (130-132)—
conditions associated with brain hyperthermia (53, 133).
Although all these data implicate brain hyperthermia as a
leading factor in BBB leakage and subsequent damage to
brain cells, these changes may be also affected by many
other factors (i.e., metabolic brain activation, oxidative
stress, alterations in cerebral blood flow, hypoxia) (134-
136), which contribute to alterations in BBB permeability
and subsequent structural brain damage (137-139).
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To clarify the role of brain temperature
in modulating BBB permeability, it is essential to delineate
this physical factor from other possible contributors. To
reach this goal, we examined several brain parameters in
pentobarbital-anesthetized rats, whose bodies were
passively warmed to produce different levels of brain
temperature, which was monitored by chronic brain
thermocouple probes. As shown in our previous study
(140), sodium pentobarbital administered at a typical
anesthetic dose (50 mg/kg, ip) under standard laboratory
conditions (23°C) induces robust brain and body
hypothermia (~31-33°C) associated with relative skin
warming, suggesting loss of vascular tone and increased
heat loss to the environment. In addition to metabolic
inhibition that is a primary cause for brain and body
hypothermia, anesthetized rats became very sensitive to
environmental temperatures, becoming hypothermic at low
ambient temperatures and hyperthermic when their bodies
are warmed. Therefore, by changing the intensity of body
warming, we were able to produce a wide range of brain
temperatures from very low, hypothermic (>32°C) to very
high, hyperthermic (<42°C). This paradigm was used to
evaluate the role of brain temperature in regulating BBB
permeability and alterations in tissue water and ions as
well as the development of acute morphological
abnormalities of brain cells (Kiyatkin and Sharma,
unpublished observations). The brains were taken at the
same time after the start of anesthesia (90 min) and the
initiation of body warming, but at different levels of
brain temperature and analyzed for several brain
parameters. Similar to other studies, NAcc here was
chosen as a representative deep brain structure. To
evaluate  the integrity of BBB we used
immunohistochemistry for endogenous albumin, a
relatively large plasma protein (molecular weight 59
kDa, molecular diameter 70 nm) that is normally
confined to the luminal side of the endothelial cells and
is not present in the brain. Thus, the appearance of
albumin-positive cells and albumin immunoreactivity in
the neuropil indicates a breakdown of the BBB. Brains
were also evaluated for water and ion (Na+, K+, Cl-)
content and for the presence of morphologically abnormal
cells, using Nissl staining.

As shown in Figure SA (left panel), the number
of albumin-positive cells is strongly dependent on brain
temperature, being minimal at normothermic values (34.2-
38.0°C), slightly higher (2-4-fold) at hypothermic values
(34.2-32.2°C), and dramatically higher (~26-fold) at
hyperthermic values (38.0-42.5°C). The increase was
evident from ~39°C, progressed at higher temperatures, and
plateaued at high levels at 41-42°C.  Temperature-
dependence of albumin immunoreactivity was evident in
each tested brain structure, with some structural differences
(Figure 5B). There were also some differences in albumin
immunoreactivity in different cortical areas, with much
stronger changes in the piriform cortex (Figure 5C).

It is well established that albumin entry from the
peripheral circulation to the brain results in increased tissue
water content associated with robust alterations in ionic
brain balance (141, 142). These alterations result in
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vasogenic edema—a dangerous and often fatal
complication of various pathological processes in the brain
as well as conditions associated with brain hyperthermia
(i.e., heat stress, opiate withdrawal, and METH and
MDMA intoxication). As shown in this study, tissue water
content (evaluated in the cortex and thalamus) was also
strongly dependent on NAcc temperature (Figure 6).
Cortical water content was lowest during hypothermia,
significantly higher during normothermia, and maximal
during hyperthermia. Within the range of recorded

temperatures, cortical water differed within ~4%. In the
thalamus, water content was clearly higher during
hyperthermia, but values at low and normal

temperatures were virtually identical. Cortical water
content during anesthesia in normothermic conditions
was virtually identical to that in awake control
conditions (see hatched lines), but significantly higher
(edema) in hyperthermia and significantly lower
(dehydration) in hypothermia. A similar trend was seen in
the thalamus, where water content during anesthesia was
lower than in awake controls at low and moderate brain
temperatures and similar to control at high temperatures.
Moreover, the numbers of albumin-positive cells and tissue
water were closely interrelated both in the thalamus and
cortex (r=0.96 and 0.89, respectively; see Figure 7A).
This correlation was highly linear in the thalamus, but had
some divergence in the cortex at values that correspond to
extreme hypothermia (see a circle in Figure 7A). Despite
the presence of few albumin-positive cells (see also Figure
5.B), cortical water was relatively lower, suggesting that
the tight correlation between brain albumin and water,
which exists within the entire range of normal and high
temperatures, could be distorted at very low temperatures.
Therefore, it appears that extreme hypothermia also
results in BBB leakage, but “hypothermic” brains appear
to be dehydrated compared to “normothermic” brains
taken from awake and anesthetized animals. It is
unclear, however, whether these disturbances in water
homeostasis are related to hypothermia per se or to
pentobarbital’s inhibiting action on metabolism (143,
144). Importantly, brain temperatures never drop below
34-35°C (in deep structures) in any physiological
conditions and such extreme hypothermia could only be
seen during general anesthesia, near-lethal
environmental cooling, and overdose with powerful
sedative drugs.

These data indicate that brain hyperthermia,
independently of its cause, could be a strong factor for
eliciting breakdown of the BBB. Importantly, albumin-
positive cells appeared in the brain relatively quickly (20-
80 min) and within the range of physiological hyperthermia
(38.5-39.5°C), suggesting that increased BBB permeability
is not solely pathological but also a normal physiological
phenomenon  occurring during various  conditions
associated with hyperthermia. Such hyperthermia, for
example, occurs during copulatory behavior and heroin
self-administration ~ (133). Although  temperature
dependence of BBB permeability was evident in all tested
brain structures, suggesting its generalized nature, there
were also minor but significant differences among
individual brain areas.
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Figure 5. Temperature dependence of albumin imminoreactivity (A, B, C) and cellular brain abnormalities (D, E, F). Data (the
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(C and F). For details see the text.

6.3. Temperature effects on morphology of brain cells:
role of BBB leakage and edema

Strong temperature dependence has been also
found with respect to the number of morphologically
abnormal cells (Figure5, right panel). Structural
abnormalities were absent at low and normal temperatures
but their numbers linearly increased during hyperthermia.
This pattern was evident in each of four tested structures
(Figure 5B), although some areas (i.e., thalamus) or cortical
sub-areas (i.e. piriform cortex), which showed robust BBB
leakage, also showed more profound structural cell
abnormalities (Figure5B and C).  The numbers of
morphologically abnormal cells were closely related to
counts of albumin-immunoreactive cells (Figure 7B).
Abnormal cells were absent when there were no albumin-
positive cells and both parameters increased proportionally.
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This study confirms multiple in vitro
observations, suggesting that brain cells are exceptionally
sensitive to thermal damage and demonstrates that the
number of structurally abnormal cells directly and strongly
depends on brain temperature. A few abnormal cells were
found at ~38.5°C, and their numbers gradually increased as
temperature rose. While the counts of albumin-positive
cells plateaued at high temperatures, morphological
abnormalities linearly increased and peaked at the maximal
detected temperature (42.4°C). Similar to other
parameters, structural abnormalities occurred relatively
quickly and were closely related to BBB leakage and
increased tissue water content (see Figure 7B and C).
Therefore, even with passive warming, morphological
damage reflects not only the effect of temperature per se,
but also BBB leakage and associated edema.
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Figure 6. Temperature dependence of tissue water shown
separately for cortex and thalamus. Horizontal hatched lines
show “normal” values evaluated in brains of awake, drug-free

rats at normothermia. Vertical hatched lines show limits of

“normal” brain temperature. In both structure, tissue water
content was directly and strongly dependent on brain
temperature  (regression lines, regression equations, and
coefficients of correlation are shown for the cortex). For
details see the text.

Although virtually no abnormal cells were seen
in the brain in normothermic or hypothermic conditions
(see Figure 5A and B), a small but significant effect was
found in the hypothalamus and especially in the piriform
cortex during extreme hypothermia. In contrast to robust
degeneration of cell nucleus and pyknosis with clearly
edematous neuropil during hyperthermia, some cells in the
piriform cortex were shrunken during hypothermia and the
neuropil was more compact than in normothermic
conditions. Although some evidence of more compact
neuropil was seen in other structures, these changes were
within the normal range and not recognized as abnormal.
Although the reasons behind a higher susceptibility of the
piriform cortex to hypothermia-induced structural cell
abnormalities remain unclear, this structure was especially
prone to structural damage during environmental warming
(145), temporal lobe epilepsy (146) as well as kainate (147)
and urethane intoxications (148).

7. SUMMARY AND HUMAN HEALTH
PERSPECTIVES
In contrast to general beliefs that brain

temperature is a stable, tightly regulated homeostatic
parameter, data presented in this review demonstrate a
relatively wide range of fluctuations (~3°C) occurring in
rats following exposure to salient somato-sensory
stimuli and during various motivated behaviors.
Although rats and humans have obvious differences in
temperature regulation (149) and human data are very
limited, similarity between rats and monkeys in general
patterns of brain temperature fluctuations (6) suggests
applicability of animal data to human conditions. It is
true that humans have very efficient mechanisms of heat
dissipation that allow them to loose more heat than can
potentially be released, but under specific real-life
conditions these mechanisms could be blocked, resulting
in pathological brain hyperthermia. =~ While intense
physical exercise in professional cyclists increased brain
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temperature to about 1°C or less, the same exercise
conducted in water-impermeable cloth, which prevented
proper heat dissipation, resulted in about 2.5 or 3°C (up
to 40°C) increases (53) that clearly exceed ‘normal’
physiological limits. Robust pathological hyperthermia
and adverse, sometimes fatal, health complications
could also occur in humans that take psychomotor
stimulant drugs under the heat-compiling environmental
conditions at “raves”. In addition to powerful
metabolism-related heat production, these drugs have
strong and prolonged vasoconstrictive effects, which
prevent proper heat dissipation. Therefore, dangerous
intra-brain heat accumulation and acute decompensation
of physiological functions could occur in this case due
to a combination of enhanced heat production induced
by the drug, intense physical and psychoemotional
activation, and impaired heat dissipation due to drug-
induced peripheral vasoconstriction, hot and humid
environment, and cloth that prevents heat loss. The
strength of potentiation of the hyperthermic effects by
environmental conditions is really surprising. When
ambient temperature was set at only ~6°C above
laboratory standard (29°C), about 80% of rats died after
exposure to both METH and MDMA at 1/5 of their
LD50 (87, 88). While lethality resulting from acute
intoxication with club drugs is not reported so often, it
is a significant public health problem world wide
because of the numbers of recreational drug users.
According to global survey conduced the UN Office of
Drugs and Crime, more than 500 tonnes of METH and
MDMA were consumed in 2003, with more than 40
million people using them in the last 12 months (150).
Therefore, the drug that is usually perceived as “safe”
could be really dangerous.

Brain cells are exceptionally sensitive to heat,
with some irreversible damage starting to occur at
~40°C, only about 3-4°C above normal baseline, and
progressing exponentially with slight increases above
these levels (151, 152). Although heat per se could
selectively damage brain cells, hyperthermia also
increases BBB permeability, thus allowing entry to the
brain from peripheral circulation of various potentially
neurotoxic substances, ions, and water. Therefore,
damage of brain cells under conditions of hyperthermia
reflects the effects of not only temperature, but multiple
potentially dangerous influences. Robust leakage of the
BBB under conditions of hyperthermia could be an
important factor in brain entry of several small viruses
and neurotoxic products of viral metabolism that are
retained in the periphery under normal conditions. This
effect could explain the unusually high incidence of
neuro-AIDS in METH users as well as high co-
morbidity of neuro-AIDS with malaria, a disease
characterized by episodes of robust hyperthermia. High
brain temperature could also promote brain entry of
antibiotics that are usually retained by the BBB under
normal conditions (153, 154). Some of these drugs are
neurotoxic and its entry into brain environment could
explain neurological complications seen in young
children treated by these drugs for viral and bacterial
infections under conditions of severe fever. Therefore,
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Figure 7. Correlative relationships between individual brain
parameters assessed in urethane-anesthetized rats passively
warmed to different brain temperatures. A shows the
relationships between numbers of albumin-positive cells and
tissue water evaluated separately in the cortex and thalamus.
B shows the relationships between the numbers of albumin-
positive and morphologically abnormal cells evaluated in the
brain as a whole. C shows the relationships between tissue
water content and amounts of morphologically abnormal cells
evaluated separately in the cortex and thalamus. Each graph
contains coefficients of correlation and regression lines.
Hatched line in B shows a line of equality. Each correlation
coefficient value is highly significant (p<0.001). For
additional details see the text.

temperature is an extremely important variable in both
normal brain functioning and development of brain
pathology.
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