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H. S. SHARMA+* AND P. J. HOOPES{

+ Laboratory of Neuroanatomy, Department of Medical Cell Biology,
Biomedical Centre, Uppsala University, SE-75123 Uppsala, Sweden

I Departments of Surgery and Radiation Oncology, Dartmouth Medical School
and the Thayer School of Engineering, Dartmouth College Hanover, NH 03756,
USA

(Received 22 May 2002, revised 5 September 2002; accepted 14 October 2002)

This review is focused on the pathophysiology of the central nervous system (CNS) associated
with mild-to-moderate hyperthermia (body temperature >37°C but <40°C) induced thermal
stress in Human cases as well as whole body hyperthermia (WBH) in animal studies.
Pathological changes can be observed in the nerve cells and glial cells in Humans following
mild-to-moderate thermal exposure. On the other hand, morphological changes in the axons,
nerve cells, glial cells and vascular endothelium is seen at the cellular and the molecular levels
in rats subjected to heat exposure at 38°C for 4 h (body temperature >40°C but <42°C). This
effect depends on the age of the animals and their prior thermal experiences. Taken together,
heat stress induced hyperthermia, once believed to be non-toxic in the mammalian CNS, do
produce specific alterations in the CNS that may have long-term behavioural, physiological
and neuropathological consequences. The probable mechanism(s) underlying hyperthermia
induced brain pathology is discussed.

Key words: Hyperthermia, CNS, oedema, blood-brain barrier, anaesthesia, repeated expo-
sure, astrocytes, myelin, blood flow, serotonin, neuropathology, nitric oxide, carbon monox-
ide, GFAP, heat shock proteins, anaesthesia, ageing.

1. Introduction

Problems of hyperthermia and related brain dysfunction is known to human
beings during early periods of civilization. Heat related deaths and mental illnesses
are described in the ancient Indian literature which dates back to 3000 BC as well as
during Biblical times (Judith 8: 2). One of the common causes of external heat injury
is associated with the problems of fire, burning and rescue operation'. The other
factors inducing heat illness are exertion in hot environment® *; heat treatment of
brain tumours® ’ and/or prolonged high fever associated with bacterial or viral
infections®’. The deleterious effects of heat cause marked alteration in brain function
and metabolism'®"?.

The term ‘Heat Stress’ usually denotes perceived discomfort and physiological
strain associated with exposure to a hot environment (air temperature >32°C) due
to physical exercise or daily work for long periods'*!'>. However, a rise in core body
temperature above the hypothalamic set point is known as ‘Hyperthermia’. This is
caused by an impairment of heat-dissipating mechanisms due to external (high
environmental temperature) or internal (metabolic heat production, drugs or
disease) factors'®!”. The term ‘Mild’ to ‘Moderate’ hyperthermia is defined when
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the body temperature exceeds 37°C but usually remains below 40°C'¢. This mild-to-
moderate heat illness, often known as ‘Heat Exhaustion’ may result from exposure
to high environmental heat or strenuous physical exercise in a hot environment'*,
The signs and symptoms of heat exhaustion include intense thirst, weakness, dis-
comfort, anxiety, dizziness, fainting and headache'®. The body temperature may be
normal, below normal or slightly elevated than 37°C'*!>. The term ‘Heat Stroke’ is
often used in the case of severe heat illness characterized by a rise of core body
temperature >40°C associated with CNS abnormalities™*'*!3 In such cases, delir-
ium, convulsions or coma occur as a result of exposure to environmental heat
(classical heat stroke) or strenuous exercise in hot environment (exertional heat
stroke)' 13,

Heat-stroke is one of the most severe illnesses caused by exposure to the high
ambient temperatures' ""'*'*1%1° Heat induced brain injury is the third largest killer
of the young and adult athletes followed by cardiovascular and traumatic insults'*!®.
In spite of the seriousness of this problem, studies regarding effects of heat on the
central nervous system (CNS) have been greatly overlooked and the mechanism(s)
behind heat injury are still unclear.

Few sporadic reports describe post-mortem changes in the CNS of heat stroke
victims"**!?. These studies indicate that CNS is one of the most vulnerable organs
following hyperthermia induced heat stroke®. On the basis of one’s understanding of
the pathophysiology of heat stroke, Bouchama and Knochel'* suggested that ‘heat
stroke” can be considered as a form of hyperthermia associated with a systemic
inflammatory response leading to a syndrome of multiorgan dysfunction in which
encephalopathy predominates'*'>. Although CNS pathology in hyperthermia as-
sociated with heat stroke has been described'**'>!"° the important components
of the brain such as hippocampus and vascular endothelium were not examined.
Moreover, ultrastructural investigations of the CNS in hyperthermia were not per-
formed at all. Since, at that time, the functional significance of the blood—brain
barrier (BBB) was not well characterized, the problems of microvascular permeabil-
ity and oedema were largely ignored.

Whole body hyperthermia (WBH) is also used as a ‘“Therapeutic Hyperthermia’
to destroy deep seated tumours in cancer patients® . This method induces a relative
fast increase in the body temperature, in contrast to exposure to hot environments
and heat stroke'®. There are several side effects of therapeutic hyperthermia; however
it is still effective as one of the potential therapies for cancer treatment™.

In this review, effects of WBH induced changes in brain pathology in humans and
animal studies are critically examined. In addition, new data on the influence of age,
anaesthesia and repeated exposures to heat on brain dysfunction that is mainly based
on our own investigations, are described.

2. Heat stress influences information processing system of the CNS

Heat stress (HS) appears to be a disorder of the thermal information processing
system (IPS) that is chiefly regulated in the hypothalamus'®'”. Excessive heat over-
load impairs the cooling mechanisms resulting in clinical hyperthermia which,
depending on its magnitude and severity, leads to brain dysfunction. The probable
link between the IPS, hyperthermia and abnormal brain function is still not well
defined. Neurochemicals and cell signalling pathways appear to play key roles in
the IPS and cell injury, probably through altered BBB function in hyper-
thermia'>!'%?°. Leakage of serum proteins across the BBB resulting in vasogenic
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brain oedema formation is one of the most crucial events determining the extent of
cell injury or cell death leading to brain pathology'*'*2%%.

2.1. Leaky BBB in heat related disorders

It appears that stress induces brain dysfunction, probably through modification
of the BBB. This is evident with the fact that a threefold increase in the frequency of
neurological symptoms, e.g. headaches, insomnia, drowsiness, nervousness, unfo-
cused attention and impaired capacity to conduct simple calculations occurred fol-
lowing pyridostigmine (a carbamate inhibitor of acetylcholinesterase which is used in
military personal as antidote of nerve gas poisoning) ingestion by 213 Israeli soldiers
as a treatment during the Persian Gulf War?*. These soldiers serving in the Gulf War
may have developed leaky barriers due to hot weather conditions prevailing in that
region”. This idea is further supported with the fact that only a 50% dose of the
peripherally administered pyridostigmine is needed to inhibit brain acetylcholines-
terase in mice that were subjected to forced swim stress for 15 min compared to the
control group?®. These results confirmed the original observations of Sharma and his
group that immobilization, forced swimming and heat stress causes breakdown of
the BBB and is able to enhance protein extravasation in the brain in a highly specific
and selective manner®’ **. Taken together, these data support the hypothesis that the
BBB permeability and drug transport in the nervous system are enhanced by mild
hyperthermia and in other stressful situations.

3. Hyperthermia in humans

Documented heat induced CNS pathology following heat illness is limited?'**>.
Few sporadic case reports in the past describe brain histopathology following heat-
stroke induced hyperthermia (6 h to several weeks) that are based on either Cresyl
Violet or Haematoxyline and Eosin (H&E) staining of the paraffin embedded speci-
mens™'?. No detailed histopathological, immunopathological information or ultra-
structure changes in the brain are available.

3.1. Pathological changes in the human brain

The following description of brain pathology is based on various case reports in
heat illnesses®>*'**®. Post-mortem autolysis does not appear to play significant roles
since similar changes were observed in cases ranging from 6-15h after the death of
heat-stroke victims (table 1).

3.2. Cerebral cortex

Oedema, congestion and degenerative changes in the neurons were quite promi-
nent in the frontal cortex 11h after heat injury (table 1). The nerve cells and their
dendrites were swollen and the nucleus showed disintegration and chromatolysis.
Some neurons were shrunken and the cytoplasm and nuclei were hyperchromatic.
Glial cells appeared to proliferate in the cases of 24 h heat injury and onwards. At
this time, severe neuronal loss was seen. In cases of 6 and 12 days of heat illness, the
neuronal loss was most severe and the glial proliferation was quite distinct. These
changes were most prominent in the upper layers of the cerebral cortex compared to
the lower layers. Increased lipid content in neurons and in the perivascular space was
quite common.
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Table 1. Effect of heat on central nervous system damage in clinical cases. These
pathological observations are based on light microscopy using Crersyl violet stain
or Haematoxyline and Eosin staining. No immunohistochemistry was applied and
ultrastructural investigations were not done.

. Cell damage
Duration of
heat illness Brain regions  Nerve cells Glial cells Myelin
I1h Cerebral cortex  oedema not known not known
congestion
disintegration
18 h shrunken
hyperchromatic
276 h degeneration proliferation
of microglia
and astrocytes
96 h haemorrhages
in white matter
Sh Cerebellum Purkinje cells swollen, proliferation of
disintegrated oligodendrocytes
5.5h oedema, swollen
and loss of Purkinje cells
72 h Purkinje cells glial proliferation
completely disappeared
276 h loss of Purkinje cells glial proliferation
granular cell layer
degeneration of Purkinje phagocytosis by
cells glial cells
11 h Dentate nucleus hyperchromatic,
capillary engorgement
276 h few shrunken neurons extensive gliosis
276 h Thalamus neuronal loss proliferation of glia
4h Hypothalamus  microhaemorrhages
only in PVN
8 h no significant change
130 h no significant change
14 h no significant change
5h Midbrain microhaemorrhages in the
floor of 1V ventricle, PAG,
OM

After Sharma er al.*.

Compiled after Malamud er al. (1946)°.

PAG = periageductal gray matter, PVN = paraventricular nucleus, OM = occulomotor
nucleus, h = hours.

3.3. Cerebellum

Oedema of the Purkinje cell layer was most marked and the number of Purkinje
cells was considerably reduced within 24 h of heat injury. Interestingly, the molecular
and granular layers of the cerebellum were not affected except some minor prolifera-
tion of the satellite oligodendroglia. Twenty-four hours after heat illness, the
Purkinje cell layer almost completely disappeared and glial reactions were pro-
nounced in the Bergmann layer and the molecular layer. After 3 days of heat illness,
the Purkinje cell necrosis was quite common. Hyperplastic changes were apparent in
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molecular and Bergmann layers in cases of a 12 day heat illness, and the Purkinje
cells were consumed by macrophages. These changes were found in both the cere-
bellar hemispheres as well as in vermis. The dentate nucleus exhibited signs of
degeneration of nerve cells and hyperchromatic reactions 12 h after heat illness.

3.4. Basal ganglia

Changes in basal ganglia are less severe than in the cortex. The corpus striatum
and thalamus were not much affected by heat injury. Only a few neurones in the
caudate nucleus and putamen were diffusely damaged in short periods of heat illness.
In the thalamus, focal collection of glia was seen and proliferation of microglia
around the nerve cell was quite common in longer duration of heat illness. The
globus pallidus was the least affected region of the brain in these cases and the
periventricular system was devoid of glial proliferation.

3.5. Hypothalamus

Great attention has been paid to hypothalamus in heat injury, since this part of
the brain is the main seat of thermoregulation”'®!”¥7. A mild-to-moderate degree of
oedema of the hypothalamic nuclei is seen during short duration of heat illness. Loss
of neurons and a slight increase in the number in glial cells occur following in
hypothalamus, irrespective of the duration of heat illness.

3.6. Mid-brain, pons, medulla oblongata and spinal cord

Mild changes in the nerve cells and a slight increase in the number of glial cells
were observed in the quadrigeminal region, the inferior olivery nuclei and the reti-
cular formation. No distinct cell changes or odema was seen in other parts of the
hind brain (table 1).

3.7. Microhaemorrhages

Microhaemorrhages in leptomeninges and in other brain regions were mainly
confined to the perivascular space in heat injury. The leptomeningeal haemorrhages
were most diffuse and severe in short duration heat illness. Pronounced haemorrhage
is seen in the paraventricular nucleus, the supraoptic nucleus, medial parts of the
ventromedial and dorsomedial hypothalamic nuclei. Perifornical and septal regions
and the medial portion of the thalamus as well as the caudal part of the hypotha-
lamus were least affected. No haemorrhages were observed in the mammillary body.
Haemorrhages of the pons and medulla oblongata were mainly confined to the floor
of the fourth ventricle and sometimes near the dorsal efferent nucleus of the vagus.

3.8. Brain oedema in clinical heat illness

Oedema is the most prominent clinical feature following hyperthermic brain
injury. A flattening of convolutions and a cerebellar pressure cone along with soft-
ening of the brain tissue are quite common™>'®. In a few cases, brain weight was
found to be increased by several hundred grams® following heat-stroke. Oedema of
the leptomeninges was quite distinct.

4. Therapeutic hyperthermia
As mentioned above, ‘Therapeutic Hyperthermia’ has been employed for spon-
taneous cure to several kinds of tumours since the mid-19th century’®. The potential
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benefit of WBH is to destroy deep-seated tumours and the device may be effective
alone against metastasis.

However, in such clinical trials, fluid loss, haemodynamic alterations, serum
enzyme abnormalities and other symptoms of variable severity have been
described?. Several fatalities occurred in this form of treatment, which is attributed
to different causes rather than hyperthermia per se. Interestingly, the effect of WBH
on the structure and function of the normal CNS has still not been worked out in
details. Thus, the effective exposure temperature and CNS dysfunction over time are
not known in most laboratory animals***'. In addition, the effect of anaesthesia and
age on WBH induced changes in brain function are still unclear. The time—tempera-
ture relationship with repeated systemic heat exposure and the development of ther-
mal tolerance following repeated heat exposure is still not known®. The lacunae in
this kind of experiments are that the brain histopathology following WBH is not
investigated in detail.

4.1. Effect of local hyperthermia on the CNS

In several cases of localized hyperthermia applied on some parts of the brain or
spinal cord, higher temperatures can be tolerated well by a small volume of nervous
tissues*>**. Induced local hyperthermia used in cancer therapy is generally aimed to
treat the brain tumour tissue with a heat dose in the range of 30—60 min at a tem-
perature of 42-43°C. Such heat doses may lead to haemorrhages, necrosis to the
surrounding normal nervous tissue with limited whole body physiological changes**.
There are indications that local or regional heating of the brain can induce oedema
formation and cell injury****. Pathological findings in these investigations are lim-
ited due to failure of obtaining brain tissue specimens. In some cases, haemorrhages,
necrosis, inflammation and gliosis are described*’. In these experiments, lethality
after hyperthermic insults to the brain was very common®’. However, the real
cause of such phenomena is not known. There are reasons to believe that hyper-
thermia per se can induce such lethality, although this issue is still not well attended.

4.2. Local heat treatment of CNS tumours in humans

Little is known regarding the effect of local hyperthermia in the human nervous
system. A tumour temperature of 42.5°C for 1 h was not found to be associated with
any adverse effect. However, during this procedure, normal tissue temperature was
not measured’’. In a separate study by Tanaka er a/.** in which the tumour tissue
was heated up to 44-49°C, the normal tissue temperature did not exceed 38—40°C. In
this study, the heat treatment resulted in aggravation of peritumoural oedema and a
focal brain swelling. In contrast to this study, deep heating was applied in many
patients without apparent heat neurotoxicity™.

One possibility that heat toxicity did not develop in these studies is that most of
the experiments was conducted under anaesthesia. Thus, the passive heating of brain
may be an entirely different phenomenon rather than the stress associated with
heating. It is important to note that most of the anaesthetics used in these investiga-
tions like pentobarbital and ketamine are known neuroprotective agents following
various forms of ischemic or metabolic insults to the nervous system*’. However, to
get further clarification of the effects of anaesthetics on brain dysfunction following
hyperthermia, additional work is required.
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5. Effect of whole body hyperthermia on the CNS
5.1. Clinical observations

The effects of WBH on human brain function are largely unknown*’. Few clin-
ical investigations on brain tumour patients showed that if the brain temperature
exceeds 39°C the neurological outcome is worsened. Mellergard and Nordstréom®*®
showed that rectal temperature adequately reflects the epidural space temperature,
which is very similar to that of tympanic membrane temperature®.

WBH in humans induce a co-ordinated reaction, which involves endothelial cells,
leukocytes and epithelial cells to protect against tissue injury and to promote
repair™’. A variety of cytokines are produced following endogenous or environmen-
tal heat®'. Thus, WBH increases peripheral interleukin (IL)-14, IL-6, IL-8, tumour
necrosis factor-alpha (TNF-a) and the regulatory cytokine IL-10'*>2. These cyto-
kines modulate local and systemic inflammatory responses by controlling the levels
of other cytokines™.

Based on these observations, various studies suggested to treat human tumours
using fever-range whole body hyperthermia (FR-WBH)'** 3. In a recent study
using FR-WBH by Kraybill e al.>* showed that patients with advanced solid tumour
tolerated well 39-39.5°C for 3 or 6h and 39.5-40°C for 6 h without having any
adverse effects on the cardiac, hepatic or renal systems. However, in these reports
biopsy findings or study of other brain functions like cerebral blood flow (CBF) or
other brain functions are not available.

5.2. Brain pathology following WBH

The brain pathologies occurring in heat stroke and the WBH are not comparable.
However, hyperthermia induced either by heat stroke or WBH is quite similar in
nature. Hyperthermia of 40.5-43°C for 3—11 h following WBH results in fatality and
visible organ injury>. On the other hand, heat stroke induced fatalities can be seen
when the rectal temperatures on admission ranged between 38—44°C. The death
occurred in 70% of cases in less than 24 h (rectal temperature 41.5-44°C) in either
WBH or heat stroke. On the other hand in benign cases, the survival period was
between 1-12 days. It is interesting to note that similar changes in brain pathology
were described by Malamud et al.> and Gauss and Meyer' in cerebellum regarding
loss of Purkinje cells. This supports the idea that the brain pathology in hyper-
thermia either produced by WBH or heat stroke is quite similar in nature. Lack
of immunohistochemistry or ultrastructural assessment in these cases makes the
interpretation difficult. Furthermore, other important organs of the brain such as
hippocampus, endothelial cells and spinal cord were not examined. Thus, this subject
requires further investigation.

6. Effect of hyperthermia on brain energy metabolism

The influence of brain energy metabolism in hyperthermia is the obvious concern
to the clinicians who encounter hyperthermia as a common complication as well as
aggravating a variety of cerebral disorders including traumatic injuries to the CNS.
In humans, if hyperthermia exceeds 40°C, symptoms of nausea, disorientation,
apathy and delirium appear. If the hyperthermia is severe enough, it may result in
heat stroke and the body temperature may reach >42°C'". At ~42°C, the signs of
cardiovascular dysfunction associated with a fall in the blood pressure occurs™®. A
small increase in the temperature further directly damages neurones, probably
because of heat inactivation of enzyme proteins, even in the absence of overt
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circulatory failure'® followed by convulsion, coma and death'®>>>7. These symptoms
are caused by excessive accumulation of body heat’®.

6.1. Pulmonary ventilation and arterial PaCO > changes

When the body temperature exceeded 41°C, the accumulation of lactate in blood
occurs indicating acid production by anaerobic glycolysis. The development of
respiratory alkalosis may help in preventing further increase in the CBF due to
hyperthermia that may have direct pathophysiological consequences in the brain.

Hyperventilation, an increase in blood pH (alkalosis) as well as a decrease in
arterial PaCO, occurs in hyperthermia®®>*%" (table 2). The rate of fall in PaCO, is
steep in conscious animals compared to the animals exposed to heat stress under
anaesthesia'.

6.2. Metabolic rates and blood flow changes

A progressive increase in temperature from 40-43°C induces a decline in oxygen
uptake with time®!. If the temperature is >45°C and prolonged, then the depression
of metabolic rate is irreversible® leading to cell injury'®®*. An increase in rectal
temperature by 2°C in humans during asymptomatic neurosyphlis did not influence
the cerebral metabolic rate for oxygen consumption (CMRO,)® (table 2). However,
in patients with dementia paralytica, a reduction in CMRO, is evident at normal
temperature. In dogs, an increase in body temperature from 37.8-41.5°C is associ-
ated with a 50% rise in CMRO, (from 2.2-3.3 mol/g/min)®*.

The CBF remained unchanged in hyperthermia in spite of marked reductions in
PaCO.,. This indicates that the vasoconstrictory effects are outbalanced by vasodi-
latation due to increased temperature®®>®. In rats, CBF and CMRO, shows an
increase in the order of 5% per degree rise in the body temperature up to 42°C, if the
PaCO, is kept constant'®®.

Table 2. Effect of hyperthermia on cerebral energy metabolism and physiological variables.

Species Anaesthesia Rectal 7° Variables measured

Pulmonary ventilation and arterial PaCO,

Dog Barbiturate >41°C 20mm Hg| Respiration] pHT
Oxen — >41°C <20mm Hg| Respiration? pHT
Sheep — >41°C <10mmHg]| Respiration| pHT
Metabolic rates and blood flow

Humans — >A2°C CMRO,# Neurosyphlis

Humans — normothermia CMRO,| dementia paralytica
Humans — > A2°C CMRO,T dementia paralytica
Dogs Pentobarbital 41.5°C CMRO,T CBF#

Dogs Pentobarbital >41°C CMRglT;]:#

Rat Barbiturate 40°C CMRO,T CBF

Rat Barbiturate 42°C CMRO,T CBF#;1

Sheep — 42°C CMRO,|;T CBF#

Intermediary metabolism

Rats Barbiturates 42°C ADP7 Lact/Pyr?

Rats Barbiturates 42°C Glu-6-P7 Fru-6-P7

# = no change; T = increase; | = decrease.

CMRO, = Cerebral metabolic rate for oxygen consumption; CMRgl = Cerebral meta-
bolic rate of glucose consumption; CBF = Cerebral blood flow.

Compiled from Various Sources'®!'%¢7
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6.3. Changes in intermediary metabolism

In unanaesthetized mice, an increase in body temperature to 43-44°C is associ-
ated with reductions in PCr and ATP and increases in ADP and AMP!'%%”. However,
in the rat, no changes in PCr, ATP or AMP can be seen and only a small rise in ADP
and the lactate/pyruvate ratio was observed (table 2)®7. It seems likely that 42°C
represents a critical temperature above which energy failure in brain develops leading
to cell autolysis'’.

7. Whole body hyperthermia and brain dysfunction

Several workers did not observe heat toxicity in the brain after WBH, although
the treatment caused lethality®®°. Based on these observations, it has been suggested
that CNS is not an organ at risk after WBH. One probable reason could be that
the rise in brain temperature is not uniform after whole body heating. Electro-
physiological studies showed profound alteration in brain electrical activity after
WBH®"7°_ indicating that CNS is a very sensitive organ in hyperthermia. Since, in
these studies, histopathological examination of the CNS is not done, the subjects still
remain controversial.

On the other hand, studies carried out in the laboratory during the last two
decades show that the CNS is highly vulnerable following WBH in conscious ani-
mals?’ >*7""8 The observation further suggests that damage of CNS depends on the
magnitude and severity of heat exposure, the amount of thermal load and the phy-
siological states of animals prior to heat exposure’*””.

7.1. Chronic summer heat exposure

In order to simulate chronic summer heat conditions, animals were exposed to
the ambient air temperature of Varanasi (relative humidity 50-55%, wind velocity
24.5cm/s) from 8.00 am to 6.00 pm for 1 week?® *° and the BBB permeability was
examined using Evans blue albumin as exogenous protein tracer.

Exposure of young rats (age 8—9 weeks old) to chronic summer heat at 31-33°C
caused a mild thermal load (40.84 + 0.23°C) without showing any increase in the
permeability of the BBB. On the other hand, when young rats were exposed chroni-
cally to summer heat at 34-36°C, the permeability of the BBB was increased in more
than 60% of animals. These rats experienced a greater degree of thermal stress
(+2.5+£0.46°C). OId rats (age 24-32 weeks) subjected to similar heat exposure did
not show either any increase in the BBB permeability or thermal stress
(+1.8 £0.23°C)*"-*. These results were the first to show that chronic summer heat
can induce breakdown of the BBB that is most pronounced in young age groups°.
The results opened a new vista of brain research, indicating that the metabolism and
pharmacokinetics of drug transport to the brain are altered in summer heat con-
ditions, a finding which is confirmed by several independent workers recently** 2°.

7.2. Acute heat exposure

Since summer heat resulted in a leaky BBB, the effect of thermal stress was
further examined in a controlled manner by exposing rats in a biological oxygen
demand (BOD) incubator?® 30-3271.85

7.2.1. The rat model. Brain dysfunction in several animal models are character-
ized by exposing rats to high temperatures ranging from 32-46°C for a period
of 30min to 8h in acute experiments and several days at 30-34°C for chronic
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Table 3. Stress symptoms and physiological variables in control and heat stressed rats.

Heat stress at 38°C in BOD chamber

Control”
Parameters examined (n=238) 1h (n=6) 2h (n=28) 4h (n=12)
Stress symptoms
Rectal 7°C 37.424+0.23  38.41+0.32%  39.24+0.21** 41.48 £0.23%***
Salivation nil ++ +++ ++++
Prostration nil nil nil ++++
Gastric haemorrhage nil 443 8§+3 3448

(microhaemorrhages)

Physiological variables
MARBP torr 101+6 9448 124 4 8** 76 £+ 4%*
Arterial pH 7.38+£0.04 7.36+£0.03 7.33+£0.10 7.34+0.08
PaCO, torr 33464+1.04  33.56+0.76 34.13+0.24 32.124+0.11%
PaO, torr 78.24+1.22  79.124+0.54 79.344+0.26 82.14 £0.23%*

“Control rats kept at room temperature (21 + 1°C); Rats exposed in a biological oxygen
demand (BOD) incubator at 38°C for heat stress (for details see text); nil = absent,

++ =mild, +++ = moderate, +-+++ =severe; * =p <0.05, **=p<0.0l, ***=

p < 0.001 Student’s unpaired z-test (Data modified from Sharma?®, Sharma and Dey30 2

Sharma et al.>®).

studies®®% %2, In some animal models, extremely high temperature (usually 41—
44°C) was used to induce neurological symptoms of acute heat stroke. In these
models, the death rate is very high (more than 80%) and study of brain dysfunc-
tion in situ is not possible’™??.

A new rat model was developed in which animals are exposed to heat at 38°Cin a
biological oxygen demand (BOD) incubator for 4 h. The relative humidity (45-50%)
and wind velocity (20-25 cm/s) is kept constant®®. This experimental set up resulted
in stress symptoms and physiological variables (see table 3) very close to that of
clinical situations. Exposure of rats to either 30 or 34°C in the BOD incubator
resulted in only mild hyperthermia (figure 1(a)), indicating that the model is based

Figure 1. Heat stress induced modification of body temperature, BBB permeability, seroto-
nin levels, CBF changes and brain oedema formation in conscious and anaesthetised rats
(a). Rectal temperature in control, 1, 2 and 4 h heat stressed rats exposed at 38°C. Each
point represents mean +SD of 6-12 rats. (b) Blood—brain barrier permeability, brain
oedema (lower panel), cerebral blood flow and 5-HT level (upper panel) in control and
heat stressed rats (** = p < 0.01 Student’s unpaired ¢-test, compared to the control
group) (¢) Regional blood-brain barrier permeability and regional cerebral blood flow
in control and 4h heat stressed rats. Values are mean +SD of 12-14 rats. a = frontal
cortex, b = parietal cortex, ¢ = occipital cortex, d = cingulate cortex, e = hippocampus,
f = caudate nucleus, g = thalamus, h = hypothalamus, i = superior colliculus, j = infer-
ior colliculus, k = cerebellum, 1 = pons, m = medulla. * = p < 0.05, ** = p < 0.01, com-
pared to controls (ANOVA followed by Dunnett test) (d) Shows correlation between
increased body temperature (%, x-axis) and increased brain water content (%, y-axis)
in control and 4h heat stressed rats. The regression line showed strong correlation
between hyperthermia and brain oedema development (r2 =0.968, p <0.001), (e)
Effect of 4h heat stress induced brain function in conscious (upper panel), and urethane
or equithesin anaesthetised rats (middle panel) and BBB permeability and CBF (lower
panel). Values represent mean SD of 5-6 rats. * = p < 0.05, *** = p < 0.001 compared
from control group, ADD = p < 0.001 compared from survived group (upper panel)
(data modified after Sharma and Dey*?, Sharma et a/.>*7", Sharma'?).
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on physiological aspects of noxious heat stimulus not associated with skin injury and
has markedly less mortality (less than 20%, if any).

7.2.1.1. Behavioural symptoms and lethality. At the end of 4 h heat exposure at 38°C
some rats lay prostrate in cages and did not move even after gentle pushing®-°.
However, these rats did not lose their righting reflex®. Some rats whose body tem-
perature exceeded 42°C died during or a few min after termination of heat expo-
sure®”!. Some animals, which survived 5-10 min after heat exposure, exhibited low
mean arterial blood pressure (MABP, 60-65 torr) close or below the critical lower
limit of the cerebral autoregulation, indicating that these rats developed brain ische-
mia due to defective autoregulation of the CBF*. Post-mortem studies showed
fluidity of all the cerebral components’!. Damage of vital centres due to volume
swelling of the brain in a closed cranial compartment appears to be the main cause of
death”". Obviously, this model can be used to study brain pathology in heat stress
and to explore new strategies of various therapeutic measures to achieve
neuroprotection®®”>® When rats were exposed to 39°C in a BOD incubator, most
of the animals died within a 2h session (Sharma, unpublished observation).
However, the details of the maximum tolerated dose after WBH in rats, and how
indicative is this for human situations is still not known.

7.2.1.2. Stress symptoms and physiological variables. Exposure of young rats in a
BOD incubator at 34 or 36°C for 4 h resulted in a small rise in their rectal tempera-
ture (+1.8 £0.12°C and +2.4 £+ 0.18°C, respectively) and exhibited only minor sal-
ivation. Few animals exhibited microhaemorrhages in their stomach wall*®. Rats
subjected to 4h heat stress at 38°C in the BOD chamber resulted in profound
hyperthermia (43.64 £ 0.57°C) and stress symptoms. Post-mortem examination
showed many haemorrhagic petachae in the stomach wall. In these animals,
MABP fell by 20 torr from the basal value. The PaO, showed a mild increase,
whereas the PaCO, and arterial pH were slightly decreased (table 3).

On the other hand, rats exposed to 38°C for 1 or 2h showed a mild degree of
stress symptoms>*?, indicating that the magnitude and severity of stress symptoms
are dependent on the amount of thermal load and duration of heat exposure
(table 3).

7.2.1.3. Blood-brain barrier permeability changes. Exposure of rats at 34 or 36°C in
a BOD incubator did not result in the breakdown of the BBB permeability**** to
Evans blue and radioactive iodine!"*"! I-sodium tracers*?°. These tracers bind to
serum albumin into the circulation, and a leakage of these tracers across the BBB
thus represents extravasation of tracer-protein complex?30-3285:94,

On the other hand, rats exposed to 4h heat stress at 38°C showed a marked
increase in the BBB permeability to Evans blue (figures 1(b) and (¢)) and radioactive
iodine (figure 1(d)). This increase in the BBB permeability was absent in animals
subjected to 1 or 2h periods of heat exposure. The observations demonstrate that
heat stress has the capacity to induce a widespread increase in the permeability of the
BBB to protein tracers depending on its magnitude and duration.

7.2.1.4. Regional BBB permeability. In order to find out a selective vulnerability of
brain regions sensitive to heat, the regional increase in the permeability of the BBB
was examined in 14 areas of rat brain (figure 1). The Evans blue staining was noted
in eight brain regions in order of decreased frequency (n = 24): cingulate cortex
(99%), occipital cortex (96%), parietal cortex (94%), cerebellum (90%), temporal
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cortex (88%), frontal cortex (85%), hypothalamus (78%) and thalamus (64%). The
other brain regions were devoid of blue staining.

A significant increase in radioactivity was noted in all the 14 brain regions ex-
amined (figure 1(c)). Thus, besides the eight blue-stained regions, another six brain
regions viz hippocampus, caudate nucleus, superior colliculus, inferior colliculus,
pons and medulla also showed an increase in!'*! I-sodium extravasation (figure
1(c)). This extensive increase in the permeability of the radiotracer compared to
Evans blue dye appears to be due to differences in protein binding capacity of the
former tracer or due to differences in proteins to which these tracers adhere in the
circulation®® 32,

7.2.1.5. Cerebral blood flow changes. In order to gain new insight regarding contri-
bution of cerebral circulation in BBB dysfunction, changes in global and regional
CBF in heat stress were examined using tracer microspheres®?. The measurement
of CBF showed that subjection of rats to 4h heat stress significantly reduced the
global CBF by 30%, whereas heat exposure of 1 or 2h did not influence the CBF
changes compared to the control value (figure 1(c)). These observations suggest that
CBF is influenced by heat stress, which in turn depends on the duration of heat
exposure.

7.2.1.6. Relationship between changes in regional CBF and BBB permeability.
Although the decline in the CBF was seen in almost all the regions which exhibited
increased BBB permeability, the regional changes in the CBF and the BBB were
unrelated. In five cortical and six sub-cortical brain regions, the regional CBF was
significantly reduced by 38-53% and 23-31%, whereas the BBB permeability in
these regions was increased by 87-1366% and 318-590%''. On the other hand, in
cerebellum and brain stem, though the regional CBF declined only by 15-22%, the
regional BBB permeability was increased by 844-1350%'?. Thus, the intensity of
flow reduction was not correlated with the magnitude of increased BBB permeabil-
ity. A reduction in CBF, however, may influence brain metabolism and can con-
tribute to the local cerebral energy changes'® in heat stress which require further
investigation.

7.2.1.7. Brain oedema formation. An increased permeability of the BBB resulting in
extravasation of protein tracers in many brain regions is associated with vasogenic
brain oedema formation?'***372%4 Oedema is defined as an increase in the water
content of the brain or spinal cord following noxious insults to the brain, mainly due
to leakage of proteins across the microvessels®’. In due course of time, the oedema
fluid will spread and, depending on the magnitude and severity of the primary insult,
whole brain can be swollen within 24 h'*'*?' A swollen brain in a close cranium will
result in compression of vital centres leading to instant death?'.

Brain oedema was evaluated from changes in the brain water content and volume
swelling calculation using the formula of Elliott and Jasper®’. In general, an increase
of 1% water content will reflect ~3% increase in volume swelling?'-*%%,

The results support the idea that brain oedema formation is closely associated
with breakdown of the BBB permeability in heat stress. Rats did not show either
oedema development or leakage of the BBB permeability at the end of a 1 or 2h
period of heat exposure (figure 1). However, 4 h heat exposure significantly resulted
in the breakdown of the BBB permeability and leads to profound brain oedema
formation (figure 1(e)). In these rats, the brain water content was increased by



338 H. S. Sharma and P. J. Hoopes

4%, corresponding to ~16% increase in volume swelling’'. The results are the first
to show that acute heat exposure can induce brain oedema formation’' and the
magnitude and severity of brain swelling in the closed cranial compartment is
responsible for heat-induced deaths’' (figure 1). It remains to be seen whether the
heat stress induced changes in the BBB permeability and brain oedema formation is
reversible in nature.

7.2.2. Serotonin as a neurochemical mediator of hyperthermic brain injury. Seroto-
nin was measured as one of the most potent neurochemical mediators involved in
breakdown of the BBB permeability and brain oedema formation?®!-23:83-98-100
using a sensitive and specific spectrophotofluorometric method**!°!. The serotonin
level was increased in the plasma (4+656%) and in brain (4328%) after 4h heat
stress' %% (figure 1(c)). However, 1 or 2h periods of heat exposure did not result
in any significant increase in the serotonin level either in plasma or brain (figure
1). Regional brain serotonin level was diminished in the cortex, mid-brain and
hippocampus, except cerebellum following acute exposure (1-2h). Four hours
after exposure, the serotonin level significantly increased in all the regions except
the mid-brain. The plasma concentration of serotonin closely follows the changes
in brain serotonin level at the end of 4h heat exposure®'°%. This indicates that
the amine is positively involved in the hyperthermia induced BBB dysfunction.

However, in the in vivo situation, no single chemical compound appears to be
responsible for all the changes seen in either experimental or clinical hyper-
thermia?®'%. In fact, several factors or neurochemicals are simultaneously playing
roles either to induce or counteract the effects of hyperthermia on BBB permeability
and brain damage. Thus, further studies regarding involvement of other putative
neurochemical mediators are needed in this model.

7.2.3. Brain pathology. Using immunohistochemical techniques at light and elec-
tron microscopy, morphological changes in the brain of heat stressed animals have
been examined.

7.2.3.1. Light microscopy. Marked neuronal, glial, axonal and vascular reactions
were present in several brain regions after heat exposure of rats at 38°C for 4
p33:34.72.73.79.80.82.84 "profound neuronal reaction using Nissl staining can be seen in
many parts of the brain (figure 2(A)). Dark and distorted neurons were present in the
cerebral cortex, brain stem, cerebellum, thalamus and hypothalamus. These changes
were mainly present within the oedematous area of the brain. In several brain
regions, neuronal cell loss was very common®*. In the hippocampus, most severe
changes in the nerve cells were noted in the CA-4 sub-field compared to other
regions. Although oedematous swelling and general sponginess were present in the
whole hippocampus, loss of neurons and degenerated nerve cells were most frequent
in the CA-4 sub-field (figure 2(A.b)). This indicates that the phylogenetically oldest
part of the hippocampus is particularly vulnerable to heat stress>*-5-82:103,

7.2.3.2. Ultrastructural changes. Ultrastructural studies of nerve cells in the cerebral
cortex, hippocampus, cerebellum, thalamus, hypothalamus and brain stem show
degenerated nucleus that is often accompanied by the eccentric nucleolus (figure
2(B.h)). The nuclear membranes exhibit many irregular foldings and the nucleolus
often showed signs of degeneration. Several dark and dense structures are present in
the nuclear or nerve cell cytoplasm®. In many parts of the cerebral cortex, hippo-
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campus, cerebellum and brain stem, often one nerve cell is quite dark in appearance
with condensed cytoplasm whereas the adjacent nerve cell is normal®®’*!%*  These
observations indicate a selective vulnerability of nerve cells in heat exposure.

Several swollen synapses with damage to both pre- and post-synaptic membranes
are present in the thalamus, brain stem, hypothalamus, cerebellum, cerebral cortex
and in the hippocampus®. Oedema, membrane disruption, vacuolation, degenera-
tion and distortion of the synaptic vesicles as well as damage of post-synaptic den-
drites were most common findings (figure 2(B.b)).

Degeneration and vesiculation of myelin sheaths are frequent in several brain
regions following heat stress’>’”7®. Several unmyelinated axons were also swollen.
Myelin damage together with swollen axons was present in the brain stem reticular
formation, pons, medulla and the spinal cord®®'%2.

7.2.3.3. Vascular reaction. Vascular reactions comprise partial to complete collapse
of microvessels in several brain regions. Perivascular oedema, ischemic membrane
damage and disruption of the BBB permeability to the electron dense tracer, lantha-
num is quite frequent?®:3379-82.103,

A highly selective nature of the endothelial cell membrane permeability was seen
in heat stress®®. Thus, several brain regions exhibit leakage of lanthanum across the
cerebral endothelium (figure 2(C)). Moreover, in another brain region, leakage of the
electron dense tracer is not evident. A particular vessel or often one endothelial cell
shows leakage of lanthanum in one area, whereas the rest of the vessel or the
adjacent endothelial cell does not show any evidence of the lanthanum exudation.

In large numbers of vascular profiles, lanthanum is stopped at the tight junctions,
whereas the endothelial cell membrane is infiltrated with lanthanum containing tight
junctions®'%. These findings support the idea of a specific receptor mediated
increase in the endothelial cell membrane. Obviously, receptors are present on the
membranes even on the apposing tight junctions'®>1%,

7.2.3.4. Ultrastructural aspects of the BBB permeability: tight junctions. Many
microvessels showed infiltration of lanthanum across the endothelial cells that are
connected with tight junctions. In some cases, the membrane permeability across the
tight junctions was increased without apparent deformation of these junctions (figure
2(C)). This evidence of increased permeability of the tight junctions to lanthanum in
heat stress without widening them is entirely a new phenomenon not known before
(for details see Sharma et al.'*?).

Tight junctions are formed between two apposing endothelial cell membrane
layers*?>19719% = Ap increase in the endothelial cell membrane permeability (as
above) in these regions containing tight junctions can occur without apparently
widening them.

7.2.4. Immunohistochemical studies. The molecular mechanisms of cell injury in
the CNS of heat stress was examined using several immunomarkers recently iden-
tified as the key factors involved in brain pathology. These findings are summar-
ized below.

7.2.4.1. Axonal damage. Myelin basic protein (MBP) was used to identify axonal
damage'®. A significant reduction in MBP indicating degradation of myelin in heat
stress was observed in several brain regions®*. This decrease in MBP immunostaining
was prominent in brain stem reticular formation, pons, medulla and the spinal cord?
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(figure 3(A.a—d)). Pre-treatment with drugs which induced neuroprotection are able
to attenuate degradation of MBP immunoreactivity and myelin damage at the ultra-
structural level®”.

7.2.4.2. Glial cell reaction. Immunostaining of glial fibrillary acidic protein (GFAP),
a specific marker of astrocytes, was used to examine glial cell reactions in heat
stress''’. The GFAP-immunoreactivity was remarkably increased in several brain
regions following 4 h heat stress and was often located around the blood vessels.

In the cerebral cortex, an increase in GFAP immunoreactivity occurs mostly in
cortical layers III and IV’>7®. In the hippocampus, the CAl, CA2 sectors and
granular cell layer as well as in the lateral cerebellar nuclei and in the molecular
layer of the cerebellum, strong GFAP positive astrocytes were present in (figure
3(A.e—f)). The Bergmann glia showed significant increase in immunoreactivity and
GFAP positive astrocytes in granular layer are quite distinct''®. In the brain stem,
reactive gliosis was evident in the fasciculus solitarius, radial nucleus and tractus
tectospinalis (figure 3(A.g—/)). The Raphé pontis and cross-sectioned pontine fibre-
tracts showed strong GFAP-positive astrocytes. In the spinal cord, the intensity of
GFAP immunostaining was mainly concentrated in the dorsal horn, ventral horn
and around the central canal regions. GFAP-stained cells are often found around the
blood vessels indicating an importance of vascular glial interaction in the patholo-
gical mechanisms of heat stress>®-7>76:82:95.110,

7.2.4.3. Vimentin expression. Normal adult rats did not show any signs of vimentin
immunoreactivity in any brain region®”’%’®?5 However, marked increase in the
immunoreactivity for vimentin was seen in the brain stem reticulum formation,
thalamus, cerebellum, corpus callosum and in some regions of the hippocampus.
These observations suggest that heat stress induces selective upregulation of vimen-
tin expression in adult rats as well?>''°. An increased expression of vimentin in adult

Figure 2. A. Structural changes in the cerebral cortex, hippocampus (A), brain stem (B) and
cerebral endothelial cells (C) following 4 h heat exposure at 38°C in young rats. (a) Nissl
stained nerve cells in the cerebral cortex shows damaged and dark stained nerve cells
(arrows) (bar = 30 um). (b) Celloidin section (5 um thick) of hippocampus shows promi-
nent nerve cell loss in the CA 4 region (b) compared to the control (¢) (bar = 200 um). B.
Ultratstructural changes in nerve cells (7)) from brain stem («) and parietal cerebral cortex
(b) of heat stressed rat. Degeneration of nerve cells, cytoplasmic vacuolation (a) and
increased density of cytoplasm and karyoplasm (b) are clearly visible. The nucleolus is
completely degenerated. Signs of vacuolation, oedema (*) and synaptic damage (S) is
quite frequent (bar a = 500nm, b = 1 m) C. Passage of lanthanum across the cerebral
endothelial cell membrane containing tight junctions in 4h heat stressed rats. (a)
Lanthanum is seen diffusely infiltrated within the cell membranes of tight junction com-
plex and endothelial cell cytoplasm. However, lanthanum within the intercellular cleft is
stopped at the tight junction (blank arrows, a); (b)—(c) A portion of the endothelial cell
membrane is completely infiltrated with lanthanum (b: filled arrows, ¢: arrow heads) or
the tracer is present within the vesicles of endothelial cell cytoplasm (d, e: filled arrow). In
most cases one endothelial cell tight-junction shows diffusely infiltrated lanthanum (filled
and blank arrows) leaving adjacent cell completely intact (f: filled arrows) (bar a, e,
f=200nm, b, ¢, d =300nm). (C)g = One microvessel from the brain stem of a chroni-
cally heat stressed rats showing signs of heat adaptation. In heat adapted rats, cell
damage, lanthanum extravasation, perivascular oedema or vesiculation of myelin are
absent (bar = 1200 nm), from Sharma et al®®, Sharma'>.
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rats in heat stress suggests that the glial cells are activated following thermal brain
injury and reflect the pathological alteration of astrocytes.

7.2.4.4. Ultrastructural changes of glial cells. Swollen astrocytic processes filled with
disrupted bundles of glial filaments and glycogen particles are seen by electron
microscopy in the heat injured oedematous brain tissues. Oedema allows the tight
bundles of glial filaments to dissociate, resulting in more antigenic sites available to
GFAP antibodies'>''°. These observations support the idea that the glial cells are
one of the important potential targets of heat induced brain damage.

7.2.4.5. Nitric oxide and carbon monoxide. The recently identified gaseous molecules
nitric oxide (NO) and carbon monoxide (CO) are involved in the molecular mechan-
isms of cell injury'>**"""1"2 However, their involvement in hyperthermic brain
injury is not well characterized. The NO and CO are synthesized by the enzymes
nitric oxide synthase (NOS) and heme oxygenase (HO), respectively, and are nor-
mally present within the normal CNS'283-2411L12 There is evidence that hyperther-
mia is associated with marked alterations in these enzymes (for review see Sharma
et al.”). To study the involvement of NO and CO in the pathophysiology of
hyperthermic brain injury, the expression of constitutive isoforms of NOS (nNOS)
and HO (HO-2) was examined in the CNS using immunohistochemical methods in
the rat model®*'!3:114,

7.2.4.5.1. nNOS and HO-2 immunoreactivity. In normal rats, only a few neurons
showed NOS immunostaining in the cerebral cortex, hippocampus, thalamus,
hypothalamus and brain stem®. The spinal cord in general did not show NOS
positive neurons®>''>. On the other hand, a few HO-2 immunolabelled nerve cells
are present in the spinal cord, cerebellum, cerebral cortex, thalamus and hypotha-
lamus of the normal rats'*%33113 The number of HO-2 positive cells are consider-
ably less compared to NOS positive cells in the control group.

Subjection of animals to a 4h heat stress resulted in profound upregulation of
nNOS and HO-2 positive neurons in many brain regions'****>!3. Upregulation of
NOS immunoreactivity was found in many parts of the cortex, hippocampus, cere-
bellum, thalamus, hypothalamus and spinal cord, which do not normally exhibit
nNOS activity. The immunostaining of NOS is clearly visible in neuronal cytoplasm.

Figure 3. A. Immunopathological changes in axons, astrocytes and nerve cells in rats follow-
ing 4h heat stress. (¢) Degradation of myelin basic protein (MBP) in the brain stem
reticular formation seen (*) as red staining is evident in stressed rat (b, d) compared to
controls (a, ¢) (bar = 100 pm). (e—h) Upregulation of GFAP in cerebellum in following
heat stress (f) compared to control (e). In brain stem reticular formation, strong GFAP
signal is evident around an arteriole (g) and in the neuropil (%) following heat stress (bars:
e, f- S0um; g, h: 25um). B. Upregulation of constitutive isoform of heme oxygenase-2
(HO-2) immunostaining in 4h heat stressed rats (a—d). The HO-2 immunoreactivity is
present in the cell cytoplasm and in the cell nucleus in the cortex (a), thalamus (b), brain
stem (c¢) and spinal cord (d) (bar a, b = 10pm, ¢, d = 20 pm). Upregulation of NOS
immunoreactivity is also seen in the cell cytoplasm, and in the cell nucleus (f, h) following
4 h heat stress compared to controls (e, g). C. Upregulation of HSP 72 kD immunostain-
ing in heat stress. (¢) Many nerve cells (blank arrows) exhibit upregulation of HSP in the
occipital cortex; (b) HSP positive glia cells, probably astrocyte around one microvessel
can be seen in thalamus of heat stressed rats as well; (¢) Negative control staining from the
occipital cortex of one heat stressed rat showing no positive cell reaction (bar = 80 um),
from Sharma e al.>*?3, Sharma'>.
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In some neurons, immunostaining of the cell nucleus is quite pronounced (figure
3(B)).

Similarly, a marked increase in HO-2 immunostaining is seen in the brain stem,
hypothalamus, thalamus and in the cerebellum. The HO-2 immunoreactivity is often
seen in the cell cytoplasm and in many cases the cell nucleus and the karyoplasm
remain unstained”” (figure 3(B)).

7.2.4.5.2. Ultrastructural localization of nNOS and HO-2 immunoreaction. NOS and
HO immunoreactivity are mainly confined within the cytoplasm of the neurons and
in dendrites®. These ultrastructural evidence are in line with the biochemical studies
showing localization of NOS and HO enzymes at the membrane levels in neuronal
cytoplasm attached to the endoplasmic reticulum.

7.2.4.6. Heat shock protein expression. The magnitude of cellular stress following
heat exposure was examined using immunoreactivity of the inducible isoform of the
heat shock protein (HSP, 72kDa), in the CNS''*'!"” ysing immunohistochemistry.
The sub-cellular localization of the HSP was examined at the ultrastructural level.

HSPs are a highly conserved group of proteins that respond to a number of
stressors including heat stress and are thought to play a role in cellular repair and
in the induction of thermotolerance''® '?°. This idea is further supported by the
observations of King et al.'*?, in mice which showed an increased production of
HSP 70 min the liver following WBH and is associated with thermotolerance (see
below). The CNS of normal rats did not show any evidence of HSP immunoreac-
tivity. However, after 4 h of heat exposure, a marked increase in the HSP immunos-
taining was observed in neurons located in several brains and spinal cord regions'®*!
(figure 3). Ultrastructural investigation demonstrated dark reaction product of HSP
in dendrites and cytoplasm of nerve cell bodies®'*!*. This observation is in line with
other workers in rats'?” and in dogs'?'. There are reasons to beleive that HSPs
induced protection of the cells is related to their functions as molecular chaper-
ones'!7120:121 ‘These molecular chaperones will bind to partially folded or misfolded
proteins and, thus, preventing their irreversible denaturation'*!”.

This induction of HSP response in heat stress is no longer evident in rats pre-
treated with drugs which attenuated the BBB disruption and minimized the cell
damage. These observations suggest that induction of HSP response is closely associ-
ated with the magnitude of cell injury and are in line with the hypothesis that
reduction in cellular stress and/or BBB permeability will attenuate the HSP
response? 103118119,

7.2.5. Gene expression. Brain injury occurring following trauma, ischemia or hy-
poxia induces alterations in several gene expression'*. However, to the authors’
knowledge, gene expression studies in heat stress are not yet performed. Prelimin-
ary observations from the laboratory suggest that the expression of c-fos, c-jun
and c-myc are altered in several brain regions following heat stress (see Sharma
et al.'"'°%). Thus, an upregulation of c-fos is seen in the cortex, hippocampus, tha-
lamus, hypothalamus and spinal cord of 4h heat stressed rats (Sharma, unpub-
lished observations) compared to normal animals. Upregulation of c-fos is seen in
layers III-V in the cerebral cortex; CA1-CA3 sub-fields in the hippocampus; dor-
sal horn of the spinal cord and in several regions of the thalamus and hypothala-
mus. This indicates that 4h heat stress is able to activate neurones precisely and
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specifically in certain regions of the brain. On the other hand, upregulation of c-
jun and c-myc are not always localized in these regions. The functional significance
of these findings in relation to brain pathology is not well understood.

7.2.6. Apoptosis. Apoptosis is one of the major mechanisms of cell death which
occurs during the developmental process. During secondary brain injury caused
by trauma, ischemia, hypoxia and in many other neurodegenarative diseases,
apoptotic mechanisms are reactivated to induce cell death''. It seems likely that
apoptosis plays major roles in cell injury occurring in hyperthermia. However, to
the authors’ knowledge, apoptotic changes in the CNS following heat injury is not
examined yet. The preliminary observations of BCl,, p>* and p’> expression in sev-
eral brain regions indicate that apoptosis plays an important role in heat stress in-
duced cell injury and cell death (Sharma, unpublished observations).

7.2.7. Expression of NMDRA receptor sub-units. Increased glutamate concentra-
tion in hippocampus prompted one to determine expression of glutamate receptor
complexes using northern blot studies on the different sub-units of NMDRA ex-
pression. In the hippocampus, downregulation of NMDRA1, NMDRA?2 sub-units
were seen'?*. A decrease in receptor sub-units may reduce the chances of gluta-
mate induced cell death in the hippocampus. Further studies using glutamate re-
ceptor blockers in heat stress are needed to understand the involvement of
excitotoxicity in heat induced brain damage.

7.3. Heat induced brain dysfunction. stress component vs passive heating

These observations demonstrate that acute heat exposure has the capacity to
induce hyperthermia, breakdown of the BBB permeability and brain oedema for-
mation. However, it is not clear whether the neurological symptoms following heat
exposure is due to stress associated with heat or due to the effect of passive heating
alone (table 4).

To answer this question, rats were exposed to 4h heat stress at 38°C under
urethane or equithesin anaesthesia®® ® (Sharma, unpublished observations) (figure
1(e)). The anaesthetized rats did not develop stress symptoms (figure 1(¢)) and in
these animals disturbances of the BBB permeability, brain oedema, CBF or 5-HT
levels were not present (figure 1(e)). There was no difference in the results obtained in
rats either anaesthetized with urethane or equithesin. These observations suggest
that stress associated with heat is the key factor in underlying brain dysfunction.
Obviously, due to a reduction in the perception of stress, anaesthetic compounds
apparently offer a certain degree of neuroprotection®’, a subject which encourages
additional investigation.

7.4. Effect of age on heat stress induced brain pathology

Age is another important factor influencing stress response'?’, probably by
desensitisation of several neurochemical receptors in the CNS*’. The influence of
age on heat stress induced alterations was examined in the BBB permeability, ser-
otonin metabolism, CBF, brain oedema and cell changes in a separate group of adult
rats (age 24-32 weeks)?* 8.

It was found that, in adult rats, heat stress induced changes in the BBB perme-
ability, brain oedema and cell changes were considerably reduced’® (table 4). The
plasma and brain serotonin levels correlated very well with the breakdown of the
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BBB permeability, brain oedema and cell changes in adult animals. Thus, the adult
rats showed only minor changes in the serotonin content in plasma (141%) and brain
(20%) (see table 4) indicating that serotonin may be one of the important neuro-
transmitters involved in the pathophysiology of brain function in hyperthermia’®.

It appears that the intensity of stress, its perception at the cellular level and
elicitation of stress response will decrease with advancing age'?>. Another possibility
would be that the processing of thermoregulatory information in the CNS at ther-
moregulatory effectors are more efficient in adult animals compared to young rats
(see Sharma and Westman'").

7.5. Influence of heat acclimatization on CNS function

Recent reports suggest that successive increments in the level of work performed
in a hot environment results in heat adaptation'*'>?°. This heat acclimatization or
heat adaptation will allow a person to work safely at levels of heat that were pre-
viously intolerable or life-theratening'*'>?°. This process of heat acclimatization
usually takes several days to weeks and probably involves alterations in peripheral
or central neurochemical metabolism (for review see Sharma ez al.>°). To study the
effects of heat acclimation in WBH induced changes in CNS function, the two
different sets of animal experiments described below were performed.

7.5.1. Influence of repeated short-term heat exposure. To examine the effect of heat
adaptation on the consequences of hyperthermic brain injury, a separate group of
rats were exposed to 1 or 2h heat stress daily at 38°C for 7 days. On the 8th day,
these rats were subjected to 4h heat stress. The results showed that subjection of
rats to 1 or 2h HS daily for 7 days did not result in symptoms’’. Their rectal tem-
perature and plasma and brain serotonin levels were slightly but significantly ele-
vated on the 7th day compared to the normal rats kept at room temperature
(21 £ 1°C). Heat adapted rats when given an additional 4 h heat stress on the 8th
day did not elicit any further rise in either the rectal temperature or the serotonin
level and the breakdown of the BBB permeability to Evans blue and "*'I-sodium
tracers was not observed’’. The brain water content was within the normal range.
Morphological examination showed almost normal appearance of the neuropil®
(figure 2(C.g)).

These findings suggest that a slight but significant increase in the basal serotonin
level and rectal temperature following animals subjected to repeated heat stress
induces heat tolerance’’. Obviously in the absence of BBB breakdown and brain
oedema formation, the cell changes are considerably reduced following heat stress.
This suggests that the BBB breakdown in heat stress is instrumental in precipitating
brain oedema formation and cell injury®®. Similarly, pre-conditioning of mice by
exposing them to short periods of WBH (30 min) resulted in a significant increase
in the liver HSP'?%. Subjection of these mice to a lethal heat stress at 41°C 48 h after
recovery resulted in a more than 88% survival rate''”. These studies suggest that
thermotolerance caused by repeated heat exposure attenuates heat toxicity in ani-
mals probably via an enhanced production of HSP'**.

7.5.2. Influence of rearing at high ambient temperature. To further confirm the
above hypothesis, the influence was examined of rearing at high ambient tempera-
tures on the consequences of heat stress induced changes in the BBB permeability,
brain oedema formation and cell injury in separate group of rats’®. Separate
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groups of rats were placed immediately after weaning (on day 21) at warm
(28 £ 1°C) or hot (34 £ 1°C) ambient air temperatures respectively for 6 weeks.
The control group of rats were kept at normal room temperature (21 £ 1°C). At
the age of 9 weeks, these rats were exposed to 4 h heat stress at 38°C and develop-
ment of stress symptoms, BBB permeability, brain oedema and cell changes were
examined .

In these heat adapted rats only mild stress symptoms were seen, whereas rats
reared at hot ambient temperature did not show any symptoms. Extravasation of
tracers across the BBB or increase in the brain water content were absent, and the
decline in the CBF was limited to only 12%. The basal level of plasma and brain
serotonin levels were mildly elevated in these rats that did not increase further
following additional heat exposure. No distortion of nerve cells, glial cells or myelin
damage seen in the heat adapted animals at both light and electron microscopy’®,
indicating that BBB breakdown is instrumental in inducing cell injury.

The probable mechanisms of such heat adaptation at the cellular or molecular
level in the CNS are not well understood. A possibility exists that exposure to heat
stimulus will induce upregulation of heat shock proteins in the CNS, which could
play an important neuroprotective role.

These observations clearly suggest that pre-conditioning of animals to mild or
moderate heat for short- or long-term periods induce acclimatization. These animals
when subjected to WBH did not result in symptoms or encephalopathy.

8. Conclusion

In conclusion, studies in several animal models and in humans suggest that heat
can directly induce nervous tissue injury. The severity of the injury depends on the
level and duration of heating. Observations in selected groups of patients with
cancer, who received WBH as treatment, suggest that the critical thermal maximum
temperature is between 41.6-42°C for 45 min to 8§ h. At extreme temperatures of 49—
50°C in animal studies, all cellular structures are destroyed and cell death can be seen
within 5min. Animal studies further show that hyperthermia (>41°C) in rats is
associated with endothelial cell injury accompanied by breakdown of the BBB
that results in profound oedema and cell damage. This increase in the BBB perme-
ability is mediated by several neurochemicals. This effect of hyperthermia on brain
dysfunction is reduced by advancing age, anaesthesia or prior heat experience. This
indicates that the age and physiological states of the animals prior to heat exposure
are important determining factors for the outcome of thermal brain damage.

8.1. Significance of the findings

Experimental observations on hyperthermia induced brain oedema, and cell
changes have added a new dimension in the field of heat stress and CNS injury.
The results show that brain oedema formation can occur in heat stress due to break-
down of the BBB, a feature which is quite comparable to that of traumatic brain
oedema. This breakdown of the BBB in hyperthermia can be prevented by many
pharmacological agents, either interfering with the stress mechanisms or influencing
the metabolism of various neurochemical mediators. Thus, these findings using a
new approach of hyperthermic brain injury suggest that the mechanisms underlying
cellular injury in the CNS following various types of insults such as ischemia,
hypoxia, trauma, etc. are quite similar in nature. The magnitude and severity of
the primary insult to the CNS mainly determine the final outcome of cell injury in
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a particular situation. Another important point has emerged from this study that in
any pathological condition, no single chemical compound or factor is responsible for
all the neuropathological changes seen in the CNS. In fact, the final outcome is due
to a combination of many factors and neurochemicals exerting a synergistic influence
on the CNS. Thus, to achieve a goal of neuroprotection, these multiple factors must
be considered in order to develop a suitable therapeutic strategy to treat the prob-
lems of CNS injury.

9. Future perspectives

In order to understand the molecular mechanisms of heat induced cell injury in
great detail, further investigations on additional factors involved in cell damage and
repair mechanisms are needed using animal models.
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