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Summary

The present investigation was undertaken to find out whether
whole-body hyperthermia (WBH) alters blood-cerebrospinal fluid
barrier (BCSFB) permeability to exogenously-administered tracers
and whether choroid plexus and ependymal cells exhibit morpholog-
ical alterations in hyperthermia. Rats subjected to 4 hours of heat
stress at 38°C in a biological oxygen demand (BOD) incubator
exhibited a profound increase in the BCSFB to Evans blue and
radioiodine. Blue staining of the dorsal surface of the hippocampus
and caudate nucleus and a significant increase in Evans blue and
[3UTodine in cisternal cerebrospinal fluid were seen following 4-
hour heat stress compared to control. Degeneration of choroidal ep-
ithelial cells and underlying ependyma, a dilated ventricular space,
and degenerative changes in the underlying neuropil were frequent.
Hippocampus, caudate nucleus, thalamus, and hypothalamus exhib-
ited profound increases in water content after 4 hours of heat stress.
These observations suggest that hyperthermia induced by WBH is
capable of breaking down the BCSFB and contributing to cell and
tissue injury in the central nervous system.
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Introduction

Hyperthermia and heat-related illnesses cause large
numbers of deaths (about 800 to 2000 cases) during
summer months in the United States and in Europe
[1, 2, 7-9]. Heat-related death far exceeds that of any
other natural calamity such as floods, cyclones, or hur-
ricanes [1, 3, 13, 18, 20, 21, 25, 42, 43]. Recently, the
number of heat stroke-induced deaths have increased
with global warming and with world-wide increase in
the frequency and intensity of heat waves [2, 18, 27,
29, 35, 36].

Heat stress and associated heat stroke are life-

threatening illnesses in which body temperature in-
creases above 40 °C causing severe central nervous sys-
tem (CNS) dysfunction, such as delirium, convulsion,
and coma [1-3]. More than 50% of heat stroke victims
die within a short time, despite lowering of the body
temperature and therapeutic intervention [2, 7-9].
Those who survive heat stroke often show permanent
neurological deficit [2, 4, 21, 25].

Interestingly, whole-body hyperthermia (WBH) is
commonly used as an adjunct to cytotoxic therapy for
cancer [14, 15, 19, 36, 44]. Recently it has been recog-
nized that WBH combined with cytotoxic therapy for
cancer causes inhibition of DNA repair, increased drug
permeation, and decreased resistance to DNA damag-
ing agents [24]. New clinical and experimental results
show that WBH enhances cytotoxic ionizing radiation
and chemotherapy [10, 14, 15, 24, 36]. There are rea-
sons to believe that WBH-induced severe side effects,
including altered brain function, are probably due to
breakdown of BBB function [28, 29, 31].

Previous experiments on WBH in our labora-
tory suggest that alterations in the brain fluid microen-
vironment following heat stress are responsible for
hyperthermia-induced brain damage [26, 3234, 3§].
However, studies on alterations in the blood-cerebro-
spinal fluid barrier (BCSFB) in heat stress are still
lacking. The BCSFB maintains the composition of
the CSF and regulates homeostasis of the CNS within
a strict normal limit [6, 16, 22]. Thus, breakdown of
the BCSFB adversely influences CNS structure and
function.

The present investigation was undertaken to find
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out whether WBH alters BCSFB permeability to
exogenously-administered tracers and whether cho-
roid plexus and ependymal cells exhibit morphological
alterations during hyperthermia.

Materials and methods

Animals

Experiments were carried out on male Sprague-Dawley rats (100
to 150 g; aged 12 to 16 weeks) housed at a controlled room tempera-
ture (21 + 1°C) on a 12-hour light, 12-hour dark schedule. Food
and tap water were supplied ad libitum before the experiments.

Whole-body hyperthermia

Rats were exposed to WBH in a biological oxygen demand incu-
bator (relative humidity 45 to 50%; wind velocity 18 to 25 cm/sec)
maintained at 38 °C for 1 to 4 hours [26, 30, 32, 33]. The experiments
were conducted according to National Institutes of Health (USA)
guidelines for use and care of animals [26, 27, 30]. This experiment
was approved by the Ethics Committee of Uppsala University.

BCSFB permeability

The BCSFB was examined in vivo using Evans blue (2%, 0.3 mL/
100 g) and "*!Todine (10 pCi/100 g) tracers [30, 31, 37, 39, 40]. The
tracers were administered into the right femoral artery and allowed
to circulate for 5 minutes. At the end of the experiment, a CSF sam-
ple (about 100 pl) was drawn from the cisterna magna without blood
contamination. The animals were then perfused with 0.9% saline
through the heart and the brain was dissected out. Extravasation of
Evans blue dye was visually examined in the ventricular walls of the
lateral, third, and fourth ventricles. Various parts of the brain were
then dissected out, weighed, and the radioactivity counted in a
gamma counter (energy window 500-800 keV) [30]. Before perfu-
sion, a whole blood sample was withdrawn from the left ventricle
by cardiac puncture and the radioactivity determined as above [26,
30, 32]. Extravasation of tracers into the CSF as well as other brain
areas around the ventricular system was expressed as percentage in-
crease over the whole blood radioactivity [30]. Evans blue dye that
entered some areas of the brain was also measured colorimetrically
[26, 30-32].

Brain edema

Brain edema formation was measured using water content calcu-
lated from the difference between wet and dry weights of the samples,
either in the whole brain or in the several identical brain regions used
for radiotracer measurement, as described above [30].

Morphological investigations

At the end of the experiments, rats were perfused transcardially
with 4% paraformaldehyde in 0.1 mol phosphate buffer (pH 7.4),
preceded by a brief saline rinse [37, 38]. The animals were wrapped
in aluminum foil and kept at 4 °C overnight. On the next day, the
brain and spinal cord were dissected out and small pieces were em-
bedded in paraffin. About 3 pm thick sections were cut and stained
with hematoxylin and eosin or Nissl and examined under a bright
field microscope (Leica Microsystems, Bannockburn, IL) for neuro-
degenerative changes [27]. For semiquantitative analyses of cell in-

jury, rough scores of 0 (no damage), or 1 (least damage) to 4 (maxi-
mum damage) were assigned in a blinded fashion [41].

Statistical analyses

Quantitative data were analyzed using ANOVA followed by Dun-
net’s test for multiple group comparison. The semiquantitative data
were analyzed with the chi-square test.

Results

BCSFB permeability

Rats subjected to 4 hours of WBH at 38 °C in a bio-
logical oxygen demand incubator exhibited profound
alterations in BCSFB to Evans blue and radioiodine
tracers. Mild to moderate blue staining of the walls in
the lateral, third, and fourth cerebral ventricles was
noted. The dorsal surface of the hippocampus and cau-
date nucleus showed moderate staining. The choroid
plexus had deep blue staining. Measurement of Evans
blue dye in selected brain regions, such as the hippo-
campus, caudate nucleus, mid-thalamus (massa in-
termedia), hypothalamus, dorsal surface of the brain
stem, and ventral surface of the cerebellum showed
a significant increase compared to the control group
(Table 1). A significant increase in Evans blue and
3UTodine tracers was observed in the CSF samples ob-
tained from the cisterna magna following 4 hours of
WBH compared to the control group (Table 1).

On the other hand, blue staining of the ventricular
walls and/or surface of the structures within the cere-
bral ventricles was absent in animals subjected to 1 or
2 hours of heat stress. At these earlier times, no signif-
icant increase in Evans blue or radioiodine tracer
was noted in various brain areas and/or CSF samples
(Table 1).

Brain edema

Measurement of water content in identical brain
regions showing leakage of Evans blue or radiotracers,
e.g., hippocampus, caudate nucleus, mid-thalamus
(massa intermedia), hypothalamus, dorsal surface of
the brain stem, and the ventral surface of the cerebel-
lum (sample size 130 to 220 mg wet weight), exhibited
a significant increase in water content after 4 hours
of WBH (Table 1). However, rats subjected to 1 or 2
hours of heat exposure did not show any increase in
the brain water content compared to the control group
(Table 1).
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Table 1. Changes in BCSFB, brain edema, and structural changes in rats with heat stress for 4 hours

Parameters measured n Control Heat stress 38 °C in a BOD incubator

1h 2h 4h
BCSFB permeability#
131 Jodine % 5
Whole brain 0.35 4 0.06 0.33 +0.08 0.42 4+ 0.08 1.88 4 0.24%*
Cisternal CSF 0.18 ~0.04 0.12 +0.11 0.16 + 0.12 0.76 + 0.12%*
Hippocampus 042+ 0.12 0.47 +0.11 nd 0.84 + 0.23**
Caudate nucleus 0.28 + 0.08 0.324+0.14 nd 0.93 + 0.12**
Cerebellum 0.13 4+ 0.08 0.16 + 0.08 nd 0.65 + 0.10%*
Thalamus 048 +0.12 0.46 + 0.08 nd 0.89 + 0.14**
Hypothalamus 0.54 +0.21 nd nd 0.87 + 0.23**
Brain Stem 0.18 +0.08 nd nd 0.34 + 0.14*
Water content# 5
Whole brain % 76.12 + 0.18 76.04 +0.13 76.+4 +0.14 80.18 + 0.24**
Hippocampus 78.43 +0.23 78.11 +0.21 78.21 +0.34 81.56 + 0.34%*
Caudate nucleus 77.43 + 0.24 77.34 + 0.32 nd 81.48 + 0.54**
Cerebellum 74.43 +0.21 74.33 4+ 0.32 nd 79.34 4+ 0.23**
Thalamus 7521 +0.22 75.12 4+ 0.33 nd 78.56 4 0.23**
Hypothalamus 74.54 +0.12 nd nd 76.45 4+ 0.23**
Brain Stem 68.54 +0.12 nd nd 69.78 + 0.12%*
Structural changes 5
Neuronal damage nil nil nil ++++
Glial cell injury nil nil +? ++++
Myelin damage nil nil +? ++++

Values are Mean + SD of 5 rats in each group.

BCSFB Blood-cerebrospinal fluid barrier; BOD biological oxygen demand; # tissue sample size (135-180 mg); CSF sample 50 to 80 pl; +?
uncertain; ++++ Severe cell damage; nil absent; nd not done; * p < 0.05; ** p < 0.01 (compared to control); ANOVA followed by Dunnett’s

test from 1 control.

Morphological alterations

Morphological analysis showed degeneration of
choroidal epithelial cells and underlying ependyma in
rats subjected to 4 hours of WBH (Fig. 1). The ventric-
ular space appeared to be dilated and the underlying
neuropil showed neurodegenerative changes. Neuro-
nal damage, edematous expansion, and edema in hip-
pocampus, cerebral cortex, thalamus, hypothalamus,
and brain stem were very common in 4-hour heat-
stressed rats (Fig. 1). On the other hand, rats subjected
to 1 or 2 hours of WBH did not show structural
changes in the brain or spinal cord (results not shown).

Discussion

The salient new finding of the present investigation
is a marked increase in BCSFB permeability to
Evans blue and radioiodine tracer following 4 hours
of WBH in rats, a feature not observed in animals ex-
posed to 1 or 2 hours of heat exposure. These observa-
tions suggest that WBH, depending on its duration, is

capable of disrupting the BCSFB to large molecule
tracers.

Our observations further show that leakiness of the
BCSFB is associated with marked cellular changes in
several brain regions located within the cerebral ven-
tricles or adjacent regions. Thus, profound cell damage
is seen in the hippocampus, caudate nucleus, thalamus,
hypothalamus, cerebellum, and brain stem. This indi-
cates that alterations in the BCSFB are somehow con-
tributing to neurodegenerative changes in WBH.

The BCSFB resides in the choroidal epithelial cells
that are connected with tight junctions [5, 6, 16, 17,
22]. It is believed that the tightness of the BCSFB is
comparable to that of the blood-brain barrier (BBB)
located within the cerebral capillary endothelium con-
taining tight junctions [6, 22, 28]. Infusion of hyperos-
molar solutions into the internal carotid artery is
known to shrink the endothelial cells of the cerebral
capillaries and widen the tight junctions leading to
breakdown of the BBB [22, 34]. However, it is not
known if, under identical conditions, the BCSFB is
also compromised.
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Fig. 1. Structural changes in choroidal epithelium, hippocampus, and cerebral cortex following 4 hours of whole-body hyperthermia at 38 °C.
Degeneration of choroidal epithelium (arrowheads) in the lateral ventricle of a 4-hour heat-stressed rat (b) is clearly seen compared to epithe-
lium from a normal animal (a). Damaged nerve cells (arrows) and edema (*) are evident in the cerebral cortex (d) and hippocampus CA4 (f, h)
regions in heat-stressed rat compared to control (c, e, g). At the ultrastructural level, the irregular shape of one nerve cell nucleus (arrow, 1) in a
heat-stressed rat is apparent. Dark and condensed cytoplasm and karyoplasm is clearly visible in the cerebral cortex. Bars: a, b, e, f = 100 um,

¢,d =30 um, g, h =20 um, i = 500 nm

Alterations in the composition of CSF and/or
its osmolality are known to occur following
lipopolysaccharide-induced fever or heat stress in rab-
bits [11, 12]. WBH is known to increase plasma viscos-
ity and probably alters the plasma tonicity [2, 4, 44].
Thus, it is possible that hyperosmolality of plasma
and/or CSF following WBH could be an important
factor in disruption of the BCSFB.

The microvessels supplying choroid plexus are leaky
[6, 22]. Thus, choroidal epithelial cells are in direct
contact with the hyperosmolar blood plasma [22]. Fur-
thermore, CSF hyperosmolality can also affect the
tight junction permeability of the choroidal epithelium
from the ependymal side [17]. In addition, the choroid
epithelial membrane is subjected to osmotic stress in
WBH that could result in increased membrane dam-
age. The structural changes seen in the choroid epithe-
lium and underlying ependymal area are in line with
this hypothesis. To confirm these points further, ultra-

structural investigations of choroidal epithelium and
the tight junctions in WBH are needed.

An increase in Evans blue and radioiodine in the
CSF samples obtained from rats subjected to 4 hours
of WBH supports the idea of a breakdown of the
BCSFB. Evans blue or radioiodine, when injected into
the circulation, binds to the endogenous serum pro-
teins [22]. In the present study, administering about 1
molecule of Evans blue binds to 12 molecules of serum
albumin in vivo [22, 30]. Therefore, extravasation of
Evans blue in the CSF indicates leakage of serum pro-
tein complex across the choroid plexus epithelium [30].
Extravasation of serum proteins into the CSF compart-
ment alters the osmotic gradient across the choroid
plexus epithelium and the tight junctions resulting in
transport of water and other solutes from the vascular
compartment leading to edema formation [22, 23, 30].

An increase in the water content of various intra-
cerebral structures following WBH is in line with this
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hypothesis. Since WBH is known to disrupt BBB in
these areas as well [35, 40], a possibility exists that
breakdown of the BCSFB will further aggravate re-
gional brain edema formation due to percolation of
CSF rich in serum proteins and alterations in CSF to
tissue osmotic gradients. Accumulation of serum pro-
teins in the extracellular fluid is likely to initiates a
series of cellular and molecular events leading to cell
injury and death [28]. The damaged nerve cells, occur-
rence of sponginess, vacuolation, and edema in many
brain areas [28] following 4 hours of WBH are consis-
tent with this idea.

The concept that breakdown of the BCSFB contrib-
utes to edema formation and cell injury in WBH is sup-
ported by the fact that the short duration of heat expo-
sure (1 or 2 hours) is not associated with leakage of
tracers into the CSF or an increase in water content
and cell damage. These observations suggest that the
magnitude and severity of WBH is primarily responsi-
ble for BCSFB damage and brain pathology.

It is unlikely that simple heating of animals follow-
ing 4 hours of WBH is directly associated with BCSFB
leakage [36, 37, 40]. This is evident from the findings
that when anesthetized animals are subjected to 4 hours
of WBH, no disruption of the BCSFB is observed
[Sharma and Johanson, unpublished observation].
Thus, there is reason to believe that WBH-induced al-
terations in the plasma and CSF composition play an
important role in BCSFB disruption. Recent findings
in our laboratory suggest that CSF is a conduit of sev-
eral neurohormones and is capable of transporting
several hormones and growth factors in various dis-
ease processes [16]. Thus, it is possible that CSF is
playing an active role in neurodegeneration and/or
neuroprotection. To further explore potential thera-
peutic strategies involving the CSF microenvironment,
the administration of neurohormones, growth factors,
or growth hormone into the cerebroventricular spaces
should be done in WBH, an approach currently being
examined in our laboratory.

Conclusion

In conclusion, our novel observations suggest
that hyperthermia induced by WBH is capable of
breaking down the BCSFB and contributing to cell
and tissue injury in the CNS. It would be important
to see whether neuroprotective drugs in heat stress are
able to attenuate BCSFB damage in WBH, a subject
requiring additional investigation.
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