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Abstract: This study was designed to investigate the effects of hypertonic/hyperoncotic solution on blood-brain barrier
damage, brain edema and morphological changes of rats during whole body hyperthermia. 90 adult male Sprague-
Dawley rats were randomized into 5 groups: Control group (a room temperature for 4 hours); Whole body hyperther-
mia group without solution treatment; Whole body hyperthermia group with Ringer’s solution treatment; Whole body
hyperthermia group with hydroxyethyl starch and Ringer’s solution treatment; Whole body hyperthermia group with
Hypertonic/hyperoncotic solution treatment. All rats except those of control group were housed in a heated container
and maintained at 36°C for 3 hours until the rectal temperature reached 41-42°C. Corresponding solutions were
administered intravenously at the beginning of whole body hyperthermia within 30 minutes as designed. Following
whole body hyperthermia, rats were subsequently cooled down for 1h. Evans blue was administered intravenously
when the rectal temperature was cooled down to 37°C. The leakage of Evans blue-aloumin and water content of
brain were calculated and morphological changes were investigated. In group with hypertonic/hyperoncotic solution
treatment, brain water content and the leakage of Evans blue-albumin were the lowest among the four whole body
hyperthermia groups. Compared with the other three whole body hyperthermia groups, in which profound to moder-
ate damages to blood-brain barrier and brain tissue and cells were found, there were only slight morphological
changes in the group with hypertonic/hyperoncotic solutionon treatment. Treatment with hypertonic/hyperoncotic
solution appeared to attenuate the injury to blood-brain barrier and reduce brain edema and cell morphological
changes in whole body hyperthermia rats.
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Introduction

Whole body hyperthermia (WBH) has been a
clinical thermotherapy approach to treat some
malignant tumor and infectious diseases. But
extensive vasodilatation and profuse sweating
inevitably occur during the process of WBH re-
sulting in hemodynamic instability. A great
quantity of crystal or colloid solution or even
vasoactive drugs has to be administered to cor-
rect this instability. Large volumes of infused
fluids infused can sometimes lead to some side-
effects such as pulmonary edema and heart
failure during WBH [1-3]. Hypertonic/
hyperoncotic solution (HHS) is composed of

4.2% sodium chloride and 7.6% Hydroxyethyl
starch 40. Its beneficial effects in the emer-
gency treatment of shock and traumatic brain
injury with relative small volume have been well
described in many other studies [4-6]. Previous
experiments in our clinical researches on WBH
suggested that intravenous administration of
3.75% HHS 8 ml/kg could reduce the need for
crystalloid solution and/or colloid solution, while
improving the hemodynamics [7] and reducing
the incidence of pulmonary edema. But its ef-
fects on brain tissue during WBH are not clear.
Our previous animal studies showed that the
elevation of internal body temperature to 41-
42°C would lead to the leakage of Evans blue-
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albumin (EB-albumin) across the blood-brain
barrier (BBB) and injuries to brain neurons [8].
The present investigation was undertaken to
find out how intravenously administered HHS
affected the injury to the BBB, brain edema and
morphological changes in rats during WBH. We
hypothesized that the damages to BBB, the for-
mation of edema and morphological changes in
this rat model of hyperthermia would be attenu-
ated the most by the HHS treatment.

Materials and methods
Animal model of WBH

The current study was approved by the animal
experimental ethics committee of Southern
Medical University, China and all procedures
were carried out according to animal welfare
policies of the National Institutes of Health
Guidelines for Care and Handling of Animals.
Ninety male specific pathogen-free Sprague-
Dawley rats (220-300g) were housed at con-
trolled ambient temperature (22+1°C) with a
light/dark cycle and free access to food and
water. They were randomly allocated to different
experimental groups by using random digits
table. Rats kept at room temperature for four
hours were used as controls. Rats in the WBH
group were kept in a biological oxygen demand
incubator (BOD, wind velocity 25 cm/sec) for 3
hours. For imitation of the climate in southern
China and condition of clinical hyperthermia,
the relative humidity was set at 65%) were
maintained at 36 °C for three hours and then
maintained at room temperature to cool down
for about one hour [8]. Femoral artery and vein
cannulas were respectively inserted for monitor-
ing mean arterial blood pressure (MAP)and infu-
sion after all rats were anesthetized with 3%
pentobarbital. MAP and rectal temperature (T)
were recorded through transducers connected
to a monitor (Ohmida Datex, USA). Arterial blood
gas and electrolytes analysis were respectively
performed with a blood gas analyser (NOVA
CCX, USA) at the beginning of WBH, at the end
of solution administration and at the end of
WBH.

Experimental protocol

Rats were randomly allocated into five groups
(n=18 per group): (i) Control group, rats were
kept at room temperature (22+1°C) for 4 hours
without any treatment (C group); (ii) HT group,
rats were exposed to WBH without solution

277

treatment; (iii) RS group, rats were exposed to
WBH with Ringer's solution treatment and
3.6ml/100g Ringer’'s solution was infused at
the beginning of WBH; (iv) HRS group, rats were
exposed to WBH with hydroxyethyl starch and
Ringer’'s solution treatment and 1.8ml/100g
Ringer's  solution+0.9mlI/100g hydroxyethyl
starch 130/0.4 (Voluven, 6% HES 130/0.4,
14BE7338, Fresenlus Kabi Deutschland GmbH,
Germany) were infused at the beginning of
WBH; (v) HHS group, rats were exposed to WBH
with Hypertonic/hyperoncotic solution (HHS, i.e.
Holme, is composed of 4.2% sodium chloride
and 7.6% Hydroxyethyl starch 40 with an os-
motic pressure of 1440mOsm/L. 08011802,
Shanghai Huayuan Changfu CO. LTD., China)
treatment and 0.8ml/100g HHS were infused at
the beginning of WBH. On average, 1ml HHS
can expand the volume of effective circulation
by 4.5ml and this effect can last as long as four
hours after 5 to 10 minutes of its application
[9]. It has also been demonstrated that, during
WBH, the administration of HHS at 8ml/kg
could reduce the amount of solution needed
and could effectively maintain hemodynamic
stability [7]. For reasons above, we employed
the fluid therapy scheme described above.

Two stages exist in an integrity WBH treatment.
In the first stage, rats were kept in a heated
container at 36°C for 3h until the rectal tem-
perature reached 41-42°C. And subsequently in
the second stage, rats were cooled down for 1h.
Different solutions were infused intravenously
within 30 minutes at the beginning of WBH as
designed. Among eighteen rats in three groups,
six rats were used to investigate BBB injury and
brain water content, six for morphological
evaluations of the brain with light microscopy,
and the remaining six for morphological evalua-
tions of the brain with electron microscopy.

Determination of EB-albumin leakage in brain
tissue

To determine the injury of BBB at the end of
WBH, EB (2%, 3 mL/kg) were administered into
right femoral vein and allowed to circulate and
distribute for 5 minutes when the rats’ rectal
temperature was cooled to 37°C (about one
hour after they were moved out of BOD) [10,
14]. The rats were rinsed with 150 ml normal
saline solution and subsequently perfused with
200 ml of PBS by transcardiac infusion. Brain
tissue samples (0.2~0.3 g) from right brain hip-
pocampus were dissected out and weighed im-
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mediately to record wet weight. After homogeni-
zation of these samples in 3 ml of 0.1 M PBS
and centrifugation at 1,500 g for 5 min at 4°C,
0.7 ml of the supernatant was mixed with 0.7
ml of 100% (w/v) trichloroacetic acid. The mix-
ture was incubated at 4°C for 18 h and then
centrifuged at 1,500 g for 10 min at 4°C. The
concentration of EB-albumin in the supernatant
was determined at 632 nm with a spectropho-
tometer. The content of EB-albumin (ug/g brain
tissue wet weight) was calculated by comparing
it with standard solution.

Measurement of the water content of brain tis-
sue

The formation of brain edema was investigated
by using the water content of brain tissue ob-
tained from the difference between wet and dry
weight of the samples. After their wet weight
was determined as described above, all brain
tissue samples were incubated at 90°C for 72
hours to determine their dry weight. Brain water
content was calculated by (wet weight — dry
weight)/ wet weightx100% [11].

Evaluation of brain tissue structure changes

At the end of WBH, all rats were rinsed with
150ml of 37°C saline containing 15,000U hepa-
rin. Then the rats were perfused with 200ml of
ice-cooled fixative (2% glutaraldehyde, 4% para-
formaldehyde in 0.1M PBS) for 20-25 minutes
and subsequently were fixated by 300ml of the
same fixative for two hours.

To investigate the structure changes with light
microscopy, tissue samples of hippocampus
were fixated for 48 hours in 0.1M PBS contain-
ing 4% paraformaldehyde at 4°C. Then the sam-
ples were dehydrated with alcohol and embed-
ded in paraffin, and approximately 3um thick
paraffin sections in coronal plane were cut and
stained with hematoxylin and eosin (H & E) [12].

To investigate the structure changes with elec-
tron microscopy, 1mm3 of hippocampus were
postfixed in 0.1M PBS containing 2% glutaralde-
hyde for overnight in at 4°C and then were dehy-
drated with alcohol and embedded in Epon [13].
Before being inspected with a Hitachi H7500
transmission electron microscope, samples
were cut into ultrathin sections by using a dia-
mond knife on a LKB Ultramicrotome and
stained with lead acetate and uranyl citrate.
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Statistical analysis

Values in the text and figures were presented as
means * standard errors (SD) and analyzed by
using SPSS 13.0 software (SPSS Inc., Chicago,
IL, USA). One-way analysis of variance (ANOVA)
was used for multiple comparisons between
groups and theleast significant difference test
was used for intragroup comparison. A P-value
less than 0.05 was considered significant.

Results

Mean body mass and baseline rectal tempera-
ture of the rats did not differ among all five
groups. The increase of rectal temperature dur-
ing WBH showed no significant difference
among the four WBH groups (Figure 1).

Changes of MAP

As shown in Figure 2, from 45 min after the ini-
tiation of WBH to the end of the study (240
min), MAP was significantly decreased in the HT
group when compared to baseline MAP and to
MAP in the C group. During the final 75-90 min,
MAP in the RS group and HRS group was signifi-
cantly decreased when compared with MAP in
the C group.

Electrolytes and arterial blood gas analysis

Before the initiation of WBH, there were no sig-
nificant differences in hematocrit, arterial pH,
Pa02, PaC0O2, concentration of Na+ and K+ in
the five groups. When compared to the C group
or the beginning of WBH, hematocrit, PH, Pa02,
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Figure 1. Rectal temperature changes of rats in five
groups (n=12).
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c and PaCO2 values significantly changed during
il WBH in all WBH groups except hematocrit in the
HHS HHS group. The concentration of Na+ and K+
increased significantly both in the HT group and
the HHS group. Although the concentration of
Na+ increased after HHS was infused, it was

almost normal at the end of WBH (Table 1).
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Compared to the C group, brain water content
and leakage of EB-albumin increased signifi-

Figure 2. MAP changes of rats in five groups (n=12). cantly in the four WBH groups. However, HHS
*P<0.05 vs the control group; #P<0.05 vs TO. treatment can partially attenuate the increase

Figure 3. Moderate to profound hippocampus tissue and cell damages were found under microscopy in WBH groups
except HHS group. A showed the normal hippocampus tissue and cells under high power microscopy. Under low
power (B), the light micrographs of HT group showed considerable tissue damage mostly vacuolation (marked by #).

Under high power (C), the light micrographs from HT group indicated cellular edema and sponginess (@), perivascu-
lar edema ($), and darkly stained neurons (*). Compared with HT group, there were less extensive perivascular
edema and vacuolation in RS group (D, E). In HRS group, vacuolation, edema and sponginess were still obvious and
neurons were not arranged in order (F, G). While in HHS group, no significant tissue structural changes were found
under low power micrograph and only trivial edema and sponginess as well as slightly widen perivascular gap and
continuous neurons were visible under high power microscopy (H, I).
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Table 1. Changes of electrolytes and arterial blood gas analysis in rats in five groups

Type of expt. Groups  at the beginning of WBH

at the end of iv. solution at the end of WBH

C 39.16+3.65

HT 39.68+2.39
haematocrit RS 41.56+3.32
(%)

HRS 40.45+3.68

HHS 38.66+2.82

C 7.41+0.07

HT 7.40+0.06
pH RS 7.42+0.04

HRS 7.40+0.05

HHS 7.40+0.07

C 38.38+3.68

HT 39.77+4.10
PaCO2 RS 38.89+4.15
(mmHg)

HRS 40.26+4.09

HHS 39.21+4.37

C 88.45+2.66

HT 88.29+3.76
Pa02 RS 88.67+3.75
(mmHg)

HRS 89.08+4.22

HHS 89.13+3.89

C 139.48+3.12

HT 138.89+1.65
Na* RS 140.37+2.42
(mmol/L)

HRS 139.11+2.69

HHS 139.93+2.89

C 4.20+0.41

HT 4.12+0.23

K+ RS 4.2340.13

(mmol/L)

HRS 4.0940.39

HHS 4.62+0.34

40.65+3.10 40.43+3.38
41.36+2.75##** 43.22+3.06##**
37.34+3.56%#" 38.32+4.88¢
37.48+4.15##* 38.55+2.67##
38.34+2.22 39.64+2.36
7.401£0.04 7.41+0.05
7.35+£0.04#** 7.29+0.05##**
7.40+0.05** 7.37+0.06#**
7.38+0.06** 7.36+0.05##**
7.38+0.07** 7.36+£0.06##**
38.66+3.62 38.23+3.56
43.86+3.44#** 46.44+2.65##**
40.45+4.38™* 41.63+3.56%**
41.11+4.18* 42.31+4.36##**
40.90+4.01** 41.56+3.46%**
87.65+3.22## 88.13+3.76%*
77.54+4.32#* 59.57+3.52##**
77.2314.39##** 66.73+3.43##**

79.4515.44##**
82.98+4.13##

66.36+4.33##*
73.57+4.68##**

140.01+3.43 140.17+3.56
143.26+3.18#** 147.33+£2.19##**
139.66+2.55 141.00+£3.59
139.340+£2.43 140.19+2.34
153.20+3.86##** 144.53+3.65##*
4.16+0.39 4.32+0.22
4.49+0.47#* 4.45+0.82##**
4.11+0.66 4.12+0.45
4.43+0.24 4.3710.46

4.65+0.28##**

4.72+0.21##**

Datas are mean * SD; n = 18. #P<0.05, #P<0.01 vs at the beginning of WBH; *P<0.05, **P<0.01 vs the control
group. C= control group; HT = WBH without solution treatment group; RS= WBH with Ringer’s solution intravenous
injection group; HRS= WBH with hydroxyethyl starch and Ringer’s solution intravenous injection group; HHS= WBH
with Hypertonic/ hyperoncotic solutions intravenous injection group.

of brain water content and the leakage of EB-
albumin compared with the HT group (Table 2).

Light Microscopy examination

Moderate to profound hippocampus tissue and
cell damage was found under microscopy in all
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of the WBH groups except the HHS group. Figure
3A showed the normal hippocampus tissue and
cells under high power microscopy. Under low
power (Figure 3B), the light micrographs of HT
group showed considerable tissue damage
mostly vacuolation (marked by #). Under high
power (Figure 3C), the light micrographs from
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Table 2. Brain water content and EB value in
five group

Groups Water content (%) EB(pg/g)

C 78.15+0.57 2.26+0.09

HT 82.83+0.54**# 9.7940.48* *#
RS 81.96+0.57** 8.41+0.33**#
HRS 80.22+0.60** 6.98+0.61**
HHS 79.15+0.26* 5.87+0.38*

Datas are mean + SD; n=6. *P<0.05 vs control
group **P<0.01 vs control group; # P<0.05 vs HHS
group. C= control group; HT= WBH without solution
treatment group; RS= WBH with Ringer’s solution
intravenous injection group; HRS= WBH with hy-
droxyethyl starch and Ringer’s solution intravenous
injection group; HHS= WBH with Hypertonic/ hy-
peroncotic solutions intravenous injection group.
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HT group indicated cellular edema and spongi-
ness (@), perivascular edema ($), and darkly
stained neurons (*). Compared with HT group,
there were less extensive perivascular edema
and vacuolation in RS group (Figure3D, E). In
HRS group, vacuolation, edema and sponginess
were still obvious and neurons were not ar-
ranged in order (Figure 4F, G). While in HHS
group, no significant tissue structural changes
were found under low power micrograph and
only insignificant edema and sponginess as well
as a slightly widened perivascular gap. Continu-
ity of neurons was visible under high power mi-
croscopy (Figure 3H, I).

Electron microscopy examination

Ultrastructural studies further confirmed BBB
and neuron damages of hippocampus in WBH

Figure 4. Ultrastructural studies
further confirmed BBB and neuron
damages of hippocampus in WBH
groups. In HT group, there were

large quantities of swollen astro-
cytic foot processes and perivascu-
lar edema was serious (A). While in
HHS group, the structure of tight
junction between endothelial cells
was normal and there were much
fewer swollen astrocytic foot proc-
esses and slighter perivascular
edema than that in HT group (B).
Swollen neurons with vacuolated
cytoplasm, ruptured cloudy mito-
chondrion carinas and without
rough endoplasmic reticulum were
seen in RS group (C). But these
pathologic changes were not so
apparent in HHS group and clear
neuron nucleoli, plenty organellae
such as rough endoplasmic reticu-
lum could be seen under electron
microscopy (D). Damages to glial
cells such as swollen nucleoli and
vacuolated cytoplasm were found
in HRS group, while not in HHS
group (E), in which there were
many rough endoplasmic reticu-
lum, Golgi apparatus and mito-
chondria (F).Normal neuron in con-
trol group (G). Bars: A=2um;
B=2um; C=2um; D=2um; E=2um;
F=1um; G=2um.
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groups. In HT group, there were large quantities
of swollen astrocytic foot processes and perivas-
cular edema was serious (Figure 4A). In the HHS
group, the structure of the tight junction be-
tween endothelial cells was normal and there
were many fewer swollen astrocytic foot proc-
esses and less perivascular edema than that in
the HT group (Figure 4B). Swollen neurons with
vacuolated cytoplasm, ruptured cloudy mito-
chondrion carinas and with no rough endoplas-
mic reticulum were seen in RS group (Figure
4C). But these pathologic changes were not so
apparent in HHS group and clear neuron nucle-
oli, plentiful organellae such as rough endoplas-
mic reticulum could be seen under electron mi-
croscopy (Figure 4D). Damages to glial cells
such as swollen nucleoli and vacuolated cyto-
plasm were found in the HRS group, while not in
HHS group (Figure 4E), in which there were
many rough endoplasmic reticulum, golgi appa-
ratus and mitochondria (Figure 4F).

Discussion

Recently it has been recognized that WBH, used
as an adjunct to cytotoxic therapy for cancer,
can cause inhibition of DNA repair, increased
drug permeation and decreased resistance to
DNA damaging agents [14]. The latest clinical
and experimental results suggest that WBH en-
hances cytotoxic ionizing radiation and chemo-
therapy [15-17]. But WBH-induced severe side
effects, including unstable hemodynamics and
altered brain function inevitably occurred. In
patients, a large volume of fluid had to be used
to keep hemodynamics stable. Previous experi-
ments in our clinical researches on WBH sug-
gested that intravenous administration of 3.75%
HHS improved the hemodynamics [7] and
avoided the incidence of pulmonary edema due
to the large volume of fluids required, while re-
ducing the need for crystal solution and/or col-
loid solution. However, its effects on alterations
of BBB during WBH are still not clear.

It was believed that WBH-induced brain dysfunc-
tion resulted from the breakdown of BBB [18].
BBB is a regulatory interface situated between
capillaries and neural tissues in brain. It con-
sists primarily of endothelium cells of capillary,
basal membrane, and the foot process of glial
cells. Normally to maintain the cerebral homeo-
stasis, a micromolecular substance like H20 can
freely pass through BBB, while a small molecu-
lar substance like albumin cannot. But this ho-
meostasis is disrupted by the breakdown of
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BBB structure and the consequent elevated
permeability to a large molecular substance
such as albumin. Since Evans blue is bound to
plasma albumin, the distribution of albumin can
be traced in the blood and tissue. The results of
the present study indicated that WBH induced
the destruction of glia cell processes and the
tight junction between endothelial cells result-
ing in the breakdown of BBB and increased BBB
permeability. This was verified by the WBH-
induced higher brain water content and EB-
albumin leakage. Besides the breakdown of
BBB, other brain pathological alterations includ-
ing perivascular edema occurred following WBH
in this research.

WBH treatment consists of two stages: the heat-
ing stage and cooling stage. We have observed
that many patients suffered from varying de-
grees of brain edema at the end of WBH, thus
we choose this time to make most of the meas-
urements. The significant new findings of the
present study were that HHS attenuated the
WBH-induced breakdown of BBB, brain perivas-
cular edema. HHS, a hypertonic solution de-
scribed above, has the ability to increase blood
flow volume in a short time by facilitating the
return of liquid into blood vessels by following
osmotic pressure gradient. This promotes stable
hemodynamics including stable cerebral blood
circulation. Data in the present study demon-
strated that without treatment with HHS there
was profound hypotension along with dramati-
cally altered electrolytes and arterial blood
gases during WBH. Thus we speculated that one
of mechanisms by which HHS had protective
effects on WBH-induced brain damages was its
capacity to maintain stable hemodynamics and
a stable microenvironment following heat
stress.

One of the important components of HHS is
HES, a synthetic colloid with molecular weight of
130kD which is unable to permeate capillaries.
It had been demonstrated that HES could at-
tenuate the increased microvascular permeabil-
ity and reduce capillary leakage by mechanisms
such as the electrical charge of the molecules,
structural changes in the interstitial matrix, for-
mation of vesicular transmembrane channels
and even a direct sealing effect [19-21]. More-
over, HES has anti-inflammatory actions by in-
hibiting endotheliocyte activation and neutrophil
adhesion [22-23]. Another constituent of HHS is
4.2% sodium chloride, which plays a role in in-
creasing plasma crystal osmotic pressure.
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Therefore, compared to HES, HHS is a mixture
of crystalloid and colloid solution. Its special
hypertonic characteristic and impermeability to
capillaries or even damaged capillaries together
with its anti-inflammatory effect contribute to
the attenuated WBH-induced BBB breakdown.

Generally, the pathophysiological changes of
brain tissue was mainly caused by the factors
such as arterial PCO2, PO2, PH, HCT, and body
temperature, etc [24]. So we did not showed
the parameters of HCOs-, base excess and O2
content in this paper, although they were also
included in the results of Blood Gas Analyzer.
Our results revealed that compared with the
control group, data in every hyperthermia infu-
sion groups showed a significant difference dur-
ing or at the end of high temperature period,
while there was no meaningful difference within
the hyperthermia infusion groups. This result
ruled out the possibility that the pathophysi-
ological changes of brain tissue in each hyper-
thermia group were caused by the difference of
acid-base balance.

In conclusion, our novel investigation suggested
that treatment with HHS was capable of pre-
venting the brain from suffering BBB breakdown
and other WBH-induced severe brain neuron
and tissue injury. It would be important to see
whether the long term outcome of brain dam-
age would be improved by infusion of HHS or by
HHS infusion at different stages of the WBH
process which would produce different effects
on WBH-induced brain damage. This could be
explored in future investigations.
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