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Hyperthermia worsens ischaemic brain injury through destruction
of microvessels in an embolic model in rats
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Abstract

Purpose: Basal lamina is a major part of the microvascular wall and plays a critical role in the integrity of microvasculature.
The aim of this study is to determine whether hyperthermia worsens the destruction of microvascular integrity in the
ischaemic injured brain.

Materials and methods: Focal cerebral ischaemia was induced by embolising a pre-formed clot into the middle cerebral artery
(MCA). Rats received either normothermic or hyperthermic treatment. Neurological score and infarct size were evaluated at
24 h after the MCA occlusion. Microvascular collagen type IV and laminin were measured with fluorescence microscopy.
The activities of matrix metalloproteinases (MMP-2 and MMP-9) and plasminogen activators (tPA and uPA) were
determined by zymography.

Results: Treatment with hyperthermia significantly increased infarct volume (p < 0.01), cortex swelling (p < 0.01), striatum
swelling (p < 0.05) and neurologic score (p < 0.01) at 24 h after the MCA occlusion. Compared to the normothermic groups,
hyperthermia significantly worsened the losses of microvascular basal lamina structure proteins, collagen type IV and
laminin, at 6h (p <0.001) and 24 h (p <0.01) after MCA occlusion. Hyperthermia increased the MMP-9 activity at 6 and
24h after MCA occlusion compared with normothermia (p < 0.05), whereas increased the MMP-2 activity at 6h only
(p <0.05). Hyperthermia also elevated ulPPA activity significantly at 6 and 24h after MCA occlusion compared to
normothermia (p < 0.05).

Conclusions: These results demonstrate that hyperthermia exacerbates the destruction of microvascular integrity possibly by
increasing the activities of MMP-2, MMP-9 and uPA in the ischaemic cerebral tissues.

Keywords: cerebral ischaemia, hyperthermia, microvessel, matrix metalloproteinases, plasminogen activators

Introduction . .
in transient and permanent models of cerebral

Many common complications occurring in the initial
phase of an ischaemic stroke adversely affect the final
outcome. Hyperthermia is one such condition and is
seen frequently in stroke patients and animal models
of ischaemic brain injury. Hyperthermia negatively
correlates with the outcome of stroke [1]. Clinical
studies have shown that mild hyperthermia in stroke
patients can enlarge infarct size and worsen outcome
of stroke [2—4]. Animal studies demonstrated that
hyperthermia markedly exacerbates neuronal injury

ischaemia [5-8].

Previously, we have studied the effects of hyper-
thermia on ischaemic brain injury in a focal embolic
model of ischaemic stroke [9-10]. We found that
treatment with hyperthermia aggravated brain infarct
size, worsened severity of neurological deficits and
increased perfusion deficits, indicating hyperthermia
exacerbates the ischaemic ‘injury in this model.
Furthermore, hyperthermia also = antagonises the
neuroprotective actions of thrombolytic therapy in
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this model [10]. In addition, other groups have
reported that hyperthermia even makes neuroprotec-
tive drugs deleterious [11].

Although it is well known that hyperthermia is
detrimental for the injured brain, the mechanisms
about how hyperthermia adversely affects injury
processes are unknown. In focal ischaemia, the
cerebral microvasculature rapidly displays multiple
dynamic responses, including breakdown of the
basal lamina, expression of several matrix-degrading
protease families, e.g. matrix metalloproteinases
(MMPs), plasminogen activators (PAs), which
occurs simultaneously with neuronal injury [12]. In
the present study we have examined whether hyper-
thermia worsens ischaemic injury via damaging the
microvascular basal lamina. We found that hyper-
thermia not only increased neurological deficits,
enlarged infarct size, but also exacerbated the
destruction of the microvasculature through the
activation of digesting enzymes.

Materials and methods
Stroke model

Male Sprague-Dawley rats weighing 300 to 350¢g
were used for all experiments. Animal care and the
general protocols for animal use were approved by
the Animal Ethics Committee of the University of
Alberta and Illinois State University. Focal cerebral
ischaemia was induced by embolising a preformed
clot into the MCA, as described previously [13].
Briefly, rats were anaesthetised with halothane in a
mixture of oxygen and nitrous oxide during surgery.
A longitudinal incision of 1.5 cm in length was made
in the midline of the ventral cervical skin. The right
common carotid artery (CCA), right internal carotid
artery (ICA) and right external carotid artery (ECA)
were exposed. The distal portion of the ECA was
ligated and cut. A modified PE-10 catheter, filled
with bovine thrombin (Thrombostat™, Warner-
Lambert, Scarborough, ON, Canada), was intro-
duced into the lumen of the right ECA via a small
puncture. An aliquot of 10mL of blood were
withdrawn into the catheter and retained for 15 min
to allow formation of a clot. Once the clot formed,
the catheter was advanced 17 mm in the ICA until its
tip was 1-2mm away from the origin of the MCA.
The preformed clot in the catheter was then injected.
In the sham group, the surgical procedure was the
same as in the ischaemic rats except no clot was
injected. Our unpublished data suggest that this
sham procedure did not produce any neurological
deficits and histological lesion in the brain. The
possible explanation is that since the MCA was not
blocked by the catheter placement, and blood from
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the contralateral arteries still can reach the MCA
through anterior communication artery and ACA.
Physiological parameters were measured using an
i-STAT analyser (Abaxis, Union City, CA). Briefly,
blood from the CCA was collected into a syringe
that was flushed with heparin lithium (500 IU/mL)
(Sigma, St. Louis, MO). After removing air spaces,
the blood was loaded into a cartridge and analysed.

Induction of hyperthermia

The body temperature was measured by placing
a thermometer in rectum (Harvard Apparatus,
Holliston, MA) as detailed previously [9-10, 14].
The rectal temperature in the normothermic group
was kept at 37.5°C, while the hyperthermic group at
39.5°C with a feed-back controlled YSI heating
system (Yellow Springs Instrument, Yellow Springs,
OH) [9-10, 14]. The body temperature was raised to
desired level in the anaesthetised rat immediately
before the MCA occlusion, and maintained at this
level for a period of 3h after the occlusion.
Thereafter, the rat was allowed to recover from the
anaesthesia and housed in a room temperature.

Neurological deficits

Neurological deficits were recorded at 24h after
MCA occlusion using a modified Bederson’s scoring
system [13, 15], grade 0, no observable deficit;
grade 1, forelimb flexion; grade 2, forelimb flexion
plus decreased resistance to lateral push; grade 3,
unidirectional circling; grade 4, unidirectional cir-
cling plus decreased level of consciousness.

Infarct volume and brain swelling

The methodology for quantification of infarct
volume has been detailed previously [9, 13].
Briefly, at 24h after MCA occlusion the anaesthe-
tised rats were sacrificed, and the brains were
removed. For morphometric study, 2 mm-thick cor-
onal sections were cut using a rat brain matrix.
A total of eight coronal sections were collected
and the sections were stained using a 2% 2,3,5-
triphenyltetrazolium chloride (TTC) solution. The
infarct appears pale white on a background of
red ‘normal’ brain. The stained brain sections
were scanned with an HP Scan]et flatbed scanner
(Palo Alto, CA). The infarct volume was calculated
and expressed as a percentage of the total volume
from the ipsilateral hemisphere. Cortex and striatum
swelling was determined using the formula:

(the volume of the right hemisphere — )

the volume of the left hemisphere
the volume of the left hemisphere

swelling =
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The brain swelling was expressed as a percent-
age [16].

Immunohistochemistry

At 3, 6 and 24 h after MCA occlusion the rats were
sacrificed and brains were removed. After sectioning,
the brain sections were incubated with primary
antibody (goat anti-type IV collagen (Southern
Biotechnology, Birmingham, AL); rabbit anti-lami-
nin (Sigma)), and then secondary antibody (Cy'™3-
conjugated donkey anti-goat (Jackson
ImmuoResearch Laboratories, West Grove, PA);
FITC-conjugated goat anti-rabbit (Sigma)), as
described previously [17-18]. The cyanine and
FITC labelled microvessels were identified under
fluorescent microscope and photographed. The
changes of microvessel matrix constituents in cortex
and striatum were automatically quantified by com-
puterised video imaging microscopy (Improvision
Image Analysis System, Coventry, UK). To identify
microvascular targets, two criteria were defined. After
optimal adjustment of contrast for each section, an
intensity threshold and a minimum target length
(10 pm) were set before automated quantification.
Then, the numbers of target per field of view (vessel
count) were determined by the software. Ratios were
calculated between the ischaemic and non-ischaemic
mirror areas [17]. Four brain sections were collected
serially from each rat starting at 0.7 mm anterior to the
bregma with an interval of 1 mm. Data were acquired
from an area of 1.16 mm?® at x400. Five predeter-
mined areas, three in the cortex and two in the
striatum, were sampled from each brain section,
as detailed previously [18]. The procedure of this
automated quantification was verified by manual
counting the stained microvessels using a Fisher
hand tally counter. The percentage changes of
microvessels stained were similar between these two
procedures.

Gel zymography

Gelatin gel zymography was used to determine
MMP-9 and MMP-2 activities [19]. In brief, the
frontoparietal cortex and basal ganglia, areas of MCA
supply, were dissected from the right MCA supply
area. Brain tissue was homogenised in lysis buffer
(50mM Tris-HCI, pH 7.6; 150mM NaCl; 5mM
CaCl,; 0.02% NaN3), and centrifuged. Following
the supernatant collection, protein concentration was
determined using Bio-Rad protein assay reagent.
Equal amount of proteins, mixed with sample buffer
(125 mM Tris-HCI pH 6.8, glycerol 10 mL,, sodium
dodecyl sulfate (SDS) 4g), were loaded onto 8%
acrylamide gel containing 0.1% gelatine as a sub-
strate. Upon the completion of protein separation,
the gels were incubated in 2.5% v/v Triton-X 100 for

1h and then incubated in incubation buffer (50 mM
Tris HCL;0.15mM NaCl; 5mM CaCl,) at 37°C
until bands appeared. Gels were then stained with
Coomassie blue R-250 for 1h and de-stained
accordingly. MMP activation appeared as transpar-
ent bands on blue background. For detection of
plasminogen activators, casein and plasminogen
were copolymerised into the gels instead of gelatine
[20]. Images of the gels were captured by scanning
on an HP Scan]et flatbed scanner and analysed with
National Institutes of Health image software.

Experimental protocol

Animals were randomly assigned to different exper-
imental groups. In the study of neurologic deficit,
infarct volume and brain swelling, there were two
groups: normothermic (#=38) and hyperthermic
group (n=28). The animals were sacrificed at 24h
after the MCA occlusion. In the study of collagen
type IV and laminin immunoreactive microvessels,
there were six groups: normothermic, animals were
sacrificed at 3h (n=5), 6h (n=5) and 24h (n=5)
after MCA occlusion; hyperthermic, animals were
sacrificed at 3h (n=5), 6h (n=5) and 24h (n=5)
after MCA occlusion. In the study of MMP activity,
there were six groups: normothermic, animals were
sacrificed at 3h (n=5), 6h (n=5) and 24h (n=5)
after MCA occlusion; hyperthermic, animals were
sacrificed at 3h (n=5), 6h (n=5) and 24h (n=5)
after MCA occlusion. In the study of plasminogen
activators, there were six groups: normothermic,
animals were sacrificed at 3h (n=4), 6h (n=4) and
24h (n=4) after MCA occlusion; hyperthermic,
animals were sacrificed at 3h (n=4), 6h (n=4) and
24h (n=4) after MCA occlusion. In the normother-
mia group, three rats died prematurely and a total of
53 rats were used to obtain 50 rats for assessment of
neurologic deficit, infarct volume and brain swelling
(n=8), immunohistochemistry (n=15), gel zymo-
graphy (n=27). In the hyperthermia group, 12 rats
died prematurely and a total of 62 rats were used to
obtain 50 rats for assessment of neurologic deficit,
infarct volume and brain swelling (z=8), immuno-
histochemistry (z=15), gel zymography (n=27).

Statistical analysis

Neurological deficit scores were expressed as med-
ians and interquartile ranges, considering 25-75th
percentiles. Other values were presented as
mean + standard deviation (SD). Neurological defi-
cit was analysed with Mann-Whitney test. The
infarct volume and brain swelling were analysed
with student’s #-test. The data of immunohistochem-
istry, densitometry and physiological parameters
were analysed with one-way ANOVA followed by
Tukey test. Differences were considered significant



Table I. Physiological parameters.®

Sham Normothermia Hyperthermia
N=2 N=4 N=4

pH

Before 7.44+0.3 7.4+0.1 7.4+0.0

After 7.4+0.1 7.4+0.1 7.4+£0.0
PCO, (mmHg)

Before 30.1+£7.6 47.3+7.9 41.5+11.9

After 49.2+11.5 41.5+5.1 49.3+6.8
PO, (mmHg)

Before 132.5+16.3 138.8+24.3 143.0+3.2

After 119.0£9.9 113.5+20.5 146.8+17.4
HCOj; (mmol/L)

Before 28.8+6.2 30.4+2.9 29.7+1.4

After 28.0+2.3 28.2+4.6 30.1+2.6
sO2 (%)

Before 97.0+4.2 99.0+0.8 99.3+0.5

After 96.0+4.2 97.5+1.3 99.3+0.5
Hct (%)

Before 36.0+1.4 36.8+5.4 37.5+3.2

After 35.0+0.0 33.3+7.8 37.5+2.7
Hb (g/dL)

Before 12.3+£0.5 125+1.8 12.6£1.0

After 11.9+£0.0 11.3+£2.67 12.8+£0.9

“Physiological parameters were measured in the blood collected
from common carotid artery immediately before and 3 h after the
MCA occlusion (normothermia and hyperthermia) and sham
surgery, respectively.

Hb: haemoglobin; Hct: haematocrit; sO,: saturated oxygen.
There are no significant differences among the three groups in the
parameters measured.

when p <0.05. The experimenters were blinded to
the treatment groups when performing analytic and
outcome procedures.

Results
Physiological parameters

Physiological parameters were measured in the blood
collected from CCA (Table I). Statistical analyses
showed that there were no significant differences
in the parameters measured among the groups
(»>0.05).

Infarct size, brain swelling and neurological deficits

Representative samples of TTC-stained brain sec-
tions in the normothermic and hyperthermic groups
are shown in Figure 1A and 1B. The mean infarct
volume in the normothermic group was 36.2 £+ 10.3%
versus 54.0£10.9% in the hyperthermia group at
24h after the MCA occlusion. Hyperthermic treat-
ment significantly increased the infarct volume as
compared with the normothermic group (p <0.01;
Figure 1C).

Figure 2 shows brain swelling in the normothermic
and hyperthermic rats. Compared with normother-
mic rats (11+3.1%), ischaemic swelling in the
cortex increased significantly to 24.9+3.7% in
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(A) (B)

Normothermia Hyperthermia
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38388883
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% Infarct volume

o o

Normothermia Hyperthermia

Figure 1. Hyperthermia enlarged the infarct in an
embolic model of ischaemic brain injury. Representative
TTC-stained brain sections from normothermic (A) and
hyperthermic (B) rats, sacrificed at 24h after the MCA
occlusion. The infarct volume was measured in the TTC
stained brain sections at 24 h after MCA occlusion (C).
*p <0.01 compared with the normothermic group.

(A) 30 Cortex *x
25 ¢
220t
2 15¢
D)
x 10}
5 L
0 , .
Normothermia Hyperthermia
®)18 Striatum *
15
g’ 12
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X 6
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0

Normothermia

Hyperthermia

Figure 2. Ischaemic swelling in the cortex (A) and
striatum (B). The swelling was measured in the TTC-
stained brain sections at 24h after the MCA occlusion.
*p <0.05, **p<0.01 compared with the normothermic

group.
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Figure 3. (A) The reduction of the number of collagen type IV positive stain microvessels in the cortex. The microvessel
numbers are expressed as percentage changes between the ipsilateral and contralateral hemispheres to the occluded MCA.
*p<0.01, **p < 0.001 compared with the normothermic group. (B) Number of collagen type IV positive stain microvessels
in the striatum. *p <0.01, **» <0.001 compared with the normothermic group. (C) Representative photomicrographs
show microvessels stained by Cy*™3-conjugated anti-type IV collagen at 24 h after MCA occlusion in the cortex. Left panel:
normothermic and right panel: hyperthermic (scale bar =200 pm).

hyperthermic rats (p <0.01; Figure 2A). Ischaemic
swelling in the striatum was also increased from
9.24+2.8% in normothermic rats to 13.1+3.6%
in hyperthermic rats (p < 0.05; Figure 2B).
Neurological deficit score was 1 (0.75-2) in
the normothermic group and 3 (2.75-3) in the
hyperthermic group at 24h after MCA occlusion.
Hyperthermia treatment was found to increase the
neurological scores significantly (p < 0.01).

Immunohistochemistry

The decreases of the collagen type IV-containing
microvascular structure are shown in the ischaemic

cortex (Figure 3A) and the striatum (Figure 3B).
Hyperthermic treatment resulted in a significant
reduction in the number of collagen type IV and
laminin immunoreactive microvessels in the cortex
and striatum by 6h after the MCA occlusion
compared with normothermic treatment (p < 0.001;
Figure 3A, 3B; Figure 4A and 4B). Significant
reduction of immunoreactive microvessels was also
observed at 24 h after the MCA occlusion (p < 0.01;
Figure 3A, 3B; Figure 4A and 4B). Figure 3C
and 4C show representative microvessels stained by
Cy™3-conjugated anti-type IV collagen and FITC-
conjugated anti-laminin at 24 h after MCA occlusion
in the cortex, respectively.
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(A) The reduction of the number of laminin positive stain microvessels in the cortex. The microvessel numbers

are expressed as percentage changes between the ipsilateral and contralateral hemispheres to the occluded MCA. *p < 0.01,
**p < 0.001 compared with the normothermic group. (B) Number of laminin positive stain microvessels in the striatum.
*» <0.01, **p» <0.001, compared with the normothermic group. (C) Representative photomicrographs show microvessels
stained by FITC-conjugated anti-laminin at 24 h after MCA occlusion in the cortex. Left panel: normothermic, right panel:

hyperthermic (scale bar =200 um).

MMP activities

MMP-9 and MMP-2 activities were evaluated
by gelatine gel zymography. Treatment with hyper-
thermia significantly elevated the MMP-9 activities
at 6 and 24h after the MCA occlusion compared
to the normothermic group, respectively (p <0.05;
Figure 5A and 5B). Compared to the normo-
thermic group treatment with hyperthermia sig-
nificantly raised the MMP-2 activity only at 6h
after the MCA occlusion (p<0.05; Figure 5A
and 5C).

Plasminogen activators

Figure 6 depicts the casein/plasminogen zymogram
for detection of urokinase-type plasminogen activator
(uPA) and tissue-type plasminogen activator (tPA).
The zymogram revealed that two bands were
observed: the upper band represented the activity of
tPA while the lower band was uPA (Figure 6A).
When compared to the normothermic control, uPA
activity markedly increased in the hyperthermia rats
at 6 and 24h after the MCA occlusion respectively
(p < 0.05; Figure 6B). No difference in tPA activity
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Figure 5. Gelatine zymogram shows the activities of
MMP-2 (72kDa) and MMP-9 (92 kDa) in the ischaemic
injured brain collected from normothermic and hyperther-
mic rats. Lane 1: 3h after normothermia; lane 2: 3 h after
hyperthermia; lane 3: 6 h after normothermia; lane 4: 6h
after hyperthermia; lane 5: 24h after normothermia;
lane 6: 24h after hyperthermia (A). Histograms show
the densitometric analyses of MMP-2 (B) and MMP-9
(C) activities. *p < 0.05 compared with the normothermic

group.

was observed between normothermic and hyperther-
mic groups at each time (Figure 6A).

Discussion

The present study demonstrated that hyperthermia
treatment for 3h following MCA occlusion signifi-
cantly increased the infarct volume at 24h after
MCA occlusion. This treatment also increased
brain swelling at 24 h after MCA occlusion, suggest-
ing an aggravation of ischaemic oedema. In addition,
this treatment worsened neurological score, which
indicates that hyperthermia, in acute ischaemic
stroke, is associated with a poor clinical outcome [21].

The microvascular basal lamina is a specialised
part of the extracellular matrix that connects the
endothelial cell compartment to the subjacent cell
layers, end feet of astrocytes, and smooth muscle.

A 1 2 3 4 5 6

= 64kDa
— 40kDa uPA

(B) uPA

20 *

- O Normothermia

S 16 @ Hyperthermia

g 12 .

°

S 8

[0}

Hrm

3h 6h 24h

Time (hours)

Figure 6. Casein/plasminogen zymogram shows the
activities of uPA and tPA in the ischaemic injured brain
collected from normothermic and hyperthermic rats. Lane
1: 3h after normothermia; lane 2: 3h after hyperthermia;
lane 3: 6 h after normothermia; lane 4: 6 h after hyperther-
mia; lane 5: 24h after normothermia; lane 6: 24 h after
hyperthermia. The upper band with a molecular weight of
64 kD represents tPA and the lower band with molecular
weight of 40 kD represents uPA (A). Histogram shows the
pooled data of uPA activities in the infarcted brain tissue
(B). *p < 0.05 compared with the normothermic group.

In the microvascular basal lamina, collagen type IV
chains form a covalently stabilised polygonal frame-
work. Laminin self-assembles to form a second
polymer network and it also serves to connect
the basal lamina with the surrounding structures
[22-23]. These components of basal lamina are
essential in the strength of microvascular walls and
contribute to the integrity of the blood brain barrier
(BBB) [17]. Studies showed that the major basal
lamina constituents, including laminin and collagen
type IV, are degraded in very early stages in cerebral
ischaemia [17, 24]. This degradation is associated
with microvascular haemorrhage [24] and oedema
[25]. In the present study, collagen type IV and
laminin did not change significantly in sham oper-
ated animals (7= 3; data not shown). However, data
from present study demonstrated for the first time
that post-ischaemic hyperthermia significantly
increases the loss of collagen type IV and laminin
from the basal lamina of cerebral microvessels at
6 and 24h after MCA occlusion. The results also
showed the aggravation of brain swelling and neuro-
logic deficit at 24h in hyperthermia group.
Previously, we demonstrated that hyperthermia
worsens BBB damage in ischaemic brain injury
[10, 14]. Collectively, these findings suggest that
microvascular basal lamina destruction may be a key
factor in damage processes during ischaemic brain

injury.



At least three pathways potentially lead to degra-
dation of the microvascular basal lamina: (1) activa-
tion of plasminogen by endogenous PAs; (2) secretion
of MMPs and (3) secretion of polymorphonuclear
leukocyte specific granule enzymes [26]. In the
present study, analysis revealed that MMP-9 activity
could not be detected whereas MMP-2 was constitu-
tively expressed in the brain from the sham animals
(n=3; data not shown). Data also revealed that there
was some discrepancy regarding the timing of the
increased activities of MMP-2 and MMP-9. The time
of MMP-2 activity increase was earlier than that
of MMP-9, corroborating previous studies [27-28].
MMPs are zinc-dependent endopeptidases that digest
components of the basal lamina including collagen
type IV, fibronectin and laminin [29-30]. Collagen
type IV is a substrate of MMP-2 and MMP-9, and
laminin is a substrate of MMP-2 [31]. Therefore,
increased activities of these digesting enzymes likely
contribute to basal lamina breakdown after focal
cerebral ischaemia [31]. In the present study, MMP
activities are measured at 3, 6 and 24 h after ischaemic
injury. These time points are chosen based on our
previous findings that MMP-9 activities are signifi-
cantly elevated in the model employed in a normo-
thermic condition [18, 32]. Importantly, the present
study for the first time showed that hyperthermia
further increased the activities of these digesting
enzymes, which was accompanied by increased
losses of collagen type IV and laminin. Thus, these
data suggest that hyperthermia exacerbates microvas-
cular lesion by regulating the digesting enzymes.

Evidence supports that the plasminogen/plasmin
system contributes to the microvascular damage
and BBB disruption [20, 31, 33]. Our data showed
that the activities of uPA and tPA were detected
in sham operated animals (z=3; data not shown).
uPA activities were elevated significantly at 6 and
24h within the ischaemic injured brain after MCA
occlusion, which is similar to the previous studies
[33-34]. uPA mRNA assessed by RT-PCR in brain
ischaemia did not increase, suggesting that increased
uPA activity may be post-transcriptionally regulated
[34]. tPA did not change in the ischaemic injured
brain which supports that the increase in endogenous
plasminogen activators activity was mainly due to
uPA. Plasminogen activators (tPA and uPA) convert
plasminogen to plasmin which not only directly
hydrolyses extracellular matrix proteins [31], but this
plasminogen-plasmin system also contributes to the
cleavage of collagen type IV through the activation
of MMP-2 and MMP-9 [33, 35]. The present study
also demonstrated that ulPA was significantly
increased by hyperthermia, which may play a critical
role in the brain after ischaemia [20, 33].

In the present study, an embolic model of
ischaemic brain injury was used since in stroke
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patients 80-90% of cases are caused by thromboem-
bolism [36-37], and the majority of ischaemic
episodes occur as a result of MCA occlusion [38].
Since Kudo et al. first introduced embolic injury
model in rats, several groups have improved the
technique for the injury induction [39]. Our research
has also further improved this model so that the
lesion production is more reliable and consistent
[13, 40]. The microvessel patency in this model
has also been characterised [40]. Microvessels had
reopened in the cortex 1h after clot injection, but
remained occluded in some portions of the striatum
in most of the animals. By 3h post-clot injection,
microvessels in the cortex were patent in all animals,
whereas in the striatum, microvessels were patent in
50% of the animals. At 24h after clot injection,
microvessels were patent in both the cortex and
striatum of almost all animals. Further analyses
revealed that the originally embolised clots dissolve
over time and fragments formed from the clots
obstruct more distal blood vessels [41].

In summary, the present study demonstrated that
hyperthermia significantly increases infarct volume
and brain swelling at 24h after ischaemia in an
embolic stroke model. The results also revealed that
hyperthermia worsens the destruction of microvas-
cular basal lamina structure proteins, type IV colla-
gen and laminin at 6 and 24 h after MCA occlusion,
possibly through the regulation of the digesting
enzymes, MMP-2, MMP-9 and uPA. These findings
thus contribute to our understanding the mecha-
nisms of microvascular damage under hyperthermia
condition after stroke.
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