
715Copyright © 2016 The Korean Society of Radiology

Assessment of Blood-Brain Barrier Permeability by 
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Objective: The purpose of this study was to evaluate the effects of localized brain cooling on blood-brain barrier (BBB) 
permeability following transient middle cerebral artery occlusion (tMCAO) in rats, by using dynamic contrast-enhanced (DCE)-
MRI.
Materials and Methods: Thirty rats were divided into 3 groups of 10 rats each: control group, localized cold-saline (20°C) 
infusion group, and localized warm-saline (37°C) infusion group. The left middle cerebral artery (MCA) was occluded for 1 
hour in anesthetized rats, followed by 3 hours of reperfusion. In the localized saline infusion group, 6 mL of cold or warm 
saline was infused through the hollow filament for 10 minutes after MCA occlusion. DCE-MRI investigations were performed 
after 3 hours and 24 hours of reperfusion. Pharmacokinetic parameters of the extended Tofts-Kety model were calculated for 
each DCE-MRI. In addition, rotarod testing was performed before tMCAO, and on days 1–9 after tMCAO. Myeloperoxidase 
(MPO) immunohisto-chemistry was performed to identify infiltrating neutrophils associated with the inflammatory response 
in the rat brain.
Results: Permeability parameters showed no statistical significance between cold and warm saline infusion groups after 
3-hour reperfusion 0.09 ± 0.01 min-1 vs. 0.07 ± 0.02 min-1, p = 0.661 for Ktrans; 0.30 ± 0.05 min-1 vs. 0.37 ± 0.11 min-1, p =  
0.394 for kep, respectively. Behavioral testing revealed no significant difference among the three groups. However, the 
percentage of MPO-positive cells in the cold-saline group was significantly lower than those in the control and warm-saline 
groups (p < 0.05). 
Conclusion: Localized brain cooling (20°C) does not confer a benefit to inhibit the increase in BBB permeability that follows 
transient cerebral ischemia and reperfusion in an animal model, as compared with localized warm-saline (37°C) infusion group.
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INTRODUCTION 

Hypothermia is very effective at preventing ischemia-
induced neuronal damage (1-7). However, the use of whole 
body surface cooling for hypothermia therapy is associated 
with management problems and complications such as 
pneumonia in 40% of patients (8). Recently, localized brain 
cooling has been reported as a more effective technique 
than whole-body cooling, to inhibit or at least delay 
neuronal damage (3, 9-14). In addition, localized brain 
cooling before reperfusion significantly reduces the infarct 
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area in multiple animal models of stroke (15). Localized 
brain cooling following cerebral ischemia in animal 
models also markedly reduces inflammatory reactions and 
endothelial expression of intracellular adhesion molecule-1 
(ICAM-1), which is strongly associated with blood-brain 
barrier (BBB) breakdown of micro-vessels in ischemic brain 
tissue (16-18). Therefore, increased BBB permeability is one 
of the cerebral neuronal damage mechanisms for reperfusion 
injury (19, 20). Permeability imaging using dynamic 
contrast-enhanced (DCE)-MRI can measure the integrity 
of BBB (21-23). Permeability parameters using DCE-MRI 
have been assessed in recent stroke studies related to BBB 
dysfunction (24-26). To our best knowledge, the effects 
of localized brain cooling on BBB permeability following 
cerebral ischemia have not been evaluated in a rat model. 
The aim of the current study was to investigate the effect of 
localized brain cooling on BBB permeability, after transient 
focal cerebral ischemia reperfusion in rats, using DCE-MRI. 

MATERIALS AND METHODS 

Ethics Statement
This animal study was approved by and performed in 

accordance with the Institutional Animal Care and Use 
Committee guidelines. Yonsei Medical Center animal 
experimentation Ethics Committee monitored the scientific 
and ethical proceedings of animal experiments under the 
management and use program of experimental animals 
based on Guide for the care and use of laboratory animal 
(National Research Council, USA).

Subjects
A total of 30 adult Sprague-Dawley rats (303 ± 16.2 g 

[mean ± SD]) were used in the study. A modified filament 
technique was used to produce transient middle cerebral 
artery occlusion (tMCAO) in a rat model, as previously 
described (27). Rats were anesthetized by intraperitoneal 
injection of 2:3 mixture of xylazine (Rompun, Bayer, Berlin, 
Germany) and zoletil (0.3 mg; tiletamine/zolazepam, 
Virbac, Carros, France), and the left external carotid artery 
(ECA) was exposed. A length of 18.5–19.0 mm modified PE-
50 catheter (with 0.2-mm outer diameter and 0.1-mm inner 
diameter) was inserted into the intracranial circulation 
via the left ECA. The filament was lodged in the narrow 
proximal anterior cerebral artery (ACA), blocking the middle 
cerebral artery (MCA) at its origin. After 1 hour of MCA 
occlusion, rats in the control group were re-anesthetized 

and reperfused for 3 hours by withdrawal of the hollow 
filament from the left MCA. 

The animals were divided into control, cold-saline 
infusion, and warm-saline infusion groups, with 10 rats 
in each group. The rats in the control group received 
no treatment. The rats in the cold-saline infusion group 
received an intra-arterial infusion of 6 mL cold (20°C) 
saline to the brain after 1 hour of MCA occlusion. The rats 
in the warm-saline infusion group were infused with 6 mL 
warm (37°C) saline using the same method as the cold-
saline group. The warm-saline infusion group served as 
another control group, to observe the effects of a localized 
saline infusion on brain injury resulting from transient 
ischemia and reperfusion (16-18). In the saline infusion 
groups, the catheter was withdrawn 1 mm from the origin 
of the MCA after 1 hour of MCA occlusion. During and after 
withdrawal of the catheter, 6 mL, cold or warm saline was 
slowly injected continuously into the junction of the MCA 
and ACA, using an infusion pump to maintain a rate of 0.6 
mL, over 10 minutes after the catheter was completely 
withdrawn and reperfusion established (approximately 0.25 
mL/g brain tissue per minute). 

Brain Temperature 
Brain temperature in the rats was monitored in the 

ipsilateral area supplied by the MCA. Needle thermistor 
probes (Harvard Apparatus) were placed into the ipsilateral 
cortex through a hole 3 mm lateral to the bregma and 
into the striatum through a hole 3 mm posterior and 4 
mm lateral to the bregma. The local brain temperature 
in the cortex and striatum supplied by the MCA remained 
unchanged from 37°C in control and localized warm-saline 
infusion groups. In the cold-saline infusion group, localized 
brain temperature was reduced to 33–34°C after 10 minutes 
of cold (20°C) saline infusion. After stopping the cold-
saline infusion, the brain temperature gradually increased 
to 37°C. The rectal temperature was maintained at 37°C 
using a circulating heating pad. 

MRI Protocol
Animal MRI was performed using a 3.0-tesla system 

(Achieva, Philips, Best, the Netherlands) with an 8-channel 
SENSE wrist coil. The first DCE-MRI was performed 
immediately after 3 hours of MCA reperfusion. The second 
DCE-MRI was performed after 24 hours of reperfusion. All 
images were obtained in the coronal plane with a 60-mm 
field of view. Pre- and post-contrast T1-weighted (repetition 
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time [TR]/echo time [TE], 625/18 ms) and T2-weighted (TR/
TE, 2006/80 ms) images were acquired with 2-mm section 
thickness, 0.2-mm section gap, and 192 x 192 matrix. 
Diffusion-tensor imaging was performed by applying 6 
diffusion-encoding directions with a b value of 600 s/mm2 
and with x b0 images (TR/TE, 3327/52 ms; 2-mm section 
thickness; 0.2-mm section gap; 128 x 128 matrix) (28). To 
achieve quantitative hemodynamic measurements of cerebral 
permeability and perfusion, we injected 2 boluses via 
tail veins. The first bolus of contrast was administered to 
measure permeability and served as a preload bolus for the 
perfusion scans. For DCE-MRI, precontrast 3D T1-weighted 
images were obtained with the following parameters: TR/
TE, 13.2/6.5 ms; 112 x 112 mm matrix; 2-mm section 
thickness; 0.2-mm section gap; and flip angle, 5°. After the 
precontrast scan, 60 DCE T1-weighted images were obtained 
with the same MRI parameters except for an increased flip 
angle of 15°. After acquisition of the fifth image volume, 
gadolinium-based contrast, gadobutrol (Gadavist, 0.2 
mmol/kg; Bayer Healthcare, Berlin, Germany) was injected. 
The total scan time for DCE-MRI was 4 minutes 30 seconds 
with a temporal resolution of 4.5 seconds. Perfusion-
weighted imaging (the rapid principles of echo shifting 
with a train of observations; TR/TE, 26.6/38.2 ms; 64 x 64 
matrix) with 60 dynamic scans was performed following 
injection of the second bolus of Gadavist (0.2 mmol/kg) 4 
hours after reperfusion.

Post Processing and Image Analysis
Permeability parameters such as volume transfer constant 

(Ktrans), rate transfer coefficient (kep), volume fraction of 
extravascular extracellular space (EES) (ve), and volume 
fraction of blood plasma (vp) were calculated using off-line 
Philips research imaging development environment (PRIDE) 
tools provided by Philips Medical System. This software is 
based on the pharmacokinetic model of extended Tofts-
Kety (29, 30). The two-compartment model of extended 
Tofts and Kety assumes that the intravascular space and 
EES are divided by the BBB. The degree of contrast leakage 
from the intravascular space to the EES is referred to as the 
volume transfer constant; and the reflux leakage of contrast 
from the EES to the intravascular space (plasma) is referred 
to as the rate transfer coefficient (kep). All computation 
procedures were automatically performed by PRIDE tools 
except drawing the region of interest (ROI) for the arterial 
input function. Arterial input function was measured several 
times at the area of the left internal carotid artery, and 

the proper arterial input function showing high amplitude, 
early sharp rise, and fast decay was selected for processing. 
MRI sequences were reviewed for the presence of ischemic 
lesions at each time point. To evaluate the patterns of 
change in permeability parameters after reperfusion of 
the MCA, we used the average values for the basal ganglia 
and cortex. Acute infarction showed in the left basal 
ganglia and cortex, corresponding to contrast-enhancing 
area on MRIs after 3 hours of reperfusion. To measure the 
permeability changes at ROIs of acute infarction in DCE-
MRI, two different ROIs were first placed in an enhancing 
portion of the infarct area of the cortex and basal ganglia 
in hemispheres ipsilateral to the MCA occlusion on DCE-
MRI. Secondly, two different ROIs were placed in the 
normal cortex and basal ganglia to determine the baseline 
permeability parameters. Thirdly, the permeability of infarct 
brain tissue was measured in the follow-up DCE-MRI in 
areas corresponding to the first MRI. Serial changes in 
permeability were evaluated for the three ROIs in normal 
and infarct areas on DCE-MRI.

 
Rotarod Performance Test

All rats were subjected to rotarod behavioral testing 
before tMCAO, and on days 1–9 after tMCAO, by an 
investigator who was blinded to the group assignments. For 
the rotarod test, the rat was placed on a rotarod cylinder, 
and the time the animal remained on the cylinder was 
measured in seconds. The speed was slowly increased from 
4 to 40 rpm within 5 minutes (31). A trial ended if the 
animal fell off the rungs or gripped the device and spun 
around for two consecutive revolutions without attempting 
to walk on the rungs. The animals were trained for 3 
days before tMCAO. The mean duration on the device was 
calculated from 10 trials conducted 1 day before surgery 
(the baseline value). Motor testing data were recorded for 
9 days, and compared with the internal baseline control 
(before surgery).

Immunohistochemistry and Histological Assay 
After completion of the second MRI, the rats were 

sacrificed to obtain brain tissue. Rats were deeply 
anaesthetized and perfused with 0.9% sodium chloride 
followed by 4% paraformaldehyde. Following decapitation, 
brains were removed, fixed in 10% formalin, and embedded 
in paraffin. Coronal sections (5-µm thick) were stained with 
hematoxylin and eosin (H&E). Neutrophils are reportedly 
the first leukocyte subpopulation to be recruited to the 
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ischemic brain; and an extensive infiltration of neutrophils 
is observed 24 hours after transient ischemic changes or 
infarct in rats, which is associated with BBB breakdown (32, 
33). Immunohistochemistry for myeloperoxidase (MPO) was 
performed to identify infiltrating neutrophils on sections of 
rat brains subjected to no treatment vs. treatment (cold- or 
warm-saline infusion) after tMCAO, in order to detect BBB 
breakdown. Tissue sections were deparaffinized in xylene, 
rehydrated, and heated at 100°C in citrate buffer (pH 
6.0) for 5 minute for antigen retrieval. The sections were 
incubated with a rabbit polyclonal antibody against MPO 
(1:500 dilution; A0398, Dako, Glostrup, Denmark) for 1 hour 
at room temperature, followed by incubation with secondary 
antibody, donkey anti-rabbit IgG (1:500 dilution; Molecular 
Probes, Eugene, OR, USA) for 1 hour at room temperature. 
Staining was developed by reaction with diaminobenzidine 
chromogen, and sections were counterstained with 
hematoxylin. For quantitative analysis of cell numbers in 
the infarcted regions, the slides were digitally photographed 
using a confocal microscope at a 400 x magnification (BX50, 

Olympus, Tokyo, Japan). Ten fields of view were randomly 
selected and photographed to count the number of MPO-
positive cells in each section (version 4.6, Spot Software, 
Diagnostic Instruments Inc., Sterling Heights, MI, USA). All 
analyses were performed by a pathologist blinded to the 
treatment conditions.

Statistical Analysis
The comparison of permeability parameters at different 

time points among the three groups were assessed using 
mixed modeling. Correlations between permeability 
parameters for each group in ROIs in the cortex and basal 
ganglia were analyzed. Difference analysis between baseline 
control and mean duration (of 10 trials) at each time point 
was plotted for rotarod tests. The differences in MPO-
positive neutrophil infiltration between the three groups 
were assessed using the Mann-Whitney U test. All statistical 
analyses were performed using the statistical software 
package, SPSS (version 21, SPSS Inc., IBM Company, 
Chicago, IL, USA). A p value of < 0.05 was considered 

Fig. 1. Brain MRI of mouse.
Contrast enhancement can be seen at infarcted area of left brain (A, D, G). Color coded permeability maps of Ktrans obtained 3 hours (B, E, H) 
and 24 hours (C, F, I) after reperfusion show increased permeability in infracted area. Mean Ktrans values were 0.15 ± 0.03 min-1, 0.12 ± 0.02 min-1 
in control groups, 0.07 ± 0.02 min-1, 0.09 ± 0.02 min-1 in warm saline group and 0.09 ± 0.01 min-1, 0.05 ± 0.02 min-1 in cold saline group.
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statistically significant. 

RESULTS 

Permeability Parameters 
None of the cases showed an increase in permeability 

parameters in the contralateral (normal-appearing) 
hemisphere on DCE-MRI. Although the number of samples 
was small for each group, data for each of the permeability 
parameters were normally distributed. Areas of contrast 
enhancement showed variable patterns for each group. Most 
rats showed dominant enhancement in the basal ganglia 

and others showed dominant enhancement in both the 
basal ganglia and cortex (Fig. 1). In addition, an increase 
of Ktrans in permeability was noted on DCE-MRI (Fig. 1). DCE-
MRI showed an increase in permeability parameters in the 
ipsilateral hemisphere of the MCA occlusion. Among the 
permeability parameters, Ktrans and kep were significantly 
lower in the cold saline infusion group, as compared with the 
control group after 3-hour reperfusion: 0.15 ± 0.03 min-1 vs. 
0.09 ± 0.01 min-1, p = 0.010 for Ktrans and 0.60 ± 0.20 min-1 
vs. 0.03 ± 0.05 min-1, p = 0.046 for kep, respectively (Fig. 2). 
Ktrans showed a significant decrease in the warm-saline group, 
as compared with the control group after 3-hour reperfusion 

Fig. 2. Permeability changes at 2 different time points after reperfusion (mixed model). 
A. Ktrans (min-1) shows significant decrease in control group, as compared with warn and cold saline group (control vs. cold saline infusion [p = 
0.0095], control vs. warm saline infusion [p = 0.017]). Permeability parameters show no statistical significance between cold and warm saline 
infusion groups (p = 0.661). B. Kep (min-1) is significantly lower in cold saline infusion group, as compared with control group (p = 0.046). 
Permeability parameters show no statistical significance between cold and warm saline infusion groups (p = 0.394), and between control and 
warm saline groups (p = 0.163).
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Table 1. Permeability Imaging Parameters Measured 3 and 24 Hours after Reperfusion*

Control 
(n = 10)

Warm Saline 
(n = 10)

Cold Saline
(n = 10)

P
Control-Warm Control-Cold Warm-Cold 

Ktrans (min-1) 0.0166 0.0095 0.6609
3 h 0.15 ± 0.03 0.07 ± 0.02 0.09 ± 0.01
24 h 0.12 ± 0.02 0.09 ± 0.02 0.05 ± 0.01

Kep (min-1) 0.1633 0.0462 0.3945
3 h 0.60 ± 0.20 0.37 ± 0.11 0.30 ± 0.05
24 h 0.49 ± 0.27 0.39 ± 0.17 0.28 ± 0.09

ve 0.8841 0.2734 0.1583
3 h 0.30 ± 0.11 0.18 ± 0.03 0.57 ± 0.20
24 h 0.24 ± 0.07 0.18 ± 0.02 3.96 ± 3.76

vp 0.0845 0.1680 0.7523
3 h 0.01 ± 0.03 0.05 ± 0.02 0.05 ± 0.01
24 h 0.00 ± 0.00 0.03 ± 0.02 0.01 ± 0.01

*Data are means ± SD.
h = hours, Kep = rate transfer coefficient, ve = volume fraction of extravascular extracellular space, vp = volume fraction of blood plasma
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(control vs. warm-saline infusion group: 0.15 ± 0.03 min-1 vs. 
0.07 ± 0.02 min-1, p = 0.017 for Ktrans). 

In the control group, Ktrans showed a marked initial 
increase followed by a slight decrease. In the warm-
saline infusion group, Ktrans showed an initial increase 
that persisted. In the cold-saline infusion group, serial 
follow-up of Ktrans showed an initial increase followed by 
a later decrease. Other permeability parameters showed 
no consistent pattern of change over follow-up (Table 1). 
However, permeability parameters showed no statistical 
significance between cold and warm saline infusion groups 
after 3-hour reperfusion: 0.09 ± 0.01 min-1 vs. 0.07 ± 0.02 
min-1, p = 0.661 for Ktrans; 0.30 ± 0.05 min-1 vs. 0.37 ± 0.11 
min-1, p = 0.394 for kep, respectively (Table 1).

Rotarod Test
Twenty-four hours after MCA occlusion, the rotarod 

performance decreased markedly in the three groups; but 

the changes in the cold-saline and warm-saline groups were 
not significant, as compared with baseline values.

Histopathological and Immunohistochemical Findings 
On high-power views (400 x) of the H&E-stained 

sections, multiple foamy macrophages and infiltration of 
inflammatory cells were seen in the perimicrovascular area 
in the control group. In the warm-saline group, foamy 
macrophages and inflammatory cells were decreased, as 
compared with the control group. In the cold-saline group, 
foamy macrophages and inflammatory cells were markedly 
decreased. On high-power views (400 x) of the rat brain 
sections, MPO-positive neutrophil (arrow) infiltrate was 
observed in the perimicrovascular area in the control group. 
The number of MPO-positive cells (arrows) were significantly 
decreased in warm-saline and cold-saline groups, as 
compared with the control group (Fig. 3). 

The overall numbers of inflammatory cells were 52.6 

Fig. 3. Immunohistochemical staining of mouse brain. 
A. High-power views (400 x) of hematoxylin and eosin (H&E)-stained sections. In cool-saline group, foamy macrophages and inflammatory 
cells in perimicrovascular area are decreased, as compared with control and warm saline group. B. High-power views (400 x) of myeloperoxidase 
(MPO)-immunostained sections of rat brain. In control group, MPO-positive neutrophils (arrow) infiltrate perimicrovascular area. There are 
decreases in number of MPO-positive cells (arrows) in warm-saline and cold-saline groups, as compared with control group.
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± 27.3 (mean ± SD) in the control group, 7.2 ± 2.6 in 
the cold-saline group, and 29.4 ± 30.9 in the warm-
saline group, respectively. The numbers of MPO-positive 
neutrophils were 37.8 ± 27.3 in the control group, 37.6 
± 11.5 in the cold-saline group, and 65.2 ± 44.5 in the 
warm-saline group, respectively. The percentage of the 
total number of inflammatory cells that were MPO-positive 
was significantly decreased in the cold- and warm-saline 
infusion groups, as compared with the control group (p 
= 0.008 and 0.032, respectively, p < 0.05). Notably, the 
percentage of MPO-positive cells in the cold-saline group 
was significantly lower than that of the warm-saline group (p 
= 0.009) (Fig. 4).

DISCUSSION 

In this study, we evaluated BBB permeability of infarction 
site among control, cold-saline infusion, and warm-
saline infusion groups. Several reports indicate that brain 
hypothermia can reduce the size of the infarct area and 
damage due to cerebral ischemic after tMCAO in an animal 
model (12, 34, 35). Although the underlying mechanisms 
are not completely understood, it is generally accepted 
that brain hypothermia has protective effects against 
BBB disruption (36). Some studies suggest that the post-
ischemic protective effects of brain hypothermia may be 

related to other mechanisms, such as the reduction of 
leukotrienes, improvements in glucose utilization and blood 
flow, and slowing of reactions involving free radicals and 
the propagation of lipid-peroxidation cascades (36-38). 

A significant decrease in numbers of inflammatory cells 
was observed in the area affected by ischemia on 3-hour 
and 24-hour follow-up in the cold-saline group, as compared 
with the warm-saline group. However, parameters related to 
BBB permeability showed no significant differences between 
the cold- and warm-saline groups; likewise, the behavioral 
testing did not reveal significant differences among the 
three groups. 

There are several possible explanations for these effects. 
Firstly, these findings suggest that the contrast leakage in 
vessels was reduced by a more stable BBB after localized 
infusion of either cold or warm saline to the ischemic area. 
Some studies have reported that the infusion of saline into 
the ischemic territory plays a very important role in the 
prevention of reperfusion injuries in addition to the effects 
of hypothermia (39). Infusion with saline at 37°C can 
reduce the expression of ICAM-1 and leukocyte infiltration 
into the ischemic area. ICAM-1, a mediator of the acute 
inflammatory reaction, causes circulating leukocytes to 
infiltrate the ischemic brain parenchyma. Secondly, the 
duration of localized brain cooling and the follow-up 
period might have been too short for the specific effects of 
cooling to be observed. Most animal experiments are based 
on the assumption that timing is critical for the therapeutic 
window of mild hypothermia after tMCAO. Several studies 
investigating systemic hypothermia and localized brain 
cooling in animals and humans have indicated a cooling 
duration of only 10 minutes, because oxygen extraction 
remains unchanged and the feasibility and safety of the 
experiment are still unclear (6, 20, 34, 40). Our study 
design was based on a similar assumption and it was 
difficult to determine the exact time window for localized 
brain cooling. One report has indicated that localized cold-
saline infusion (20°C) for 2.5 hours after brain ischemia 
significantly reduces infarction volume, as compared to 
reperfusion without localized cold-saline infusion (41). 
The therapeutic time for localized saline infusion could be 
extended by at least 30 minutes. Third, although an isolated 
and selective brain-cooling technique by infusion of cooled 
saline infusion into the carotid artery provides precise 
control of the systemic circulatory blood temperature, 
precise control of brain tissue temperature using this 
technique is very difficult at the rewarming stage. This is 

Fig. 4. Comparison of percentage of MPO-positive cells in total 
mixed population of inflammatory cells. Each box plot represents 
mean and standard deviation and line through box plot indicates 
range. Percentage of MPO-positive cells is significantly higher in 
control group than in cold-saline and warm-saline groups (p < 0.05). 
In addition, percentage of MPO-positive cells in cold-saline group is 
significantly lower than that of warm-saline group (p < 0.05). MPO = 
myeloperoxidase
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because the cessation of cooled saline infusion into the 
brain produces an immediate and rapid elevation of brain 
tissue temperature caused by recirculation of warm blood. 
Also, infusion of saline for brain cooling is a negative factor 
for the prevention of brain edema (42). 

Cytotoxic edema is the predominant type of edema 
in acute infarction (43). Subsequently, brain ischemia 
and hypoxia would deteriorate due to brain swelling and 
intracranial hypertension, which would cause neuron 
dysfunction and further aggravate the cytotoxic brain 
edema. At this time, cytotoxic brain edema would 
predominate, and EES is expected to decrease. However, 
cytotoxic edema alone is not enough to aggravate the 
lesion because water content is not increased; when BBB 
is compromised, water is driven from the vessels into the 
EES and then enters the cells (44). Thus, the BBB may be a 
target for treatments to relieve brain edema and swelling. 

Dynamic contrast enhanced-MRI is primarily recommended 
for pharmacodynamic assessment of antiangiogenic and 
antivascular therapies associated with BBB breakdown and 
is ideal for the quantification of permeability parameters 
(45-50). Gadolinium-DTPA does not cross an intact BBB and 
can therefore be used to detect BBB disruption. After focal 
cerebral ischemia or infarction, the disturbance of BBB 
integrity has been confirmed by gadolinium-DTPA-enhanced 
T1-weighted image. 

Our study had several limitations. A limited number of 
animal subjects were used in the experiments; therefore, 
further investigations with a large number of animals will 
be necessary in the future. Secondly, the ROI was drawn 
manually on DCE-MRI images in contrast-enhancing areas 
of the basal ganglia and cortex. Therefore, ROIs were drawn 
several times in each subject, and the average value was 
calculated. Thirdly, we were limited by a general lack of 
knowledge regarding delayed or secondary results at a 
temperature of 20°C for the cold saline infusion to make 
a clear distinction from the warm-saline group. Further 
clinical investigations will be required in future to decide 
the optimal temperature for localized brain cooling in order 
to ensure the most viable and efficient results. 

In conclusion, our trial does not provide evidence that 
localized brain cooling confers a protective effect on BBB 
integrity following transient focal cerebral ischemia and 
reperfusion in rats. Further study of this approach remains 
to be evaluated.
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