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Abstract
Background—Integrity of the blood brain barrier (BBB) after cardiopulmonary bypass (CPB)
with hypothermic circulatory arrest (HCA) is controversial in children. We tested the hypothesis
that BBB is disrupted by HCA.

Methods—41 piglets (mean weight 11 kg) were randomly divided into acute and survival
experiments. Five groups (25 piglets; 5 per group) underwent acute studies: anesthesia alone
(control); CPB at 37°C with full-flow (FF); CPB at 25°C with very low flow (LF); HCA at 15°C
and 25°C. Two groups (16 piglets; 8 per group) underwent survival studies: CPB at 25°C with LF
and HCA. Acute; Evans blue dye (EBD) extravasation through the blood brain barrier into the
brain was measured using 2 methods: EBD absorbance of homogenized brain and
immunohistochemical localization of EBD linked albumin for cortex, caudate nucleus, thalamus,
hippocampus and cerebellum. Survival; Cerebral histology was assessed with hematoxylin-eosin
stain after sacrifice at 4 days post-surgery.

Results—BBB disruption was clearly observed around watershed areas for 25°C HCA compared
to other conditions. Microscopic data showed that leakage of EBD in 25°C HCA was more severe
than control in all brain areas (p < 0.05), EBD and albumin were co-localizing. Histological
damage scores were significantly higher in watershed areas with 25°C HCA.

Conclusions—BBB was impaired around watershed areas by 25°C HCA for 1 hour according
to both macro and microscopic data. An increase in permeability of the BBB may be both a sign
and a mechanism of brain damage.
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Introduction
The brain is a unique tissue being protected from free exchange with circulating blood by
the blood brain barrier (BBB), located at the tight junctions and cell walls of the cerebral
endothelium.1 The BBB plays an important role in homeostasis and is generally seen as a
defense mechanism that shields the brain against various molecules such as inflammatory
cytokines that might otherwise enter cerebral tissue. Damage to the BBB during CPB is one
reason for neurological dysfunction after heart surgery.2,3 Studies of BBB during CPB are
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few and the effect of CPB on the BBB is controversial.4,5 Mechanisms underlying this
susceptibility are not completely understood.

The present study sought to determine whether Evans blue dye, a widely used
nonradioactive intravascular tracer, can be used as an effective alternative for BBB
breakdown quantitation. Evans blue dye (EBD), a tetrasodium diazo salt (MW 980 Daltons),
irreversibly binds to plasma albumin in a 10:1 molar ratio in vivo6,7 and in vitro.8 In
quantitative studies of vascular permeability, Evans blue is injected into the bloodstream
where it rapidly binds to plasma albumin. Whenever plasma extravasates from blood vessels
according to vascular permeability, the Evans blue dye–albumin complex leaks into
surrounding tissues. After variable circulation times animals are perfused with citrate-
buffered paraformaldehyde9,10 or saline11 to clear the EBD from the bloodstream. The
extravasated EBD can then be extracted from tissues by different solvents including
formamide.8,12 The concentration of dye is then measured by routine spectrophotometry8.13

or fluorescence spectrophotometry.9 These properties have made Evans blue suitable for
quantitation of plasma albumin leakage secondary to increased vascular permeability in the
brain.14

In this study, we tested whether cardiopulmonary bypass with HCA affects the integrity of
the BBB and whether this impairment is associated with brain damage.

Materials and Methods
Animals

Forty-one experiments (acute experiments; 25 animals, each group: n=5 and survival
experiments; 16 animals, each group: n=8) were performed on 4 week-old Yorkshire piglets
(Archer Farms, Inc., Darlington, MD) with average body weight of 11.2 ± 1.4 kg. All
animals received humane care in accordance with the ‘‘Principles of Laboratory Animal
Care’’ formulated by the National Society for Medical Research and the ‘‘Guide for the
Care and Use of Laboratory Animals’’ prepared by the Institute of Laboratory Animal
Resources, National Research Council, and published by the National Academy Press,
revised in 1996. This study was approved by the Institutional Animal Care and Use
Committee of Children’s National Medical Center.

Surgical Procedure
Piglets were sedated with intramuscular ketamine (20 mg/kg) and xylazine (4 mg/kg). After
endotracheal intubation (cuffed 5-mm tube) and a bolus of fentanyl (25 µg/kg IV), piglets
were ventilated with a pressure-controlled respirator using an inspired oxygen fraction of
21% pre-CPB and 100% post-CPB (rate 10–18 breaths per minute) to achieve arterial pCO2
between 38–42 mmHg. Anesthesia was maintained with fentanyl (25 µg/kg/h), midazolam
(0.2 mg/kg/h), and pancuronium (0.2 mg/kg/h) using an infusion pump. Animals were
placed supine on a water-circulating heating mat to prevent hypothermia. Esophageal and
rectal temperature probes were placed. The left femoral artery was cannulated and the
catheter was advanced into the descending aorta for monitoring blood pressure and blood
gases. Blood pressure and body temperature were continuously monitored and recorded
every 10 minutes. Blood gases were checked for pH, pO2, pCO2, sodium, potassium,
calcium, glucose and lactate every 20 minutes during CPB in 0.5 mL samples using a blood-
gas analyzer (Siemens, Rapidlab 1265, Erlangen, Germany). A catheter was placed through
the femoral vein into vena cava for drug infusion. The right femoral artery was exposed for
arterial CPB cannulation and an anterolateral thoracotomy was performed in the third
intercostal space. After administration of heparin (300 IU/kg), an arterial cannula (8Fr,
Biomedicus) was advanced through the femoral artery into the abdominal aorta. A 28F
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venous cannula (Harvey, MA) was inserted into the right atrium. The heart was not opened
during the procedure.

Bypass Management
A roller pump (Polystan, Vaerlose, Denmark) was used to generate nonpulsatile pump flow
at 100 mL/kg body weight in all experiments. The oxygenator gas mixture consisted of 5%
carbon dioxide and 95% oxygen in all CPB groups. The pH-stat management strategy was
used in all CPB groups. The cardiopulmonary bypass circuit consisted of 1000-mL filtered
hard-shell venous reservoir (1361 Minimax, Medtronic, Minneapolis, MN), a membrane
oxygenator (3381 Minimax Plus, Medtronic), a 40-µm arterial filter (Terumo, Tokyo, Japan)
and 1/4-inch tubing. Venous drainage was by gravity. No cardiotomy suction was used. The
venous line was left open during circulatory arrest. A sterile circuit was used in each
experiment. The CPB circuit was primed with 800 mL blood. The blood used for priming of
the CPB circuit to achieve a hematocrit of 30% on CPB was drawn on the morning of the
experiment from an adult donor piglet. Before the start of CPB and just before reperfusion
methylprednisolone (30 mg/kg), 10 mL sodium bicarbonate 7.4%, and furosemide (0.25 mg/
kg) were added to the prime. After 10 minutes of normothermic bypass, piglets in 15°C,
25°C HCA group and 25°C LF group underwent 40 minutes cooling to an esophageal
temperature of 15°C and 25°C, respectively. Topical cooling was applied for hypothermic
temperature groups. After a 60-minute period of HCA at 15°C, 25°C and 10 mL/kg/min
low-flow CPB at 25°C, animals were rewarmed on CPB to 37°C for 50 minutes. In the 37°C
FF group, esophageal temperature was kept at 37°C during CPB. Esophageal temperature in
the control group was maintained at 37°C without CPB.

I. Postoperative Management for acute experiments
Following weaning from CPB, animals were observed for 120 minutes for acute
experiments. Evans Blue Dye (EBD; 100mg/kg) was intravenously administered via the
femoral vein at two hours after terminating CPB. The brain was washed by saline and fixed
by 4% paraformaldehyde one hour injection following EBD injection and was then
removed.

II. Postoperative Management for Survival Experiments
Animals remained sedated and paralyzed with a continuous infusion of fentanyl (50
mg·kg−1·h−1),midazolam (0.2 mg·kg−1·h−1), and pancuronium (0.2 mg·kg−1·h−1) and were
mechanically ventilated with a gradually decreasing oxygen fraction for survival
experiments. They were monitored continuously for 12 hours after CPB. The chest tubes
were removed, and animals were weaned from ventilation and extubated. On postoperative
day 4, all surviving piglets were sedated with intramuscular ketamine (20 mg/kg) and
xylazine (4 mg/kg) and anesthetized with intravenous fentanyl (50 µg/kg). After a midline
sternotomy, heparin (300 IU/kg) was administered, and a cannula was inserted into the
bovine trunk. Three liters of Plasmalyte solution (Baxter, Deerfield, Ill) were infused
through the bovine trunk. Blood was suctioned from the superior vena cava until the
perfusate was clear of blood. Then 3 L of 10% formalin solution was perfused through the
brain in the same manner to accomplish perfusion fixation. The entire head of the piglet was
immersed in 10% formalin for a week, and the brain was harvested and fixed with 10%
formalin solution for histologic assessment.15,16,17,18

Physiologic Parameters and Bypass-Related Variables during Experiments—
Data regarding pH, partial oxygen pressure (PO2), partial carbon dioxide pressure (PCO2)
and mean arterial pressure (MAP) were measured using a blood gas machine (Rapid lab
1246; Bayer, Germany) and pressure monitoring system.
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I. Estimation of BBB Leakage after Cardiopulmonary Bypass
Macro Photography—Photographs of the entire surface of the brain were taken after
removal of the brain from the skull. Evans Blue dye leakage was apparent as a blue area.

Quantification of Evans Blue Dye (EBD) in Brain Tissue and Plasma—Brains
were divided into two hemispheres. The cortex and cerebellum were removed. The brain
tissue was mechanically homogenized using formamide with a ratio of 1g tissue to 2mL
formamide. The solution was warmed to 50°C for 72 hrs. The extract was ultracentrifuged
(TLX; Beckman) at a speed of 60,000 rpm for 45 minutes at a temperature of 4°C to
precipitate any proteins that had an absorbance at 620 nm. Absorbance of the supernatant at
620 nm was measured. The concentration of dye in the extract was calculated from a
standard curve of EBD in formamide. The ratio of EBD absorbance in brain tissue to
EBD absorbance in plasma was calculated as a measure of BBB breakdown.

Microscopic Analysis
Immunohistochemistry for identifying extravasation: Another hemisphere was frozen
using 2-methyl butane with dry ice bath in order to detect extravasation of fluorescence
albumin-binding EBD. Frozen tissues were sectioned on a cryostat at 20µm and sagittal
sections of the following areas were mounted on slides: cortex, caudate nucleus, thalamus,
hippocampus, and cerebellum. EBD was detected using a microscope with appropriate filter
settings (EBD excitation 546 nm, emission 611 nm). For detection of blood vessel
endothelia, slides were incubated with the isolectin, GS-IB4 from Griffonia simplicifolia
conjugated to biotin (1:500; Molecular Probes), over night at 4°C after PBS rinse. Slides
were then washed again in PBS before being incubated with an Alexa Fluor 488-conjugated
streptavidin (1:500; Molecular Probes) for 60 minutes at room temperature. Images were
made using Zeiss software (Axio Vision).

Pixel Intensity of EBD using Image Analysis: Images were made using Zeiss software
(Axio Vision) and analyzed using ImageJ software (NIH). EBD intensity was analyzed in
each slide of 5 random sections for each brain area (cortex, caudate nucleus, thalamus,
hippocampus, and cerebellum).

Albumin Co-localized Study using Immunohistochemistry19: Albumin in brain tissue
was studied by fluorescent albumin immunocytochemistry. Brain sections were washed in
phosphate buffered saline (PBS) and then incubated with FITC-conjugated polyclonal rabbit
anti -albumin (rabbit anti-albumin, 1:500, DakoCytomation, Glostrup, Denmark). After 24
h, the sections were washed in PBS (3 × 5 min). Following three additional washes in PBS,
sections were coverslipped with mounting medium for fluorescence, containing 40,6-
diamidino-2-phenylindole, which labels cell nuclei (Vectashield with DAPI, Vector
Laboratories, Burlingame, CA, USA). Images were acquired using Zeiss software with Axio
Vision system.

II. Histological Assessment for Survival experiments
Twenty-four areas, including the neocortex, hippocampus, dentate gyrus, caudate nucleus,
thalamus, and cerebellum, were examined. Histologic damage was scored by using the
following criteria: 5, cavitated lesions with necrosis; 4, significant damage to neurons; 3,
large clusters of injured neurons; 2, small clusters of damaged neurons; 1, isolated neuronal
damage; and 0, normal. Scores were summed to determine the total HS (range, 0–120). A
single neuropathologist examined all specimens in a blinded fashion.
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Statistical Analysis
Continuous variables are expressed as mean ± standard deviation (SD). Baseline and
intraoperative data were compared for acute and survival experiments using one-way
analysis of variance (ANOVA) with Bonferroni adjustment for post-hoc comparisons and
two-sample Student t-test, respectively. Pixel intensity and albumin data were compared
between experimental groups ANOVA with the Fisher least significant difference
procedure. Since histologic damage scores did not follow a normal distribution, median
scores for each brain region were compared between the 25°C, HCA and 25°C, LF groups
by the nonparametric Mann-Whitney U-test. Statistical analysis was performed by SPSS
16.0 software (SPSS Inc, Chicago, IL). Two-tailed values of p < 0.05 were considered
statistically significant.

Results
Physiologic Parameters and Bypass-Related Variables

Baseline and post operative variables were compared between the five experimental groups
undergoing acute experiments and the two experimental groups undergoing survival
experiments (Table 1). There were no significant group differences detected with respect to
age, weight, pH, arterial PO2, arterial PCO2, hematocrit level, and MAP (all p > 0.20).
Hematocrit levels between baseline and just after the end of CPB for each group were not
significantly different within each group (p > 0.20).

I. ACUTE EXPERINENTS
Macro photography of brain from acute experiments (Figure 1-a, b, c)—Brain
photographs of sagittal views for each group undergoing acute experiments clearly
demonstrated BBB disruption around watershed areas in the 25 °C HCA group. Leakage of
EBD was less obvious under other experimental conditions.

Quantification of Ratio of EBD Absorbance in Brain Tissue of Cortex and
Cerebellum vs Plasma EBD (Figure 2)—As tested by one-way ANOVA, the ratio of
EBD in cortex vs plasma EBD at three hours after the end of bypass was significantly higher
for 25°C, HCA versus 37°C FF (p = 0.03) and 37°C OFF (p = 0.005) and marginally
significantly higher for 15°C HCA versus 37 °C OFF (p = 0.05). No differences were
detected between: 37°C, OFF vs 37°C FF (p = 0.47) and vs. 25°C LF (p = 0.10), or between
37°C FF vs. 25°C LF (p = 0.34) or 15 °C HCA (p = 0.22), or between 25 °C LF vs. 25°C
HCA (p = 0.18) or 15°C HCA (p = 0.77), and no significant difference between 25°C HCA
vs. 15°C HCA (p = 0.28). For cerebellum to plasma ratio, one-way ANOVA indicated a
significantly higher ratio only for 25°C HCA compared to 37 °C OFF (p = 0.003). There
were no other significant differences detected, including 25°C HCA versus 37°C FF (p =
0.08), vs. 25°C LF (p = 0.08), and vs. 15°C HCA (p = 0.15). In addition, no differences were
observed between 37°C FF vs. 25°C LF (p = 0.99) or 15°C HCA (p = 0.76), or between
25°C LF vs. 15°C HCA (p = 0.75), and no significant differences between 37°C compared
to 37 °C FF (p = 0.14) vs. 25°C LF (p = 0.15), and 15°C HCA (p = 0.09).

Extravasation of EBD by Immunohistochemistry—In immunohistochemistry slides
EBD was red, lectin on endothelial cells was green, and nuclei were blue. EBD was
confirmed by immunohistochemistry to be present in extravasation areas. (Figure 3-a,b)

Evaluating Pixel Intensity of EBD using Fluorescence Microscopy (Figure 4)—
Blood brain barrier leakage was assessed for cortex, caudate nucleus, thalamus,
hippocampus and cerebellum using Evans blue dye at three hours after end of
cardiopulmonary bypass. The pixel intensity in the 25°C HCA group was significantly
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greater than 37°C OFF group for every brain area. (*p < 0.01; the nonparametric Mann-
Whitney U-test), The pixel intensity in the 25°C HCA group was significantly higher than in
the 25 °C LF in the cortex and cerebellum. (*p <0.01; the nonparametric Mann-Whitney U-
test) Even simple full-flow bypass at 37°C was associated with greater pixel intensity than
control in the cortex, thalamus and hippocampus (*p<0.03).

Albumin co-localization study using immunohistochemistry (Figure 5-a, b, c,
d)—Evans blue dye bound exclusively with albumin in the blood stream. These images
show that EBD is co-localized with albumin. EBD shows as red, albumin was green with
FITC-conjugated polyclonal rabbit anti -albumin (rabbit anti-albumin, 1:500,
DakoCytomation, Glostrup, Denmark), and nuclei were blue with 4',6-diamidino-2-
phenylindole, which labels cell nuclei (Vectashield with DAPI, Vector Laboratories,
Burlingame, CA, USA). Each picture shows similar conditions for all groups including
control.

II. SURVIVAL EXPERIMENTS
Histological assessments—Histologic damage was found predominantly in the
watershed areas of the cortex, caudate nucleus, and cerebellum. Nonparametric testing
indicated significantly greater damage with significantly higher median histologic scores in
the 25°C, HCA group compared to 25°C, LF with respect to the cortex (p = 0.038), caudate
nucleus (p < 0.001), and cerebellum (p = 0.021), as well as the total score summed across all
five regions (p < 0.001) (Table 2).

Discussion
There are a few systematic research studies evaluating the effects of CPB on BBB. It
remains controversial whether the BBB is disrupted by CPB.4, 5 Furthermore BBB damage
in previous studies did not always involve neuronal damage. In the current study, we have
examined the integrity of the BBB with various CPB techniques in a piglet model.

Evans Blue dye (EBD) is a traditional tracer used to detect changes in BBB permeability.14

Our data show increased permeability throughout watershed areas with a specific CPB
condition. Moreover we found evidence of neuronal damage in the same watershed areas
where there was evidence of severe leakage of EBD. However our histological assessment in
Survival studies showed that disruption of BBB was not always associated with neuronal
damage. However with 25°C LF and 25°C HCA we found both BBB permeability increase
and neuronal histological damage both in acute and survival experiments. We believe these
results suggest a close relationship between vascular permeability impairment and neuronal
injury consistent with the hypothesis that injury to the BBB may be a mechanism of brain
injury in addition to being a sign of injury.

Watershed-distribution strokes are seen more frequently in adult patients who suffer a stroke
postcardiac surgery than in the general stroke population (over 40% versus 2% to 5%,
respectively).20,21 In adults the mechanism underlying postcardiac surgery watershed stroke
probably involves a combination of hypoperfusion and embolization,22 though the role of
hypoperfusion has not been well described. Watershed strokes in the general population are
usually secondary to global hypoperfusion, such as during cardiac arrest, or can be attributed
to stenosis of the carotid artery or other major vessels, leading to local hypoperfusion.23 In
cardiac surgery patients, global systemic hypoperfusion, caused by severe intraoperative
hypotension, is known to be associated with poor outcomes.24,25

We chose a three hour interval after CPB for removing the brains to investigate the increase
of BBB permeability. Previous papers have suggested that promotion of capillary leak due
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to systemic inflammation after CPB is more pronounced following such a period.26,27
Another paper reported that the BBB was disrupted at initiation of CPB.5 However it was
unknown whether CPB for a very short time would be associated with neuronal damage in a
survival model. We selected one hour of HCA because previous work performed in our
laboratory indicated that at least this duration was required to observe neuronal damage.28

We felt it was appropriate that this model should include both an ischemic insult (HCA at
25°C) as well as the inflammatory effects of CPB.

In this study, EBD was injected into the central vein alone. We confirmed that albumin
coexisted with EBD by the co-localization study. Anesthesia alone did not affect the BBB.
Our study has specific limitations. The increase in BBB permeability was confirmed three
hours following CPB at 25°C with one hour HCA. Given the single time point of assessment
it is not possible to pinpoint precisely when disruption of the BBB actually started.

Modifications of our model are needed to better understand the mechanism of disruption of
the BBB, timing of BBB permeability and its associated effects.

In summary, 25°C HCA causes brain damage and BBB dysfunction in infant piglets. BBB
leakage seems to result from severe ischemia in the setting of CPB with HCA in the piglet.
BBB leakage may contribute to the neuronal dysfunction observed after CPB. Anesthesia
was not associated with BBB disruption. However even full-flow bypass can be associated
with BBB disruption. Protection of the BBB may improve neurological outcome after
cardiac surgery. These data will be useful for understanding the relationship between
vascular permeability changes and neuronal damage in brain tissue,
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Figure 1.
Whole brain photographs of sagittal view for 25°C HCA, 15°C HCA and control groups.
BBB disruption around watershed area at 25 °C HCA clearly apparent. The leakages of
Evans Blue Dye (blue area on 25°C HCA) as a disruption tracer of BBB was not observed
under other conditions: 15°C HCA, 25 °C LF, 37 °C FF and control.
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Figure 2.
Ratio of absorbance of Evans blue dye in cortical and cerebellar tissue vs plasma EBD level
three hours after end of bypass. The cortex/plasma ratio was significantly higher for 25°C,
HCA than 37°C FF (p = 0.03) and 37 °C OFF (p = 0.005). Cerebellar tissue/plasma ratio
was significantly higher for 25°C, HCA than 37 °C OFF (p = 0.005).
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Figure 3.
Immunohistochemistry in Brain tissue; Extravasation of Evans Blue dye (red) was observed
in left photograph. The lectin (green) on endothelial cells was stained as a marker of
vascularity. The nucleus (blue) was stained using 4',6'-diamidino-2-phenylindole
hydrochloride (DAPI). Leakage of BBB was not found in right photograph.
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Figure 4.
Blood brain barrier leakage for cortex, caudate nucleus, thalamus, hippocampus and
cerebellum using Evans blue dye at three hours after cardiopulmonary bypass. Pixel
intensity in 25°C, HCA group was significant higher than control for each brain area
(*p<0.05 vs control; one-way ANOVA).
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Figure 5.
Immunohistochemistry of cortex to demonstrate colocalization of EBD and albumin; (a)
Evans Blue dye shows red (b). Albumin is green with FITC-conjugated polyclonal rabbit
anti –albumin. (c) Nuclei are blue using 4',6-diamidino-2-phenylindole. (d)
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Table 4

Histologic Damage Scores by Brain Region for 25°C LF and HCA Bypass Conditions

Brain Region 25°C, LF 25°C, HCA p Value

Cortex 0 (0 – 0) 2 (0 – 10)   0.03*

Caudate Nucleus 0 (0 – 0) 3 (1 – 4) <0.001*

Hippocampus 0 (0 – 0) 0 (0 – 1) 0.44

Thalamus 0 (0 – 0) 0 (0 – 0) 0.99

Cerebellum 1 (0 – 2) 2 (1 – 4)   0.02*

Total Sum 1 (0 – 2) 9 (4 – 19) <0.001*

Data are median scores with ranges shown in parentheses; n = 8 animals per group.

*
Statistically significant. p values are based on the Mann-Whitney U-test since histologic scores do not follow a normal distribution. LF = low

flow; HCA = hypothermic circulatory arrest.
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