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ABSTRACT

Objective: Brain death (BD) triggers important hemodynamic and inflammatory
alterations, compromising the viability of organs suitable for transplantation. To better
understand the microcirculatory alterations in donor lungs caused by BD. The present
study investigated the pulmonary microcirculation in a rodent model of BD via intravital
microscopy. Methods: Male Wistar rats were anaesthetized and mechanically ventilated.
They were trepanned and BD was induced through the increase in intracranial pressure.
As control group, sham-operated (SH) rats were trepanned only. In both groups, expiratory
0, and CO, were monitored and after three hours, a thoracotomy was performed, and
a window was created to observe the lung surface using an epi-fluorescence intravital
microscopy. Lung expression of intercellular adhesion molecule (ICAM)-1 and endothelial
nitric oxide synthase (eNOS) was evaluated by immunohistochemistry, and cytokines
were measured in lung samples. Results: Three hours after the surgical procedures,
pulmonary perfusion was 73% in the SH group. On the other hand, BD animals showed
an important decrease in organ perfusion to 28% (p = 0.036). Lung microcirculatory
compromise after BD induction was associated with an augmentation of the number
of leukocytes recruited to lung tissue, and with a reduction in eNOS expression and an
increase in ICAM-1 expression on lung endothelial cells. BD rats showed higher values
of expiratory O, and lower values of CO, in comparison with SH animals after three
hours of monitoring. Conclusion: Data presented showed that BD triggers an important
hypoperfusion and inflammation in the lungs, compromising the donor pulmonary
microcirculation.
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To better understand the microcirculatory alterations in the
BD donor lungs, the present study aimed to investigate

Lung transplantation continues to be restricted by
limited long-term survival and high incidence of lung
donor impairment. Several studies have shown that
microvascular damage seems to be an important cause of
early and long-term lung graft failure,*? like other solid
organs,®% thus stressing the importance of preserving
a functional microvasculature as a therapeutic strategy
for preventing chronic fibrotic remodeling.

Besides alloimmune inflammation and ischemia-reperfusion
injury, which are considered as the causes of microvascular
injury in the solid organs used for transplantation,®-%
pathophysiological changes triggered by brain death (BD)
also can adversely affect the microcirculatory system.
In a previous study,® observation of rat mesenteric
microcirculation in situ and in vivo by intravital microscopy
showed that BD triggers a persistent mesenteric
hypoperfusion, local inflammation, and organ dysfunction.

pulmonary microcirculation in a rodent model of BD via
intravital microscopy.

METHODS

Experimental groups and surgical procedures

We used male Wistar rats (300+30 g) divided in
two groups: BD group (n=10), rats in which BD was
induced; sham-operated group (n=10), animals
subjected to the same surgical process without BD
induction. Each group included five rats for intravital
microscopy analysis and other five per group were
used for lung tissue analysis to avoid any bias related
to the invasive lung study. All rats received humane
care in compliance with the ethical principles adopted
by the Brazilian College of Animal Experimentation.
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The protocol was approved by the Faculdade de
Medicina of the Universidade de Sao Paulo Ethics
Committee for Research Projects Analysis.

The anesthesia was induced in a chamber with 5%
of isoflurane, followed by intubation and mechanical
ventilation (Harvard Apparatus, USA) with tidal volume
of 10 mL/kg, frequency of 70 breaths/min and FiO, of
100%. The ventilator was connected to a gas analyzer
(AD Instruments, Australia) and the percentage of
exhaled O, and CO, was measured in all animals
during the experiment.

Brain death model

Surgical procedures to BD induction were performed as
previously described.®) BD was induced by a Fogarty-4F
catheter placed into intracranial cavity and suddenly
inflated with 0.5 mL of saline solution; then, anesthesia
was immediately interrupted. The sudden increase in
intracranial pressure was confirmed by hypertensive
episode, maximal pupil dilatation and absence of
reflex, according to a previously described protocol.®
Sham-operated rats, submitted to trepanation only,
were used as control group.

Before trepanation, the left carotid artery was
cannulated, and a catheter was placed into the
vessel for continuous monitoring of mean arterial
blood pressure in rats of both groups and draw blood
samples. As previously observed in other experimental
models, this procedure does not lead to important
cerebral hemispheric ischemia.(® The jugular vein
was cannulated for continuous infusion of 0.9% saline
solution (2 mL/h) to minimize dehydration.

Intravital microscopy study

Three hours after BD induction, a right thoracotomy
was performed in five animals per group, creating a
window for in vivo microscopic examination of the
lung tissue. Pulmonary microcirculation was evaluated
using an epifluorescence intravital microscopy system
(Carl Zeiss, Germany). To evaluate lung perfusion,
fluorescein isothiocyanate (FITC) conjugated to albumin
was administered to the rats by a catheter placed into
the jugular vein. The number of microvessels with a
diameter of less than 30 ym with or without blood
flow were determined in an area of 0.2 mm?, which
were calculated using the AxioVision LE software.
After intravenous injection with rhodamine 6G, the
number of adhered or migrated leukocytes was
determined in the same area of the lung tissue. For
better resolution, the ventilation was performed with
positive end-expiratory pressure (PEEP) of 5 cm H,0
during the intravital microscopy analyses. During video
recording the animals were maintained in apnea at
the end of the maximal inspiration. All images were
recorded using 20 x objective lens.

Immunohistochemistry analyses

After the euthanasia, the lungs of the other five
animals per group were removed, insufflated with OCT
solution (Tissue Teck, USA), immersed in hexane and
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frozen with liquid nitrogen. The expression levels of
intercellular adhesion molecule (ICAM)-1 and endothelial
nitric oxide synthase (eNOS) on the endothelium
of pulmonary microvessels were determined by
immunohistochemistry. Cryosections of lungs (8 pm)
were fixed in cold acetone for 10 min. The slides were
washed with TRIS buffer-saline tween-20 (TBS-T) solution
and the nonspecific binding sites were blocked using
TBS-T containing 1% bovine serum albumin (BSA),
and the endogenous peroxidase was blocked using 2%
H,0, solution. The sections were incubated for 1 hour
at 37 °C with an anti-rat ICAM-1 antibody (Santa Cruz,
USA) or with an anti-eNOS antibody (Abcam, USA).
After incubation, the slide glasses were washed with
TBS-T and incubated with horseradish peroxidase (HRP)
secondary antibodies (Millipore, USA). Horseradish
peroxidase substrate (3-amino-9-ethylcarbazole;
Vector Laboratories, USA) was used for staining, and
3-amino-9-ethylcarbazole-stained objects in vessels
walls were identified after threshold determination.
The staining area fractions were quantified using
an image analyzer (NIS-elements; Nikon, Japan).
The background reaction was determined in lung
sections incubated in the absence of primary antibody
(negative control)

Tissue concentrations of cytokines

The lung tissue levels of tumor necrosis factor
(TNF)-a, interleukin (IL)-1B, IL-6, and IL-10 were
quantified by enzyme-linked immunosorbent assay
(ELISA; R&D Systems, USAR&D Systems Inc).
A fragment of the frozen harvested lungs was
sectioned, immersed in saline solution and milled in a
tissue mixer (Miltenyi Biotec, USA). The supernatant
was analyzed by ELISA as recommended by the
manufacturer. The results were expressed as ng/g
or pg/gtissue.

Statistical analyses

The sample size was based on similar studies previously
performed by our group.®” All data are presented as
mean*SEM (standard error of the mean). The results
between groups were compared by a non-parametric
Mann-Whitney test using Graph Pad Prism software
version 6.1. A p value less than 0.05 was considered
significant.

RESULTS

There were no deaths and the overall volume of
fluid administered during the experiments was similar
between the groups. As expected, BD induced a
hypertensive episode sudden after the increase in
intracranial pressure followed by hypotension, whereas
in SH rats the mean arterial blood pressure did not
change over time. The hypertensive episode is a
peculiar feature in BD and confirms that the model
is well established.

Microvascular pulmonary perfusion was evaluated
after 3 hours of surgical procedures by epifluorescence
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Figure 1. Percentage of perfused small vessels in pulmonary
microcirculation. In vivo photomicrographs obtained by
intravital microscopy in sham-operated (A) and in brain-dead
(B) rats. Data are presented as meanzstandard error
mean; 5 rats per group.
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Figure 2. Number of migrated and adhered leukocytes in
lung tissue. In vivo fluorescent photomicrographs obtained
by intravital microscopy in sham-operated (A) and in
brain-dead (B) rats. Data are presented as mean % standard
error mean; 5 rats per group.
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microscopy. As illustrated in Figure 1, BD rats showed
a significant decrease in the percentage of perfused
microvessels compared with SH rats in an area of
0.2 pm?, The pulmonary hypoperfusion was associated
with increased leukocyte recruitment to the lung tissue
as illustrated in Figure 2. We observed a higher number
of recruited leukocytes to the lungs in BD rats when
compared with SH group.

The endothelial cells of pulmonary microvessels in
BD rats showed augmentation in the expression of
ICAM-1 in comparison with SH group. In contrast,
BD presented lower levels of eNOS expression on the
endothelium (Figure 3A and B). Table 1 shows the
values of tissue cytokines levels in the pulmonary
tissue of both groups. We observed no differences
in pulmonary IL-1B, IL-6 and IL-10 concentrations
between groups, but TNF-a concentration increased
significantly in BD group in comparison with SH
animals.

Before BD induction, partial pressure of arterial
oxygen and carbon dioxide were similar in both groups.
At the end of the experiment, Pa0, in the BD group
(204.5 £ 35.07 mmHg) was lower than in SH group
(303.4 = 26.47 mmHg, p=0.039). There were no
significant differences in PaCO, values between the
groups (SH, 31.66 + 3.81; BD, 37.68 £ 2.64 mmHg,
p=0.235). The expiratory gases were measured
throughout the experiment in animals of both groups.
After three hours of monitoring, BD rats showed higher
values of expiratory O, and lower values of CO, in
comparison with SH animals at the same time point
(Figure 4A and B).
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Figure 3. (A) Expression of intercellular adhesion molecule (ICAM)-1 in lug vessels; (B) Intraluminal expression of
endothelial nitric oxide synthase (eNOS) in lung tissue. Data are presented as mean % standard error mean; 5 rats

per group.

Table 1. Levels of cytokines in the lung tissue.

Sham
TNF-a 1.63 £ 0.35
Interleukin 18 67.4 +20.4
Interleukin 6 74.4 + 151
Interleukin 10 36.8 + 16.6

Brain Death P value
18.22 + 7.24 0.008
74.6 + 31.3 0.854
92.5+25.4 0.772
28 +25.1 0.672

Data (pg/g tissue) are presented as mean + standard error mean; 5 rats per group.
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Figure 4. Analyses of (A) Expired O, and (B) expired CO, in sham-operated and brain-dead rats along 3 hours of
monitoring. Data are presented as mean * standard error mean of the percentage of expiratory volume; 10 rats per group.

DISCUSSION

The elucidation of the pathophysiological events
triggered by BD may lead to a better treatment of
organ donors and, consequently, a better outcome
after transplantation. Several studies have been
performed to clarify these events, either in clinical or
experimental models. Notwithstanding, the observation
of pulmonary microcirculation in vivo and in situ was
not performed in brain dead lung donor before this
study and, herein, we demonstrated that BD was
responsible for a pulmonary hypoperfusion with an
increase in the leukocyte recruitment to the lungs.
These microcirculatory changes were associated with
endothelial alterations such as augmentation in the
expression of ICAM-1 and decrease in eNOS expression.
Finally, these observations were correlated with alterations
on the percentage of exhaled O, and CO,, indicating
that BD was responsible for an impairment on donor
lung function, despite the absence of blood gases
compromise due to the short period of observation.

Regarding lung intravital microscopic data, Ivanov
and co-workers describe that the alveolus is a spherical
body surrounded by a microvascular network.” On the
other hand, Sack et al.®” showed that pulmonary
microcirculation exhibits a significant number of
no-reflow areas with extremely reduced red blood cell
velocities after lung transplantation in pigs, situation
that was probably triggered by the ischemia-reperfusion
injury. The analogous observation regarding the lung
microcirculation documented in the current study after
BD induction indicates another cause to this phenomenon
and reinforces the relevance of microvascular injury
since the donor management.

The correlation between BD and microcirculation
compromise was previously verified in abdominal
organs. It was shown that BD leads to a decreased
organ perfusion in mesenteric, pancreatic and hepatic
microcirculation and that these changes were associated
with increased local inflammation.>#1% The described
events started early after BD induction and may be
clearly observed three hours after brain damage.®®
Similarly, the increase of leukocyte recruitment to
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the lungs was also observed in the current study
after BD induction, as a cascade of events that
includes margination, rolling, adhesion, crawling and
transmigration to perivascular tissue.V

The microvasculature has an important role in the
long-term health of transplanted organs, and the
mechanisms of microvascular damage after transplantation
are mainly related to the endothelial cells injury by
oxidative stress and immune response associated
factors.(*-*12) Oxidative stress is normally perceived in
solid organ transplants and has been attributable to
several factors including ischemia-reperfusion injury,
post-transplant graft dysfunction, immunosuppressive
drugs, as well as primary illness of the transplanted
organ that has BD as its most important cause.

During oxidative stress augmentation, alloantibodies may
induce endothelium cells death by complement-dependent
mechanisms, which stimulate endothelium cells expression
of adhesion molecules. Endothelial cells apoptosis
via suppression of eNOS can be also observed.(?)
The current documentation that these mechanisms
are also directly involved in the lung microvascular
compromise induced by BD, clearly demonstrated
that microvascular damage initiates before the
transplantation process, adding a worse substrate for
the subsequent changes due to ischemia-reperfusion
injury and immunological alterations.

The inflammation observed in BD rats was also
characterized by an increase in ICAM-1 expression
on lungs, demonstrating the interaction between
leukocytes and endothelial cells.**) In a previous study,
the augmentation in the expression of the adhesion
molecules was associated with an important reduction in
the serum corticosterone levels.® It is well known that
BD interrupts the hormonal axis leading to a reduction
in the release of hormones, including glucocorticoids,
such as corticosterone, which act controlling the
inflammation and avoiding the overexpression of
adhesion molecules on the endothelial cells.®

Other studies demonstrated that BD leads to an
augmentation in the serum level of cytokines, adhesion
molecules expression, and leukocyte recruitment to



perivascular tissue,(*%1317) suggesting a connection
among these features. This study showed that rats
with BD exhibited increased serum levels of TNF-a in
comparison to SH animals in the lung tissue, despite the
absence of differences between the other investigated
cytokines. This observation was similarly observed in
a previous study with the same protocol, suggesting
that some of the observed inflammatory events are
triggered by BD-associated trauma.®®

From these findings, we can conclude that BD triggers
an important hypoperfusion in the lungs, compromising
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the pulmonary microcirculation and function, once
leukocyte recruitment associated with endothelial
activation is observed. During the different phases of the
lung transplantation process, including the management
of BD organ donors, extensive microvascular injury
with insufficient repair leads to pathogenic angiogenesis
and subsequent fibrosis. Therefore, the preservation
of a healthy microvasculature by inhibiting pathways
that lead to microvascular injury is a fundamental
strategy to improve both lung donor availability and
graft survival extension.
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