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ABSTRACT OF THE THESIS

Pulmonary Hypertension in Rats is Associated with Vascular

Remodeling and Neuroinflammation in the Brain
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Professor Arthur P. Arnold, Chair

Pulmonary arterial hypertension (PAH) is a chronic pulmonary vascular disease characterized by
increased pulmonary vascular resistance. Recent studies implicate sympathetic overactivation in
PAH and demonstrate that PAH patient suffer from cognitive impairments, depression, anxiety,
and decreased quality of life which indicate severe neuropathology. Neuropathology of PAH
remains understudied yet may produce additional insights into the pathogenesis of this
devastating disease. Thus, we compared a clinically relevant rat model of experimental pulmonary
hypertension (PH) with available post-mortem human data using histological methods to study
changes associated with PAH in the brain. We found in rats and humans that PAH is associated
with vascular wall thickening of brain parenchymal arterioles and gliosis with non-ischemic
pathology. Furthermore, we found evidence for neuroinflammation surrounding brain

parenchymal arterioles in experimental PH rats.
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Introduction

Pulmonary arterial hypertension (PAH) is a chronic pulmonary vascular disease
characterized by increased pulmonary vascular resistance (1) . The pathogenesis of PAH is not
fully understood although it is a complex multifactorial disease. The central nervous system (CNS)
is the master regulator for the cardiopulmonary system involved in the regulation of the autonomic
nervous system (ANS) and renin-angiotensin-aldosterone system (RAAS) already demonstrated
to be involved in PAH pathogenesis. Furthermore, recent studies also implicate sympathetic
overactivation in PAH (2,3) and demonstrated that PAH patient suffer from cognitive impairments,
depression, anxiety, and decreased quality of life (4) which indicate severe neuropathology.
Neuropathology of PAH remains understudied yet may produce additional insights into this the
pathogenesis of this devastating disease.

Until recently the CNS was considered to be immunologically inert and anatomically
isolated from the peripheral immune system, though this is no longer the consensus in this field
of study and immune-privilege varies at the very least with age and brain location (5,6). The effects
of peripheral inflammation on the CNS have been discussed in literature like those linking
peripheral infections to depression (7) and systemic inflammation to neurodegeneration (8). In
the lungs, literature has touched on possible mechanisms in lung inflammatory diseases which
may adversely affect autonomic or hormonal regulation (9) and have explored PAH treatments
used in research which may affect the ANS (10). In monocrotaline (MCT) induced PH rats,
upregulated inflammatory, sympathetic, and RAAS pathogenic factors are implicated in the
development of the disease (11) in part by inducing neuroinflammation in the paraventricular
nucleus (PVN), increasing sympathetic drive; and attenuation of PH pathology with
intracerebroventricular infusion minocycline (12). However, it is still unclear whether PAH exhibits
the neuropathology required to induce both sympathetic and cognitive changes which have been

observed mostly in other contexts.



Neuroinflammation, or inflammation in the brain, is generally considered to be a chronic
condition which can be a result of disease or contribute to disease progression. Glial cells, namely
microglia and astrocytes, are important players for regulating neuroinflammatory processes and
express an assortment of cytokines and chemokines in response to mild to severe insults to the
nervous system. Glial expression of chemokine Macrophage Inflammatory Protein-1 (or MIP-1q,
also known as CCL3) is a well-studied neuroinflammatory marker involved with remyelinating
processes in the CNS, is associated with cognitive deficits when overexpressed, and is expressed
in severe neurological diseases like demyelinating multiple sclerosis (MS) (13) as well as in
relatively less inflammatory diseases like atherosclerosis (14). One study study on atherosclerotic
mice showed mice exhibited thicker brain arterioles, increased perivascular CCL3 expression,
and associated cognitive deficits (14). Astrocytes form glial scars and express GFAP in response
to trauma, infection, ischemia, hypoxia, blood-brain barrier damage, inflammation, and oxidative
stress, which in turn affect axon regeneration and neurological recovery (15,16). The reactive
nature of glial cells which facilitate neuroinflammation allows some inferences to be made of
central regulatory mechanisms in response to PAH.

Here we investigated whether brain vascular remodeling is part of the histopathological
presentation of PAH by vascular wall thickening in brain parenchymal arterioles and
neuroinflammation of parenchymal cells in close proximity to brain arterioles, which could
participate in RAAS or ANS dysregulation seen in PAH. Thus, comparing a clinically relevant rat
model of angio-proliferative PH and available post-mortem human data to study changes

associated with PH in the brain.



Methods

Animal Model of Severe PH

PH was induced in male Sprague Dawley rats (200-2509g) by a single intraperitoneal injection of
vascular endothelial growth factor receptor (VEGF-R) inhibitor, Sugen5416 (SU/HY, 20mg/kg),
followed by 3 weeks of hypoxia (10% O2) and then 2 weeks of normoxia (n=5) exposure. Saline

treated normoxic rats served as controls (n=5).

Cardiopulmonary Hemodynamics to Assess Disease Progression

Serial transthoracic echocardiography was performed to monitor disease progression.
VisualSonics Vevo 2100 echocardiogram device with a 30-MHz linear transducer was used to
perform the B-mode and pulmonary pulsed-wave Doppler echocardiography of PA flow. The
probe was placed in a parasternal long-axis position to visualize the PA outflow tract. Pulsed flow
Doppler imaging was then overlaid to observe the dynamics of blood flow through the PA valve
(Vevo 2100 version: 1.5.0). Direct cardiac catheterization was performed terminally to assess
cardiopulmonary hemodynamics. Right ventricular systolic pressures (RVSP, mmHg) were
measured terminally by direct RV catheterization to assess PH by inserting a catheter into the RV
immediately prior to sacrifice. Briefly, the rats were anesthetized with a mixture of Ketamine (80
mg/kg) and Xylazine (8 mg/kg) administered via intraperitoneal injection. The animals were placed
on a controlled warming pad to keep the body temperature constant at 37°C. After a tracheostomy
was performed, a cannula was inserted, and the animals were mechanically ventilated using a
rodent ventilator (Harvard Apparatus, Canada). Rats were placed under a stereomicroscope
(Zeiss, Hamburg, Germany), and a pressure-conductance catheter (model 1.4F Millar SPR-671)
was introduced via the apex into the RV and positioned towards the pulmonary valve. The catheter

was connected to a pressure transducer (Power Lab, ADInstruments) and RV pressures were



recorded digitally. After recording the RVSP, heart and lungs were removed rapidly under deep

anesthesia for preservation of protein integrity.

Gross Histological Evaluation of the Heart

The RV wall, the left ventricular (LV) wall, and the interventricular septum (IVS) were dissected,
and the ratio of the RV to LV plus septum weight [RV/(LV + IVS)] was calculated as an index of
RV hypertrophy. Students T-test was used to test for statistical significance. Values were

expressed as meantSEM.

Histopathologic Analysis and Imaging of Lungs with Trichrome

Lungs were first weighed, perfused, then fixed for further histological investigation. Briefly, whole
lungs were isolated and inflated manually using a syringe by perfusing 4% paraformaldehyde in
0.1 M Na;HPO,4 and 23 mM NaH;PO4 (pH 7.4) through the trachea. Isolated perfused lungs were
fixed in 4% paraformaldehyde at 4°C overnight. Following fixation, the tissue was immersed in
20% sucrose at 4°C overnight and embedded using optimum cutting temperature compound for
cryostat sectioning. Five uym thick lung tissue sections were obtained with a cryostat at -20°C
(Microm HM525, Thermo Scientific). Standard Masson Trichrome (Sigma) staining was
performed according to the manufacturer's protocol, and images were acquired using a confocal

microscope with bright field (Nikon).

H&E Staining and Assessment of Brain Arterioles

Coronal sections were obtained from anterior and posterior brain regions (bregma 1.8mm to .8mm
and bregma -1mm to -5mm) to assess vascular pathology of brain parenchymal arterioles in
rodents. Sections were hematoxylinfeosin (H&E) staining was performed according to

manufacturer’s protocol. Images used for quantification were acquired at 40x magnification using

4



a confocal microscope with bright field (Nikon). Arteriole wall thickness was measured as lumen
size over total vessel size for all identified arterioles (<50 um) within cortical and non-cortical
regions of each coronal section; totaling 83 arterioles for the control group (n=3) and 81 arterioles
for the PAH group (n=5). Values were expressed as meanzSEM. To compare more than 2 groups,
we used one-way ANOVA followed by a Dunnett's multiple comparison test to compare individual
means with a control mean or a Sidak multiple comparisons test to compare a set of means.
Furthermore, the normality was verified using the Shapiro-Wilk test and the Brown-Forsythe
(Modified Levene test) test was used to verify homogeneity of variances. For some variables,
when these assumptions were not fulfilled, values were log transformed to stabilize variances and
statistical analyses were performed on these log transformations. Correlation analyses were
made by Pearson correlations. A significance level inferior to 5% (p<0.05) was considered
statistically significant. All analyses were made with Graph Pad Prim v.6 software. Total blood
parenchymal arterioles in anterior and posterior regions were counted and tested for significance
using students t-test. Values were expressed as meanSEM of vascular wall thickness
determined by wall to lumen ratio. Additionally, anterior and posterior brain sections were
assessed for vascular density. Brain parenchymal arterioles were counted from anterior and
posterior sections and combined for each group. Values represent meantSEM number of total

arterioles.

Immunohistochemistry Staining and Assessment of Gliosis

To stain reactive astrocytes expression GFAP for quantification, Horseradish peroxidase (HRP)
staining was carried out on rodent coronal sections (10 um) within a similar area (bregma -1mm
to -5mm). Primary antibody Glial fibrillary acidic protein (GFAP) was first used, followed by
secondary antibody HRP anti-GFAP, then 3,3-Diaminobenzidine (DAB) peroxidase staining

protocol was followed using kit manufacturers protocol. Sections were then dipped in hematoxylin

5



for 30 seconds to visualize tissue not expressing GFAP. Images were obtained by UCLA’s
Department of Neuropathology using Scanscope. Images were evaluated with Aperio
Imagescope (v12.3.2.8013) separately and in accordance with clinical protocols. Positive Pixel
Count Algorithm v9 was first tested by adjusting hues and color detection for GFAP-HRP positive
pixels (Brown) and non-GFAP pixels (Blue) and was accurate without change which was
consistent with methods used by neuropathology. The area selected for pixel count was carried
out manually and contained the whole coronal section on each slide for control and PAH rats,
omitting naturally occurring gaps formed by lateral ventricles and irregularities formed during
tissue collection or during the staining process. Areas evaluated averaged to 44mm? for both
control group (n=5) and PAH group (n=5). Reported values represent number of GFAP positive
pixels over number of total pixels (Positivity = NPositive/NTotal), where NPositive is total positive

pixels, and NTotal is the total negative pixels and positive pixels.

Immunofluorescence Staining and Assessment of Neuroinflammation

Coronal sections (10 ym) containing the anterior hypothalamus were used to assess neuro-
inflammation using immunofluorescence staining in control (n=5) and PAH (n=5) rats. Sections
were washed with PBS+0.1% Triton three times and incubated with 5% normal donkey serum in
PBS+0.1% Triton for 30 minutes to reduce un-specific binding of primary anti-bodies and
background. Following blocking, the sections were incubated with primary antibodies against a-
smooth muscle actin (a-SMA 1:500) and CCL3/MIP1- a (1:25) in PBS+0.1% Triton+1% normal
donkey serum for one hour at 37°C. Sections were then washed with PBS+0.1% Triton three
times, incubated with the appropriate secondary antibodies (1:1000) in PBS+0.1% Triton+1%
normal donkey serum at room temperature for one hour. After washing the secondary antibodies
with PBS+0.1% Triton three times, the sections were incubated with DAPI and then mounted for

imaging using Prolong gold (Molecular Probes). Fluorescent images were acquired with a
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confocal microscope (Nikon) at 40x magnification and used for quantification. a-SMA
fluorescence was used to localize brain arterioles, DAPI for nuclei, and MIP-1a/CCL3 to indicate
inflammatory positive cells. Total cells (determined by DAPI alone) and MIP-1a/CCL3 positive
cells (determined by MIP-1a/CCL3 and DAPI co-staining) were counted within a 150 ym radius
circle area around each arteriole. Only nonvascular cells were considered. Data is presented as

the mean percentage of MIP-1a/CCL3 positive cells per group £ SEM.

Assessment of Post-Mortem Human Brain Tissue
H&E stained slides from five post-mortem patients with PH were qualitatively evaluated by a
neuropathologist and compared to PH rats. Slides were evaluated for possible glial, vascular, and

ischemic changes.



Results

Development of Severe Angioproliferative PH in Rats

Rats treated with a single injection of VEGF-R antagonist SU5416 (Sugen) followed by 3 weeks
of hypoxia and 2 weeks of normoxia treatment (Figure 1) developed severe pulmonary
hypertension with significantly higher RVSPs in SU/HY group compared to control [81.2 +
14.2mmHg vs. 30.3 £ 2.7mmHg; p=0.015], confirming the development of severe PH (Figure 2A).
SU/HY rats also developed severe RV hypertrophy as evidenced by significantly increased RV
hypertrophy index (Fulton index) [0.62 + 0.09 vs. 0.28 + 0.09; p=0.004] (Figure 2B). SU/HY rats
demonstrated significantly higher lung weights compared to controls, most likely from increased
remodeling in their lungs [2.1 + 0.14 vs. 1.59 + 0.07 g; p=0.013] (Figure 2C). Severe PH in SU/HY
rats was also associated with RV hypertrophy and dilatation as seen with B-mode
echocardiography and echocardiographic evidence of PH on PA pulsed-wave Doppler showing
mid-systolic notching (Figure 2D). SU/HY rat lungs also demonstrated severe pulmonary vascular

remodeling compared to controls (Figure 2E).

PH is Associated with Vascular Wall Thickening in Brain Arterioles

ANOVA revealed brain parenchymal arteriole wall thickness was significantly different with
between PH rats and control with no interaction between all compared regions (Figure 3),
indicating PH rats had on average thicker arterioles throughout the cerebrum. Compared to
control rats, PH rats exhibited significantly less brain parenchymal arterioles in the anterior region
[15.7 £ 3.2 vs. 8.4 + 0.7 arterioles; p=0.027], but not the posterior region [12.0 £ 2.5vs. 7.8 + 1.2
arterioles; p=0.130]. When all arterioles in both regions were considered, PH group exhibited
significantly less arterioles than control [27.7 + 4.2 vs. 16.2 =+ 1.8; p=0.025]. Of the five PAH

patients examined, only 2 exhibited non-vascular pathology.



PH is Associated with Neuroinflammation

To assess for neuro-inflammation and microglia activation in the brain, immunofluorescence
staining of brain sections was performed with MIP-1a (CCL3), smooth muscle actin (blood
vessels) and DAPI (nuclei) on rodent sections. Brain arterioles of PH rats were associated with a
significantly greater percentage of MIP-1a (CCL3) positive non-vascular cells compared to control

[30.9% + 4.7 vs. 15.2% + 4.4; p=0.0006] (Figure 4).

PH is not Associated with Severe Gliosis

GFAP expression was measured using clinically relevant methods to determine degree of gliosis
in rodent brain sections. Positive Pixel Count of GFAP antibody staining revealed no statistical
difference between control and rats with PH [0.056 £+ 0.018 vs 0.076 £ 0.008; p=0.36] (Figure 5).
GFAP stained sections for rodents were compared to available H&E stained sections for humans.
Mild gliosis and white matter damage with no definite ischemic neural pathology were seen in PH

rats as well as in post-mortem PH patient brain sections.



Discussion

The present study demonstrates for the first time that severe PH in rats is associated
with structural changes to brain parenchymal arterioles and increased pro-inflammatory
expression of CCL3 in brain parenchymal cells surrounding arterioles.

Rats treated with SU/HY exhibited severe PH pathology (Figure 2), significantly thicker
brain arterioles in all evaluated regions (Figure 3B), and overall less arterioles in total (Figure
3C). Furthermore, we found similar histological changes in human brain vasculature, noting that
microvascular hyalinization and vascular wall thickening were consistent between rat and
human samples with PAH.

Our data demonstrating increased vascular thickness in humans and the animal model
of PH are in agreement with the decreased cerebrovascular perfusion seen in PAH (17).
Reduced cerebrovascular perfusion may be a result of structural vascular changes in brain
parenchymal arterioles shown in our study in addition to enhanced chemoreflex sensitivity and
CO2 accumulation in the cerebrospinal fluid shown in Malenfant et al’s study on PAH patients.
Interestingly, we found that anterior, but not posterior regions had significantly less brain
arterioles in rats with PH (data not shown). In PAH patients, impaired executive function such as
decision making, mental processing speeds, and social functioning (4) can be the result of
decreased frontal brain perfusion as shown in patients with asymptotic carotid stenosis (18).
Nonetheless, anatomical limitations are presented to differentiate between regions supplied by
the internal carotid and vertebral arteries which would respectively supply the ventral-anterior
and dorsal-posterior cerebrum with some overlap (19,20).

The purpose of evaluating gliosis in our study was meant to determine if inflammation
was prevalent throughout the brain which could indicate chronic hypoxia or severe inflammation
in the CNS. Indeed, astrocytes form glial scars express GFAP in response to trauma, infection,

ischemia or hypoxia, blood-brain barrier damage, inflammation, and oxidative stress; which in
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turn affect axon regeneration and neurological recovery (15,16). It is likely that generalized
gliosis in both human and rats has a small or negligible effect since pathological assessment
revealed mild gliosis, and because gliosis was not discernable in PH rats after analysis (Figure
5). This suggests that brain parenchyma is likely not experiencing chronic hypoxia induced
secondarily by the SU/HY treatment which is comparable to patients evaluated in our study who
also lacked ischemic changes. GFAP expression may be largely localized to nuclei more
directly regulating ANS control downstream of the cerebrum under acute conditions, such as
been shown in spontaneously hypertensive rats expressing astroglial GFAP in the rostral
ventrolateral medulla of the brainstem preceding increased sympathetic output from the CNS
(21,22).

The chemokine family of small proteins are generally involved with inducing immune cell
migration into the CNS in addition to facilitating neural development, survival, and synaptic
transmission (23,24). CCL3 is more highly expressed in several neuroinflammatory diseases
including MS and its mouse model experimental autoimmune encephalomyelitis (EAE) (25,26),
closed head injury (27), ischemia (28), Wallerian degeneration (29), Alzheimer’s disease (30)
and HIV infection (31). In this study, we found CNS derived CCL3 expression was markedly
higher in PH rats as evidenced by an increase in number of CNS cells surrounding brain
parenchymal arterioles expressing CCL3 (Figure 4). The endothelial component of the BBB as
well as the surrounding brain cells including microglia, astrocytes, and infiltrating immune cells
are major sources of inflammatory chemokines like CCL3 during neuroinflammation (26,32,33).
The pathological consequence of CNS derived CCL3 expression largely depends on the cell
type expressing it which was not explored in this study, however, have been studied in other
contexts. TNF-a introduced to the BBB may induce CCL3 expression by vascular endothelium
and surrounding glial cells (23). Our results showing increased CCL3 could be a result of

microglial activation and TNF-a activity, which has been recently evidenced in MCT induced PH
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rats which showed microglial activation with increased IL-1j3, IL-6, and TNF-a mRNA transcripts
in the PVN (12). Furthermore, glial and endothelial derived CCL3 alone is not sufficient to drive
immune cell migration through the BBB under inflammatory conditions induced by TNF-a and
IFN-y in-vitro, however, may increase cell adhesion rather than transmigration of immune cells
near the BBB (23,34). This could explain the lack of more severe structural changes in
neuropathology in experimental PH and patients with PAH in our study.

Neurovascular changes, neuroinflammation, and cognitive deficits have been
characterized in rodent models of diseases considered less severe than PH like atherosclerosis
(14). Previously, another study led by Buga et al. carried out the similar experiments on
atherosclerotic mice and found increased brain arteriole wall thickening, perivascular brain
parenchymal expression of CCL3, and cognitive deficits. While the present study did not carry
out behavioral testing on PH rats, we demonstrate that PH rats exhibited significantly more cells
composing perivascular CNS tissue that were expressing CCL3 and increased vascular wall
thickening of brain parenchymal arterioles. Similar results presented between these studies
provide the first histological evidence for brain changes in PAH which may bring about similar
disparities in PAH patients who suffer cognitive impairments, depression, anxiety, and
decreased quality of life (4).

It is possible that peripherally derived inflammatory compounds implicated in PAH may
affect lung pathology by regulating sympathetic outflow from the CNS. TNF-a, for example, is
considered a key inflammatory cytokine in PAH progression (35). Blood TNF-a and IL-6 are
elevated in patients and animal models of PH (36—38); and are shown to increase in the PVN of
MCT induced PH rats (12). Peripherally administered TNF-a acts on the Subfornical Organ CVO
to increase heart rate and blood pressure (39) and induces chemokine expression, like CCL3, in
the brain from glia and BBB endothelium to facilitate immune cell trafficking into the CNS (23).

IFN-y elicits a similar response (23) and is also heavily implicated in human PAH (40). Thus,

12



circulating levels of inflammatory mediators that are enhanced with the progression of PAH may
eventually prove to contribute significantly to the overactive sympathetic response observed in
PAH patients (2) by their effects on central regulatory systems like CVOs (39), and possibly by
their effects on neuroinflammation, a condition which is generally involved with sympathetic
overactivity (41).

Peripherally derived vasoactive compounds like Angiotensin-Il may also interact with the
CNS in addition to contributing to lung pathology in PAH. Circulating Ang-Il is responsible for
increasing sympathetic outflow via activation of AT1R expressed throughout the brain and
particularly in CVOs, and studies have shown that activation of AT1R triggers the release of pro-
inflammatory cytokines that participate in neuroinflammation (42,43) in conjunction with heart
failure in rats (44) . The beneficial effects of reducing Ang-Il activity shown in experimental PH
(45) may be in part due to attenuating neuropathology as described in addition to promoting
angiogenesis in the brain, as shown in a model for stroke in rats (46). Thus, further exploration
of the pathogenesis of PAH through the lens of the lung-brain axis may help identify new targets

for treating this devastating disease.
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Figure Legends
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Figure 1. Experimental Protocol. Control rats (CTRL) received phosphate buffered saline (PBS)
at day 0 and were followed for 5 weeks. To induce PH, rats in SU/HY group received a single
injection of VEGF-R antagonist Sugen as day 0, were kept in hypoxia chamber (10% O2) for 3

weeks followed by normoxia for 2 weeks.
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Figure 2. Development of severe angioproliferative PH in rats. Bar graphs showing right
ventricular systolic pressure (RVSP, mmHg) (Panel A), right ventricular hypertrophy index
(RV/LV+IVS) (Panel B) and lung weight (g) (Panel C) in control (CTRL) and Sugen/hypoxia
(SU/HY) groups. Transthoracic echocardiography of rats showing B-mode (Panel D, upper) and
pulmonary artery pulsed wave Doppler (PA-PWD) echo images (Panel D, lower). Panel E shows

pulmonary arteriolar thickening in SU/HY compared to CTRL. *p<0.05 vs. CTRL; n=5 per group.
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Figure 3. Development of vascular remodeling in brains of rats with PH. A) Representative

images of Control and SU/HY rats. B) Bar graphs showing percent wall thickening of blood vessels

in Hematoxylin and Eosin stained brain sections of control (CTRL, n=3) and Sugen/hypoxia

induced PH (SU/HY induced PH, n=5) groups. *p<0.05 vs. CTRL. C) Numer of brain parenchymal

arterioles counted in anterior and posterior combined per group.
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Figure 4. Development of neuro-inflammation in brains of rats with PH. A) Representative
images of CCL3 (red) expressed by parenchymal cells in the CNS visualized with nuclear stain
DAPI (Blue) and located near vasculature stained with a-SMA (green). B) Bar graphs showing
percentage of CNS cells expressing MIP-1a (CCL3) positive cells compared to control in
immunofluorescence-stained brain sections of control (CTRL) and Sugen/hypoxia (SU/HY)
groups. ***p<0.001 vs. CTRL; n=5 per group.

Figure 5. Severe gliosis is not associated

0.1 ns with PH in rats. Bar graph showing GFAP
0 "E : expression of reactive astrocytes as measured
E % ‘ by positive pixel count algorithm."p>.05 vs
O ﬂo. : CTRL; n=5 per group.
0_

CTRL PH
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