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Abstract

Hsin-Yuan Cheng: Regulation of the pulmonary vasculature by lysophospholipase D
autotaxin - lysophosphatidic acid signaling

(Under the direction of Dr. Susan S. Smyth)

Lysophosphatidic acid (LPA) is a bioactive lipid molecule preaephysiologically
relevant levels in serum that acts by binding to a family @ir@ein coupled receptors.
Receptor active LPA is produced by the plasma lysophospholipase Imenz
autotaxin/lysoPLD. To define a role for LPA in the pulmonary vasardawe examined
the effect of reduced and elevated circulating LPA in a madehypoxia-induced
pulmonary vasoreactivity. We report that mice carrying one abamd one null allele of
the gene encoding autotaxin/lysoPLEnpp2*"), which have ~ half of plasma LPA, are
hyper-reactive to hypoxia-induce vasoconstriction and remodelireyidenced by the
development of higher right ventricular systolic pressures, grdatdine in peak flow
velocity across the pulmonary valve, and a higher percentage of emimsedlarteries at
three weeks after exposure to hypoxia. Mice overexpressing hiEnpp2 transgene
(Enpp2-Tg) may be moderately protected from hypoxia-induced pulmbgpgrtension

with less reduction in peak flow velocity across the pulmonary vafter hypoxia



exposure.

Because LPAl1l and LPA2 receptors are highly expressed in theowasdilar
system and therefore are candidate receptors to mediateebis eff LPA, we examined
the pulmonary vasculature of mice lacking LPA 1 and LPA2 (UFX). With age,
LPA172" mice displayed elevations in right ventricular systolic presantedeveloped
right ventricular hypertrophy. No differences in pulmonary oxygeumraabn, hematocrit,
vascular permeability, platelet function, or blood coagulation werenaabén LPAT 27
mice. LPAT 2" mice had a two-fold decline in peak flow velocity acrosspthienonary
valve after hypoxia versus wild-type controls, and increased utanszation of the
pulmonary arterioles following hypoxia. Taken together, our resulggest that
circulating LPA regulates pulmonary vascular pressure bytsffen LPA1 and LPA2

receptors.
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Chapter 1

Introduction: Pulmonary development and hypertension

L ung development

The stages of lung devel opment

At around 4-6 week gestation in human and embryonic day 10 (E103en mi
the development of the lung starts, and continues after birth until cech@ie~7
years in human and postnatal day 30 (P30) in thiteng development is divided
into 4 stages- pseudoglandular, canalicular, saccular, and alveolar'stages

The pseudoglandular stage takes place at ~7-16 week gestdtionan and
~ E10-16.5 in mice. The development of the lung arises from the largubetl
groove, as it forms two parts, the larynx and the trachea. idgempitor cells at
the distal part of the primitive trachea give rise to the defd right main-stem
bronchi ' Elongation and branching at the end of the bronchi repeat to form
specific lobar, segmental, and lobular branches. The branching poucésaies
into the canalicular stage, which takes place at 16-24 week gestation in andha
~ E16.5-17.5 in micé. All the major lung elements except alveoli are formed,

vascularization occurs, and the lumen of the bronchi expands during the



canalicular stage. In the saccular stage, 24-36 week gestationmianhand
E17.5-P5 in mice, the terminal saccules expand, and the speciiicatesy
epithelial cells appear, including type | pneumocytes for gas egehand type Il
pneumocytes for pulmonary surfactant secretion. The basal membrahegyqfet

| pneumocytes and the endothelial cells of the capillary comntadorm the
blood-air barrier to exchange gas”. The final stage is the alveolarization, which
occurs after birth (birth to 7 years in human and P5-30 in mice).okdrigation
involves the septation of large primary saccules into smaiiespace by the
inward protrusion from the wall of the saccules to increasel@vesurface area
for efficient gas exchange.

Alveolarization and angiogenesis tightly associate and cwiedivith each
other. Capillary vessels flank on one side of the invagitatin@sepater, fusion
of the septae and septal capillaries form alveolar walls caedpafspneumocytes
and endothelial layers to allow gas exchange. The completiorvedlatization
requires the spreading of the vasculatfife Anti-angiogenesis agents prevent
alveolarization in rat&

Factors affecting lung development include premature birghoxig, early
corticosteroid exposure, abnormal regulation/signaling of growtloria¢PDGF,

FGF, VEGF, TGH, and Wnt), and injury of the pulmonary capillartés®



Molecular aspects of alveolarization

Proper microvascular growth is required for alveolarizationjranitdition of
angiogenesis results in incomplete alveolarization. Studies haven shoav
expression levels of angiogenetic markers VEGF/VEGFR2, Argag;2, and
Tie-2 are up-regulated, and PIGF/VEGFR1 is at constant levgbromote
pulmonary microvascular growth during alveolarization in neonatal mionsge
In the adult mouse lung, PIGF is down-regulated and VEGFR1-isgipated to
stop angiogenesis, and VEGF/VEGFR2,, Ang-1, Ang-2 and Tie-2 araavebl
high levels for maintenance of the pulmonary microvasculdturihibition of
angiogenetic molecules often leads to impaired alveolarization.ekample,
depleting platelet endothelial cell adhesion molecule 1 (PECAMIgis by
injecting anti-PECAM-1 antibody after birth results in incompledlveolar
septation in the lung. PECAM-1-null mice also present disruptive pulyona
structure and enlarged alveolar space which is evident as earlyas P1

Transforming growth factor beta (T@f-is one of the most studied
signaling molecules in lung development. T@Bignals by binding of TGEB-
type Il receptor, which then recruits and phosphorylates the typeeptor. The
phosphorylated type | receptor in turn phosphorylates the downstream

receptor-regulated effectors, R-SMADs. The activated R-SMaAms to the



common-mediator SMAD (co-SMAD) and the SMAD complex translocates to the
nucleus to regulate transcription. The most common R-SMADs arelC5®1and

3. There are also inhibitory SMADs (I-SMADs) to block the acioratof
R-SMADs. In general, the TGF-signaling is anti-proliferative and induces
differentiation and apoptosts?

Compiling evidences have shown that TG# a negative regulator of
alveolarization and lung development. Overexpression of f@¥Fthe lungs of
neonatal mice and rats both leads to impaired alveolar developtfitht
TGF{—null mice die either before or shortly after birth with seweflemmation
in the hearts and lund& Neonatal mice expressing a dominant-negative form of
TGF{3 receptor Il are resistant to hypoxia-induced pulmonary vascular
remodeling and disruption of alveolarizatibh Neonatal mice deficient of Thy-1,
an inhibitor of TGFB signaling, show exacerbated responses to hypoxia-induced
disruption of alveolar septation. Administration of TGReutralizing antibody to
the Thy-I" mice is able to rescue the impaired alveolarizatiofogether, these
data suggest that excessive TFsignaling has adverse effects on lung
development, especially the alveolarization stage.

One the contrary, other studies suggested an alternatitienrgtép between

TGF{} signaling and lung development. Mice deficient of SMAD3, one of the



major R-SMAD, display enlarged alveolar space shortly after birth. Thepdisn
of pulmonary structure progresses in an age-dependent mannetheas
enlargement of alveoli becomes more evident in older Mice

One explanation for the dual effects of T@GFsignaling on alveolarization
could be that it is dynamically regulated during lung developmantact, the
expression levels of key molecules in the TBignaling pathway are found to

vary significantly in mouse lungs throughout the course of lung develogment

Pulmonary arterial hypertension

Clinical aspects of pulmonary arterial hypertension

The World Health Organization classification of pulmonary hypertension (PH)
defines 5 groups: pulmonary arterial hypertension (PAH), PH withhleart
disease, PH associated with lung diseases and/or hypoxemias&lking from
chronic thrombotic and/or embolic diseases, and miscellaneods. PAH, also
referred as primary PH, is the focus of this introductory seclibe. other 4
groups are categorized as the secondary PH.

PAH is characterized by sustained elevation of pulmonary drfgeasure
(PAP) and pulmonary vascular resistance (PVR). In humans, PAHingdidy a

mean PAP over 25 mmHg at rest or 30 mmHg with exercise, a pulynarearial



wedge pressure of 15 mmHg or less, and a PVR of 3 or more Wood240ts
dyn.sec.cm-5¥223 The prevalence of PAH is estimated at ~50,000 to 100,000 in
the United State¥** PAH is a progressive and devastating disease with a median
survival after diagnosis of 2.8 yeafs The symptoms of PAH are generally
nonspecific, including breathlessness, fatigue, angina, syncope, cough, flui
retention, and exercise-induced nausea and vomémdymay delay the diagnosis

6 Treatments of PAH include lifestyle modifications, conventionghtments,

such as diuretics, oxygen supplementation, anticoagulation agents, and
disease-specific treatments, which will be discussed in maaé delow?’. Yet,

the efficacy of current treatments remains unsatisfied igltdtively small groups

of patients responding effectively to the treatméfits

Molecular aspects of pulmonary arterial hypertension

The pulmonary circulation is highly-compliant with high blood flow, low
pressure, and low resistance to adapt large changes in blood ftowitile
alteration of pressure. In particular, contraction of pulmonarywas&MCs is
tightly regulated by a balance between vasodilators and easioictors. When
the balance fails, pulmonary vascular resistance and arterssupeeelevate, and

PAH ensues with remodeling of the pulmonary arteffe€?® The pulmonary



endothelial cells are the major contributors for the vasodilatorgasutonstrictors,
and therefore endothelial cell dysfunction which leads to inadequatetisa of
these factors may be an initial cause of PAR. Three major vasoconstricting and
vadodilatory pathways in the pulmonary vasculature are the niide cendothelin,

and prostacyclin pathways, which are discussed in more detail below.

Nitric Oxide

In the pulmonary vasculature, nitric oxide (NO) is a potent veestodil
produced by endothelial NO synthase (eNOS) frprarginine in vascular
endothelial cells. The released NO targets vascular SMCisrtolate cyclic GMP
(cGMP) production, which decreases cytosolic calcium levels and pEsmot
muscular relaxation. The termination of NO signaling occurs ymrdtysis of
cGMP by the cGMP specific phosphodiesterase type 5A (PDESAD also acts
on endothelial cells to inhibit the production of endothelin, a vasoconsrfetitor
27.

eNOS is expressed predominantly in the vascular endottelmlas well as
airway epithelium and certain other cell types, and is themeantributor for NO
synthesis in the pulmonary circulatiéh®® Previous studies reveal a strong link

between eNOS activity and the development of hypertension. A reducedO8s



expression is found in the lungs of primary PAH patients. Pulmonaubaas
endothelial cells from severe cases showed little or no eN@&ssion when
compared to those from normal subje¥tsMice genetically deficient of eNOS
develop systemic hypertensiofi, while mice overexpressing eNOS display
systemic hypotensiori®. eNOS™ mice are hyperresponsive to hypoxia and
develop exaggerated elevations in right ventricular systolic peessut have a
higher incidence to develop right ventricular hypertropti. On the other hand,
mice overexpressing eNOS are protected from hypoxia-induced *PAMild
hypoxia exposure of neonatal eNOBice results in disrupted alveolarization and
reduced vessel density in the lung. VEGRFII expression is lowarégpoxic
eNOS" mice, suggesting the NO signaling is required in normmad Iseptation
through preservation of VEGFRII signaling. Therefore certain common
mediators, such as eNOS, are required for regulation of pulmonayupzeand
development.

Multiple mechanisms have been shown to regulate eNOS activitypusgar
hormones and cytokines such as estradiol and VEGF stimulate eN@®liotar
translocation by elevating cytosolic calcium concentrations. Seeass and
isometric vessel contraction also modulate eNOS activity via phogphion of

diverse G protein-coupled receptd?s:



Therapies that target the NO pathway in the PAH includes NQratendonor

supplements, PDES5A inhibition, and calcium channel blockate”®

Prostacyclin

Prostacyclin is produced from arachidonic acid by cyclooxygen&®eX)(
and prostacyclin synthase in endothelial c€lIX-2 and prostacyclin synthase are
thought to be the two major enzymes for prostacyclin produttitnOn the other
hand, COX-1 is responsible for producing thromboxane A2, a vasoconstfictor
Selective blockage of COX-2 leads to an imbalance between prastaand
thromboxane AZ*** Upon secretion and subsequent uptake by the prostacyclin
receptor on SMCs, prostacyclin induces vasodilation by stimulagicgc AMP
(cAMP) production to trigger CAMP-PKA- dependent SMC relaxation

Mice deficient of COX-2 show exacerbated PAH comparing to WTrotsnn
the setting of hypobaric-hypoxfa Prostacyclin receptor knockout mice also show
similar responses to hypobaric-hypoxia- induced PAHProstacyclin levels and
prostacyclin synthase activity are reduced in PAH patiéhtsClinically,
intravenous injection or inhalation of prostacyclin and its analogoushesreused

to treat PAH"%°



Endothelin

Endothelin (ET), produced predominantly by endothelin-converting enzymes
(ECE) in the endothelial cells, is a 21-amino acid peptide. Thoéariss of ETs
have been identified, ET-1, ET-2, and ET-3. ET-1 is the major isofdrith, upon
secretion, acts on neighboring SMCs in a paracrine manner to irgMce
constriction and proliferatiorf’. The receptors for ET are G-protein couple
receptors, E{ and EE. ETa is expressed predominantly in SMCs, ands ET
expresses in both SMCs and endothelial cells. Botlh BAd EE mediate
vasoconstriction and proliferation of the SMCs. However, the endotheli@al E
serves as a vasodilatory receptor to stimulate the reled$® aind prostacyclin,
two vasodilators. Endothelial ETis also responsible for uptake and hence
clearance of EF"?* ET release is regulated by gene expression and peptide
synthesis because endothelial cells do not store it. The most faatento regulate
the synthesis of ET is blood flow. Increases in blood flow triggeodidation by
activating shear stress receptors on endothelial cells to produsearte NO and
prostacyclin. These vasodilators in turn inhibit ECE and ET syntieis

Acting as the most potent vasoconstrictors in the pulmonary vaseyl&tr
expression is found to be up-regulated in the lung of PAH pafierasma ET-1
levels correlate with the severity of PAI**. Knockout and transgenic animal

10



models have revealed roles for the ET pathway in embryonic development, but not
much information is available on the development of PARf For example,
ET-1" mice die of respiratory failure likely due to mechaniobbktruction of
craniofacial abnormalities at birth. ET:Imice show mild but significant elevation

of systemic blood pressuré ET-1 transgenic mice display fibrosis in multiple
tissues including lung and kidney, but otherwise normal right ventrisykolic
pressures>® Interestingly, Haret al. reported in an abstract that knocking out
ET-2, a less studied endothelin isoform, results in impaired alvestian and RV
hypertrophy in mice®’. Treatments of PAH targeting the ET pathway are
endothelin receptor antagonists, such as the duald&d EE) receptor antagonist

bosentan, and selective E&ntagonists sitaxsentan and ambriserftan.

Bone morphogenetic protein

In the classic view of PAH, SMCs contract and prolifenateesponse to the

sustained imbalance of vasoconstrictors/vasodilators secreted falathelial

cells. However, compiling evidences indicate SMC dysfunction caldd be a

direct cause of PAH. One example is the bone morphogenetic proteiR) (B

pathway. BMP is a negative regulator of SMC growth. Loss-of-fanatiutations

of BMP receptor Il (BMPRII) are found in high incidences in PA#tients

11



(50-60% of familial PAH patients, and 10-20% of idiopathic PAH pagjent’™>°
Although the loss of BMPRII signaling could induce endothelial apopaosidead

to PAH °°, studies have shown that it also results in proliferation of cdlture
pulmonary arterial SMC¥®%. PPAR is thought to be the downstream effector to
mediate the anti-proliferative response of BMP in the SMCs, aetialebf PPAR

in mice leads to PAH with increased right ventricular sysfalessure (RVSP), RV

hypertrophy, and pulmonary vascular remodefing

12



Chapter 2

Introduction: Autotoxin/LysoPL D and L PA signaling

Lysophosphatidic acid

Lysophospholipids are derivatives of glycero- and sphingophospholipids
lacking one O-acyl chain. Lysophosphatidic acid (1-acyl 2-hydratyterol
3-phosphate, LPA) and sphingosine-1-phosphate (S1P) are two major bioactive
lysophospholipids with wide-ranging biological effects including pedliferation,
apoptosis, adhesion., migration, and invagforLPA circulates in blood, and is
bound to plasma proteins, such as albumin, and found in lipoprotein particles.
Most of the effects of LPA are mediated by binding to G-prateimpled receptors,

which will be discussed in detail below.

The production and degradation of L PA
Physiological relevant levels of LPA can be detectethénblood. LPA is
present in human plasma at ~ @M, and are ~ 10-fold higher in seruth The

steady state of circulating LPA is balanced between oppgmtigvays of LPA



synthesis and degradation. A variety of pathways are proposedprtizpated

in de novo synthesis or through phospholipase-catalyzed hydrolysis of
phospholipids to produce LPA. However, the primary route of circulating LPA
production involves hydrolysis of lysophosphatidylcholine (LPC) by tlceeted
enzyme autotaxin/lysophospholipase D (lysoPLTh) Autotaxin/lysoPLD is a
member of the ectonucleotide pyrophosphatase/phosphodiesterase (Enlyp) fam
designated Enpp2, with a unique ability to hydrolyze LPC.

Homozygous deletion oEnpp2 in mice results in embryonic lethality.
Enpp2" mice die approximately around E9.5~E10.5 due to vascular defects in
yolk sac and embryo, and failure of vessel maturdti6h Heterozygoug&npp2
mice (Enpp?") are viable without showing obvious developmental defect and have
approximately half of normal circulating autotoxin/lysoPLD and Lé&¥els. Our
group recently found that Enpp2mice were prone to thrombosidé On the
contrary, mice transgenically overexpressing autotaxin/lysofipp2-Tg) with
elevated circulating LPA level, have bleeding diathesis andusted thrombus
formation. Exogenous administration of LPA elevates circulating lePal and
recapitulates the bleeding phenotype of Enpp2-Tg mice. The phenotypéseoul
due to accumulation of autotaxin/lysoPLD in aggregated platelets aeteplach
thrombus, and binding to activated platelets gBantegrin-dependent mann&r

14



Inactivation of LPA in the circulation likely involves activities the lipid
phosphate phosphatase (LPP) family of cell surface integral rmemprotein§’.
LPP activity, protein and mRNA can be detected in various gedist including
platelets, leukocytes, vascular endothelial cells and SRi€% Inactivation of
LPP2, one of the three mammalian LPP genes in mice, has bederddpgroduce
no phenotype although circulating LPA levels have not been measurbdsi t
animals™. A recent report also states no remarkable phenotypes when itiagtiva
LPP1 in mice’®. By contrast, inactivation of the LPP3 gene results in early
embryonic lethality but LPP3 heterozygotes are viaBle The production,

degradation, and signaling of LPA is illustratedigure 2.1.

Signaling of L PA

LPA acts through binding to a family of G protein-coupled recep@®PLRS).
To date, there are at least five bona fide LPA receptors, I5PA13 with at least
three more potential ones (LPA 6 X8}, Evidences also show that LPA may serve
as an endogenous activator of PRAR’’. LPA1-3 belong to the original Edg class
receptors, whereas most of the more recently identified eBéptors show greater
sequence identity with purinergic receptors. LPA receptors 1 -e ®xgressed
ubiquitously in most mammalian tissues. Bound to circulating LPA eth&

15



receptors couple to multiple heterotrimeric G proteing,(Gy1114 Gs, and Gzj139
and initiate various signal transduction pathw&y&igure 2.2 shows a schematic
network of LPA signaling through receptors, G proteins, and downsgfaators.

In vitro studies in cell lines reveal that LPA receptors share ineftanction
redundancy as well as specificfy’*®° Several LPA receptors deleted mice were
reported. LPAT mice show craniofacial dysmorphism, reduced size, a small
incidence of perinatal frontal hematoma, increased apoptosis itic sceve
Schwann cells, and 50% neonatal lethafity Deletion of Lpa3 results in
implantation defect&® LPA3" female mice produced significantly reduced litter
size due to delayed implantation and altered embryo spétingpa2-deficient
and Lpa4-deficent mice display no obvious phenoty{id3 while cells from
Lpa4-deficient mice display enhanced migration in response td°Lmaice
deficient of both Lpal and Lpa2 present similar abnormitiésiasking out Lpal

alone with an increased incidence of frontal hematoma and letffafity

Effects of L PA on vascular smooth muscle cells

Phenotypic modulation of vascular SMCs occurs in response to vascular
injury or consistent vascular pressure elevafltdi. Phenotypic modulation of
SMCs involves their conversion from a normally quiescent, differetiat

16



contractile state to a dedifferentiated state in which &ls proliferate, migrate
and synthesize matrix proteins.

Isolated SMCs from human and rodent species can be stimulated t
dedifferentiate, proliferate, and migrate by serum, and LRAbe®n proposed as
one of the factors present in serum that may promote phenotypic niaaludét
vascular SMCs® |ndeed, isolated vascular SMCs respond to LPA by
proliferating and migrating> % Although the specific LPA receptors and their
signaling systems involved in SMC responses are not known, prometémgys
that are activated by LPA include Rho GTPases and extracaligteal regulated
kinase (ERK). LPA also regulates expression of early groegpanse-factor-1, a
transcription factor, which stimulates expression of pro-inflatorgacytokines,
adhesion molecules, growth factors, and coagulation fattok$A can promote
tissue factor expression by SME$ which may be a key component of the
vascular wall involved in triggering thrombus formatioli. Exogenous
administration of LPA to animals elicits responses consistéhtitxserving as an
endogenous mediator of vascular cell function. For example, intravenoctsoimje
of LPA elevates arterial blood pressure in rdtsand local application causes
cerebral vasoconstriction in pid& Moreover, local infusion of LPA in the rat
common carotid artery induces vascular remodeling by stimulatgggntimal

17



formation *°. A similar response was observed in mice and was proposed to be
mediated by PPAR "’

The finding that LPA is capable of eliciting the development oimail
hyperplasia, which involves phenotypic modulation of SMCs, suggests thay it
normally regulate SMCs, and our group have observed differences in the
development of neointimal hyperplasia in mice lacking LPAL recepidiin mice
lacking both LPA1 and LPA2 in response to vascular injdffe$n the same study,
we also established that neither LPAL1 nor LPA2 was required fartd.Rlicit a
transient increase in blood pressure following intravenous adraiistrof LPA
to mice. Mice lacking both LPA1 and LPA2 responded similarlyigd-type (WT)

mice in systemic blood pressure elevations in response to LPA infusion.

Effects of L PA on endothelial cells

LPA promotes endothelial cell migration through mechanisms thatvievo
regulation of the actin cytoskeleton and the extracellular m#tHi¥? LPA has
been variably associated with increasing or decreasing endotiaatiedr function
but the inconsistencies between these sets of observations nsay fram
differences between the types of endothelial cells, the sourt®Agfand the
experimental approached used in these studfds For example, several

18



investigators report that LPA stabilizes endothelial barriectfan ', decreases
endothelial permeability®, and increases endothelial resistarfi®® whereas
others have found that LPA promotes the loss of vascular integritydecreases
trans-endothelial resistance by preventing tight junction fooma® *°® In lung
injury models, vascular leak is mediated by the LPA1 recéfton cell culture
systems, LPA triggers an inflammatory response in endotheliigl that includes
up-regulation of expression of leukocyte chemoattractatftsand adhesion
receptors™ in an LPA1 and LPA3- dependent manhér*? These responses can
regulate endothelialeukocyte interactions by promoting monocyte binding to
endothelial cells™. LPA also activates eNOS in endothelial céfand may

thereby regulate endothelial tone.

Effects of LPA in thelung

As discussed above, LPA has been shown to regulate contractidmepf ot
types of SMCs, such as aortic SMCs. In tracheal smooth entiags from both
rabbits and cats, LPA alone does not cause contraction, but enhances the
contractile response by methacholifie This study was one of the first to suggest
LPAs role in asthma, since asthmatic airways are hypgorgsive to contractile
stimuli. The enhancement of contractility by LPA was not altdrg removal of

19



epithelial cells, suggesting that LPA acts directly on SMQ@sl the effect is
independent of epithelial-derived mediators. The activation of Gi, Gq, and R
were required for the effe¢t>**® LPA also strongly stimulate the proliferation of
airway SMCs, and the mitogenic effect of LPA is completebckéd by pertussis
toxin 11718
Airway epithelium is the first site of contact for inlthlgarticles and hence
functions as a barrier to environmental stimuli. Recently He ankdkagples
reported LPA enhances the barrier integrity of pulmonary epithedihé, and
protects endotoxin-induced epithelial barrier disruption and lung injling
effects of LPA are through PKCGand PKE& mediated E-cadherin accumulation at
the cell-cell junctions. Their data suggest a protective rol&R# in airway
inflammation and remodelin®**®> However, other studies showed pulmonary
epithelial cells undergo rapid proliferation in response to LPA, whasults in a
transient decrease in inflammatory cytokines followed by anegplation of
these cytokines that could lead to increased inflammétidf?

Pulmonary fibrosis begins as fibroblasts migrate into anddilhe airspace.
The study by Tager and colleagues identified LPA asyackemoattractant for
lung fibroblasts after injury. LPA level increased in bronchoalvelalgage fluid
following bleomycin-induced lung injury in mice. Mice geneticadlgficient of
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LPA1 were protected from fibrosis and mortality in this model. &hsence of
LPA1 led to reduced fibroblast recruitment and increased endothetiaéakility,
two responses that may be excessive in injuries that ledlokdsi§. In idiopathic
pulmonary fibrosis patients, LPA levels in bronchoalveolar lavage fere also
found to be increased. LPA1l antagonist markedly reduced respomses
fibroblasts to the chemotactic activity of this fluid. TherefoRA1 was identified

as the receptor mediating LPAs chemoattractant effect in gndny fibrosis

109,123
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Chapter 3
Autotaxin/lysoPL D level regulates susceptibility to hypoxia-induced

pulmonary hypertension in mice

I ntroduction

Arterial SMCs play an important role in vessel contraction alactation and,
following systemic vascular injury, can undergo phenotypic modulation to a
proliferative/synthetic state that likely contributes to the dgwaent of
atherosclerosis and restend$fs In the highly-compliant pulmonary circulation,
which is characterized by high blood flow, low pressure, and lowtaess,
adaptations accommodate large changes in blood flow with litdeaion of
pressure. In particular, contraction of pulmonary vascular SMCesglnly
regulated by a balance between vasodilators and vasoconstridiéingen the
balance fails, pulmonary arterial hypertension (PAH) ensued) eliévated
pulmonary vascular resistance and sustained high pulmonary artesssugpe
22,27,2&?

The main characteristics of PAH are vasoconstriction and aascul

remodeling, including pulmonary vascular SMC proliferation and hypergroph



Additionally, endothelial dysfunction and in-situ thrombosis can 0ééat?
Overtime, pressure overload of the right ventricle (RV) resulRV hypertrophy,
dilatation, and dysfunctiorf**?* In fact, PAH is the leading cause of RV
hypertrophy and failuré®®. Unfortunately, to date, very little is known about in
initial establishment of PAH, making prevention and effective timeat
challenging®®.

LPA is a bioactive lipid molecule present at physiologicallgwant levels in
plasma and serurtf®. The earliest evidence for biological activity of LPA came
from studies demonstrating that it had pressor effects when atiengd to rats and
guinea pig¥ LPA had been proposed to contribute to phenotypic modulation of
culture vascular SMCs and appears to modulate arterial remode$ipgnses in
carotid arteries of rodents. LPA may also have importaetisffon endothelial
cell function and endothelial barrier integrfy®®

The predominant route for LPA production in blood involves hydrolysis of
LPC by the secreted plasma protein autotoxin/lysoPL.Butotaxin/lysoPLD is a
member of the ectonucleotide pyrophosphatase/phosphodiesterase (ENBP) fa
and is designated ENPP2. The loss of autotaxin/lysoPLD in mica as
consequence dEnpp2 gene deletion results in a much more striking phenotype
than has been observed to date in any of the receptor knockout B2 mice
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die embryonically and display vascular defects and vessel riatufailure ®>®°

Heterozygougnpp2 mice (Enpp?’) exhibit no obvious developmental defect and
have approximately half of normal circulating autotoxin/lysoPLD a4 levels.
Transgenic mice overexpressing humdipp2 have increased plasma
autotoxin/lysoPLD activity and LPA level®®. These findings establish that
autotoxin/lysoPLD plays an essential role in regulating cirmigdtPA levels in the
blood and suggests that LPA may contribute to vascular development.

While substantial evidence suggests a role for LPA in regulatingopyyEc
modulation of cultured vascular SMCs and systemic arterial rdmgde rodent
models, nothing is known about the effects of LPA on the pulmonary vaseulkn
this chapter, we examined the role of LPA in regulation of glénonary
vasculature using mice in which the autotaxin/LPA signaling axis iedlte

Chronic hypoxia is used extensively to induce experimental PAHferet
animal specie¥. Mice exposed to sustained low oxygen environment first respond
by vasoconstriction in the lung, and later develop pulmonary @rtemodeling
and increased pulmonary resistance. SMC proliferation is onehleegateristics
of pulmonary vascular remodeling in response to sustained pressiatosleand
is usually assessed by increasing muscularized arterintegheckening of the
arteriolar wall. The sustained pressure elevation in the pulmmaagulature in
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turn elevates RV pressure and lowers the peak flow velocibgsithe pulmonary
valve. The progression of pulmonary arterial hypertension in respohgpdsia is
summarized inFigure 3.1. In this chapter, mice with decreased and elevated
autotoxin/lysoPLD levels are subjected to hypoxia to induce expetah
pulmonary hypertension. The development of PAH will be assessetaguring

RV systolic pressure, peak flow velocity across the pulmonaryeyaand

muscularization percentage of pulmonary arterioles.

Materials and Methods

Mice

All procedures conformed to the recommendationSwle for the Care and Use

of Laboratory Animals (Department of HealtlEducation, and Welfare publication
number NIH 78-23, 1996&nd were approved by the Institutional Animal Care and
UseCommittee. Generation and characterization of Effpad Enpp2-Tg were as
previously describe®® ®3. The EnppZ™ and Enpp2-Tg are back-crossed to FVB
background. Mice were housed in cages with HEPA filtaneoh rooms on 12-hour
light cycles and fed Purina 5058dent chow ad libitum.

Hypoxia model

Mice were exposed to oxygen-poor air (hypoxia) at normal atmospdressure by
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placement of their cages in a commercially available chanjerhamber,

BioSpherix). The mice resided in the chamber for 24 hrs per da¥ ficeeks to

induce pulmonary hypertension and vascular remodeling, and were remawved f

the chamber only for cage, food, and water changes. The hypoxic ensmironm

within the chamber was achieved by inflow of compressed nitrogenTdas

oxygen concentration (FKO= 0.10) was controlled by a commercially available

oxygen controller (Proox model 110, BioSpherix). Prior and aftere8ks of

hypoxia treatment, echocardiography was performed to evaluateatiokac

function. RV pressures measurements were performed in both normoxic and

hypoxic groups. Mice were then euthanized, and organs were collemted f

histological, biochemical, and gene expression analysis.

Echocardiography

Transthoracic echocardiography was performed using a 30 MHz pnobéha

Vevo 770 Ultrasonograph (VisualSonics). Mice were lightly anéigtae with 0.8

% isoflurane, maintaining heart rate at 400-500 beats/min. Thevas removed

from the chest using a chemical hair remover (Nair®). The matetand body

temperature were maintained and recorded. Two-dimensional pashkiaeg: and

short-axis views were obtained. M-mode tracings were recordedused to

determine LV end-diastolic diameter (LVEDD) and LV end-systaliameter
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(LVESD). LV fractional shortening (FS) was calculated using timéla %FS =

(LVEDD - LVESD) / (LVEDD). For determining the flow acrogise pulmonary

valve, high short-axis view was obtained at the level of the vigiiricular outflow

tract and in which the pulmonary valve can be easily seen. Bppl& mode

cursor was positioned at the end of the pulmonary valve to recordakegecity

across the pulmonary valve.

RV pressure measurement

Under anesthesia (inhaled isoflurane 1 — 3%), the mouse was fix@dupine

position with tape on a mouse pad that has imbedded EKG electratiesréate

mounted semi-conductor temperature sensor that distributes heathtlstotace

mounted resistors. Rectal temperature was monitored. Under dgealization of

the trachea, an endotracheal tube was inserted and connectedri@mal Hadent

volume-cycled ventilator (Model 645, Harvard Apparatus) via the Yetha

connector. Ventilation was performed with a tidal volume of 200and a

respiratory rate of 150/min. Oxygen was provided to the inflow of émdilator.

The chest cavity was opened by an incision of the left fourticimd&al space. An 1

French catheter (Millar Instruments) was quickly inserted into the R\peasdure

traces was obtained by Chart 5 Pro (AD Instruments). The aniasaeuthanized

while still under anesthesia, and organs were obtained for histologgTaRECR
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analysis.

Real-time PCR

Total RNA was extracted from tissues and primary culturéld csing Trizol
(Invitrogen) following manufacturer’s instructions. cDNA was prepamwith
Multiscribe reverse-trasncriptase enzyme as per manufastumirections
(High-Capacity cDNA Archive Kit; Applied Biosystems). mRMNXpression was
measured by real-time quantitative PCR using TagMan® gegoression assays
(Applied Biosystems) in an ABI Prism® 7500 Fast Real-Time P&Rtem.
Threshold cycles (§ were determined by an in-program algorithm assigning a
fluorescence baseline based on readings prior to exponential ieatioiif. Fold
change in expression was calculated using #i&'2nethod. 18s ribosomal RNA
was used as an endogenous control.

Histology

Mice were weighed, and heatrts, lungs, livers, and kidneys were dissatted,in
PBS, and weighed. Hearts were cut in a cross section at dlestypioint. The top
half of the heart was fixed with 4% paraformaldehyde and embedded in pdraffin.
um sections of hearts and lungs were prepared with microtomeettiens were
stained with hematoxylin and eosin (H&E) for examination of geggsearance,
whereas Masson’s Trichrome, periodic acid-Schiff (PAS), costai@ed with
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hematoxylin (PAS-H), and van Gieson elastin staining was emglay facilitate

guantification of fibrosis, cardiomyocyte size, and elastin contepentively. The

muscularization percentage of small arterioles was quantifigdImng sections

immunostained with the biotinylated antFsmooth muscle actin antibody (Sigma).

The dilution fold of the antibody was 1 to 100 in PBS. Small arterialgh

diameters ranging in 15-1Q0n were scored. Arterioles with no positikesmooth

muscle actin staining were characterized as non-musculanzegped with

0-75% positive staining as partially-muscularized, and >75% positheirey as

fully-muscularized vessels. 50 arterioles in each section were counted.

Satistics

All results were expressed as mean + SD. In vitro studies igpeated a minimum

of 3 times, and results were analyzed by Studeest or ANOVA. Statistical

significance within strains was determined using ANOVAwitultiple pair-wise

comparisons. Statistical analysis was performed using Siga-Software

version 3.5 (Systat Software Inc). A probability value of less tB@®5 was

considered significant.

Results

Reduction in autotaxin/lysoPLD promotes hypoxia-induced pulmonary
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remodeling in mice

LPA has been proposed to play a role in phenotypic modulation of cultured
vascular SMCs and may regulate systemic arterial remodulirexperimental
models. However, nothing is known about the effects of LPA on the pulmonary
vasculature. To explore the role of LPA in the pulmonary vasculatice with
reduced and elevated levels of the autotoxin/lysoPLD, the majorpt&#ducing
enzyme, were exposed to oxygen-poor air (hypoxia) for 3 weeksspomse to
hypoxia, pulmonary vasoconstriction occurs and is followed by remodafitige
pulmonary vasculature. In wild-type (WT) mice, hypoxia resultan increase in
pulmonary arterial pressure, which can be monitored by measigimgentricular
systolic pressure (RVSP) by insertion of a pressure cattiegatly into the right
ventricle. Following hypoxia exposure (kiD.1), an increase of RVSP occurs
in WT mice (30.3 £ 2.3 mmHg; n =6) compared to RVSP in age-matatreaoxic
littermates (25.7 £ 2.1 mmHg; n =@igure 3.2).

To determine if LPA contributes to pulmonary remodeling, we stdije
mice with varying levels of LPA to hypoxia. Inherited dedioty of
autotaxin/lysoPLD (Enpp?) in mice results in embryonic lethality by E10.5 due to
vascular defect®®® heterozygous Enpji2mice have reduce LPA levels, but are
viable with no obvious vascular developmental abnormalities. LikewigmZ™
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mice display similar RVSP (23.8 +1.8 mmHg; n =5) under normoxic tiondias
their WT littermates. Following a 3-week exposure to hypoxia, Efippce
developed higher RVSP (36.2 £ 5.2 mmHg; n=7) then did their Warrhttes
(30.3 £ 2.3 mmHg; n =qFigure 3.2). Although the difference of RVSP values was
not statistically significant between hypoxic Enfipgice and WT littermates, we
noticed that the difference of RVSP was significant betweenmacand hypoxic
Enpp2” mice, while it was not statistically significant between nmxio and
hypoxic WT groups. Therefore Enpi2mice seemed to show greater reaction to
hypoxia-induced RVSP elevation.

The peak flow velocity across the pulmonary valve was measured by
echocardiography as an indication of RV stroke volume before (besahd after
3 weeks of treatments (normoxia or hypoxia). Peak flow velocitgpsacthe
pulmonary valve decreased by 8.0 + 5.7% (P<0.05) following hypoxia imi&&
(Table 3.1). The decline in peak flow velocity was approximately twice a&aigr
(16.2 + 8.4%; P<0.05) in EnpfiZlittermates after exposure to hypokTable 3.1).
Taken together, the greater increase in RVSP and decline knflpaavelocity
across the pulmonary valve suggest Erppthice are more sensitive to
hypoxia-induced pulmonary vasoconstriction and hypertension. We also tedcula
the pulmonary velocity acceleration time from the echocardiograpgbwyever,
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although used to monitor PAH in human, we could not see a significéeredite
between normoxic and hypoxic conditions. Therefore, the peak flow welocit
between the pulmonary valves seems to be a more sensitive methadutates
PAH in our case. The LV fractional shortening percentage veasadtained by
echocardiography to verify whether the overall cardiac funatiag affected by
hypoxia treatment. No significant change was found between basamtide
post-treatments (data not shown).

To confirm that the changes in RVSP and peak flovocitg reflect
differences in pulmonary vascular remodeling, muscularization df paienonary
arterioles in response to hypoxia was examined. Lung sectiamedtwith
a-smooth muscle actin, a marker for SMCs, were scored for noniallyand
fully- muscularized small pulmonary arterioles. The pulmonary lugtolof
Enpp2” mice was not notably different from WT controls at baselimpatticular,
WT and Enpp? littermates maintained in normal conditions did not differ in the
percentage of non- or fully muscularized arterioles. Followingva@&k exposure
to hypoxia, an increase in the percentage of fully muscularizedl sirterioles
occurred in WT mice, confirming the pulmonary vascular remodealngur
hypoxia model.  Relative to the WT controls, lungs from Efippdce exposed
to hypoxia had a higher percentage of fully-muscularized and a pmxeentage of
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non-muscularized distal small arterioles then did WT con{féigure 3.3). The
differences in pulmonary arteriolar muscularization percentage statistically
significant between hypoxic Enpp2 and WT controls (82% muscularized
arterioles in EnppZ mice versus 68.5% in WT mice; P<0.05). By all parameters,
Enpp2” mice seemed to have exaggerated pulmonary vascular responses to
hypoxia that was consistent with an augmentation in hypoxia-induceabpaitgn
hypertension.

The expression level of Enpp2 in the lung among different grogss w
examined by quantitative RT-PCR. As expected based on our previousy§irafi
lower autotoxin/lysoPLD protein level in the lungs of EnPptice ®, Enpp2
mRNA expression in lungs of Enpp2mice was 20% of that in lungs from WT
littermates. No significant change in gene expression of Enpprred after
hypoxia in either Enpp2 mice and WT littermate@igure 3.4). The expression
level of LPA receptors in the lung was also measured. Thedagskgnificant
increase of Lpal-5 in Enpfi2mice to WT littermates in both normoxic and
hypoxic conditions suggests no compensatory up-regulation of LPA reseptor
response to decreased Enpp2 level in the lung. On the contrary, lelLpisle5
were slightly but consistently lower in Engpanice to WT in normoxic condition.
Following exposure to hypoxia, while no obvious change in the expressiempat
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of Lpal-3 was seen, pulmonary Lpa4 and Lpa5 gene expression wesarthsi
reduced in mice of both strains when compared to the normoxic groups, with Lpa4
levels declining by 20 - 50% and Lpa5 levels by 30 - 40%. No obvious
compensatory changes in other LPA receptors were observed wpibxiay

exposurgFigure 3.5).

Hypoxia-induced pulmonary remodeling in mice with increased
autotaxin/lysoPLD and L PA levels

Transgenic overexpression of Enpp2 in mice (Enpp2-Tg) increases plasma
lysoPLD activity and LPA level&. To determine if increases in circulating LPA
levels might protect from hypoxia-induced pulmonary hypertension, Eng@yd
age-matched WT control mice were subjected to 3 weeks of hypadtidaseline,
Enpp2-Tg mice display normal RVSP (2511 6.9 mmHg; n =8) . RVSP increase
following hypoxia in Enpp2-Tg was not significantly lower from WT control mice
(33.8 = 5.7 mmHg; n =9 for Enpp2-Tg versus 3740 5.1 mmHg; n =8 for WT)
(Figure. 3.6). Although there was no significant difference in RVSP, Enpp2-Tg
mice did display less decline in peak flow velocity across the qndainy valve.
Peak flow velocity across the pulmonary valve decreased by 15846 following
hypoxia in WT miceThe decline in peak flow velocity was less (4.4 £ 6.8%; not
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statistically significant) in Enpp2-Tg mice after exposuréypoxia(Table 3.2).
Together, our data suggest Enpp2-Tg mice may be protected from hypixiad
pulmonary hypertension, but the protective effect is rather modevhen
comparing to the hypersensitivity of Enppanice.

Muscularization of small pulmonary arterioles in response to hypoam
again used as an indicator for pulmonary vascular remodeling. efbenpage of
distal arteriolar muscularization was very similar in WT &mgpp2-Tg mice post
hypoxia (86.5% muscularized arterioles in Enpp2-Tg mice versus 830%Tin
mice; not statistically significantYFigure 3.7). However, interestingly, the
percentage of muscularized arterioles was statisticallyehign Enpp2-Tg mice to
age-matched WT controls in normoxic condition (74.5% muscularizedodeteimn
Enpp2-Tg mice versus 42% in WT mice; P<0.05). Hence, the indreaderiolar
muscularization was very limited in Enpp2-Tg mice exposed to hgpBxipp2-Tg
mice seemed to be more resistant to hypoxia-induced pulmonaryolarter
remodeling. Taken together, Enpp2-Tg mice may display a modematective
effect toward hypoxia-induced pulmonary hypertension.

Expression of the human Enpp2 transgene is driven bylhenti-trypsin
inhibitor promoter, which may result in expression in the lung. Thergboirers
specifically recognizing human Enpp2 mRNA were used to deterniige t
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expression level of the transgene. As expected, no human Enpp2 mRNA was
detected in lung of WT mice. The exposure of Enpp2-Tg mice to Ieypex
associated with an approximately 50% reduction in human Enpp2 mReK le
(Figure 3.8A), which may account for the lack of a significant phenotype in the
transgenic mice with hypoxia. There was no significant chafiggndogenous
mouse Enpp2 mRNA level between WT and Enpp2-Tg in both normoxic and
hypoxic conditions(Figure 3.8B). However, like human Enpp2 transgene, the
expression of endogenous Enpp2 also decreased by 30% ~ 50% with hypoxia.

MRNA levels of LPA receptors in the lung were measured twkether their
expression was affected by increased autotoxin/lysoPLD andelEis or hypoxia.
Expression levels of Lpal, 2, 4, and 5 were the same in Enpp2-Tg anthtged
WT mice, while Lpa3 was consistently lower in Enpp2-Tg mice. Tridgcates
expression of Lpa3 may be down-regulated by excess LPA initbh@ation.
Following hypoxia, Lpa4 and Lpa5 declined in both WT and Enpp2-Tg mice while
levels of other receptors remained relatively the sameralveo significant
difference in receptor expression levels was found to suggese afrapecific
receptors in hypoxia-induced pulmonary hypertengiogure 3.9).

Since EnppZ and Enpp2-Tg mice react differently to hypoxia-induced
pulmonary hypertension, we also tested whether these mice spontartsmetbp
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pulmonary hypertension at different ages. As shown earlier, RVSP of wolutig

(2-3 months old) Enpp2 and Enpp2-Tg mice does not differ from their
age-matched WT controfBigure 3.2 and 3.6). In aged group (6 months and older),
Enpp2” and Enpp2-Tg mice also displayed RVSP values in the normal range, and
did not differ from their age-matched WT controls (data not showretefore, we
concluded EnppZ and Enpp2-Tg mice did not spontaneously develop pulmonary

hypertension without hypoxia stimulation.

Discussion

In this chapter, we aimed to determine the regulatoryteffietPA in the
pulmonary vasculature. Hypoxia was used as a challenge to pulmasanjature,
and the reactivity of mice with genetically altered expmassi autotoxin/lysoPLD
and LPA levels to hypoxia was examined.

Mice were exposed to half of the normal oxygen concentratiomormal
atmospheric pressure for 3 weeks to induce pulmonary hypertension. Tgenoxy
concentration and duration of our hypoxic condition was based on previowesstudi
% The success of hypoxia-induced pulmonary hypertension was deternyined
increase in RVSP, decrease in peak flow velocity across the pulynaaiee, and
increase of muscularized pulmonary arterioles in hypoxic WT dsjroamparing
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to littermates raised in room air (normoxia).

Genetic manipulation that reduces the expression of autotoxin/lizsaiRt

decreases circulating LPA levels in mice, promotes the devefdgghpulmonary

hypertension with hypoxia. Thus, LPA may play a protective rglprbventing

hypoxia-induced pulmonary vasoconstriction. In contrast, mice oversipge

human autotaxin/lysoPLD may be mildly protected from hypoxia-ieduc

changes, as suggested by preservation of peak flow veloaitysatre pulmonary

valve. The moderate phenotype of the Enpp2-Tg mice may be limited b

down-regulation of transgene expression that occurs during hyaodiaould be

expected to reduce LPA levels. Moreover, autotoxin/lysoPLD and &tPA

physiologically normal levels may be sufficient for the pctte effect, and

further increases may provide no additional benefit. The fact that EnppH#ee

show less reduction in peak flow velocity across the pulmonary valvendout

significant difference in RVSP to age-matched WT controler diypoxia also

suggests that the reduction in pulmonary flow is a more sensitisenpter that is

subjected to change earlier in the progression of pulmonary hypertension.

The percentages of muscularized arterioles in hypoxic conditiomn similar

in Enpp2-Tg and control mice. However, interestingly, Enpp2-Tg mioweth a

much higher percentage of muscularized vessels at baseline (ngrnoxia
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age-matched WT mice. We could not explain the possible mechartismal lte and

no abnormality in the overall pulmonary histology of Enpp2-Tg mice faaisd
(data not shown). Nevertheless, the higher percentage of muscularized arégriole
baseline made the increase in muscularization after hypoxidingtgd, if any, in
Enpp2-Tg mice. In the sense, Enpp2-Tg mice seem to be more nmessta
pulmonary vascular remodeling with hypoxia exposure.

Enpp2” mice are bred by crossing Enppand WT littermates, and therefore
the control group is their WT littermates. The Enpp2-Tg colonyaesl firom the
original Enpp2-Tg line, and their control group is age-matched We fraen the
same background. Enpp2and Enpp2-Tg mice are both in the FVB background.
Interestingly, the two WT groups show certain differencelsageline as well as
responses to hypoxia. The RVSP values at normoxia were si@fatr € 2.1
mmHg of WT for Enpp? and 24.9+ 3.0 mmHg of WT for Enpp2-Tg).
However, the WT for Enpp2-Tg had a higher RVSP value after hy8Xi@ =
5.1 mmHg versus 30.2t 2.3 mmHg of WT for Enpp?2). WT for Enpp2-Tg
also showed ~2 fold more reduction in peak flow velocity across timeopary
valve after hypoxia (-15.6t 8.7 % versus -8.0+ 5.7 % of WT for Enpp?).

As to pulmonary vascular remodeling, the muscularization percentdgedVT
groups were similar at baseline. However, in the hypoxic groupdfeentage of
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non-muscularized arterioles was 32% in WT for Erfpgd only 17% in WT for
Enpp2-Tg. Overall, by all parameter looked, the WT for Enpp2-Tg showed
exacerbated response toward hypoxia. The differential respcanrsé® @ttributed

to strain variations. Although both EnpgpZnd Enpp2-Tg mice are on the FVB
background, the Enpp2-Tg are the on the FVB/NJ background, and the"Enpp2
mice are the European FVB sub-strain, which was transferred thenS to
Amsterdam in 1978. The two sub-strains are kept separately fadecand
therefore there may be genetic drifts between the FVB/NJ amdehe FVB line
used in Europe that could account for the differential responses. Iroadthe WT
littermates for EnppZ mice are congenic which were back-crossed at least 10
times to FVB background, while the WT used for Enpp2-Tg arergod-VB mice.
The SV-129 genes left in the congenic mice may account for tferedifial
responses. Nevertheless, the baseline values of RVSP and pealdicity aeross

the pulmonary valve were similar between ErippEnpp2-Tg and their respective
WT controls.

In this chapter, we demonstrate a novel role for LPA in the regualaf
pulmonary vasculature. By studying mouse models with elevated emhuted
LPA levels, our data suggest that circulating LPA leveks recessary for the
maintenance of normal pulmonary vascular tone. The next question isRfow
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signaling regulates the pulmonary vasculature and which recgptoediate the
effect. The expression levels of Lpa 1-5 in the lung are meadureaxpression of
Lpa4 and 5 were down-regulated with hypoxia in all strains (EfpEnpp2-Tg
and their respective WT controls). No obvious compensatory expressiay in a
specific genotypes upon treatment was found. Therefore, the specéptor(s)
mediating the protective effect of LPA to pulmonary hypertamsemains to be

determined.
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Figure 3.1. Progression of hypoxia-induced pulmgrgmpertension .
Lungs sections from normoxic and hypoxic mice were stainéith w-smooth muscle actin

(red) to show increased muscularization and wall thickeégsulmonary arterioles as signs
of pulmonary remodeling in the hypoxic group.
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Figure 3.2. The response of mice with reduced Advels (EnppZ) to hypoxia.

Right ventricular systolic pressure (RVSP) of WT (n=6) angpf2" (n=5) mice in normoxia,
and WT (n=6) and Enpp2 (n=7) mice 3 weeks with hypoxia. Individual values (dotsyan
medium with 25 and 75 confidence intervals (box plots) aes@nted. Data were analyzed by 2-
way ANOVA. *P<0.05.
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Genotype Condition N Before After
WT Normoxia 4 878.79 + 44.38 993.05 + 69.58
WT Hypoxia 6 898.85 + 76.3 824.52 + 55.3

Enpp2*- Normoxia 5 927.71 + 65.61 922.96 + 41.22

Enpp2*- Hypoxia 7 960.68 + 92.91 802.29 + 94.79

Results are presented as megBD in mm/sec.

Table 3.1. Peak flow velocity across the pulmonaalye before and after 3 weeks of exposure to
normoxia or hypoxia.
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Figure 3.3. Percentages of muscularization of distal pakng arterioles in normoxic or hypoxic

WT and Enpp2- mice.

Lung sections were immunostained witkssmooth muscle actin and scored as described in

Materials and Methods. non= non muscularized vesseldapagartially muscularized vessels, and
full= fully muscularized vessels. Data are presented as@es of 4 mice/group and analyzed by 2-

way ANOVA. *P<0.05.
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Figure 3.4. ATX expression level in lung of mice with lower&@X levels (Enpp2- ) with
hypoxia.

Quantitative RT-PCR analysis of autotaxin/lysoPLD (ATXjpesssion level in lung of
littermates of WT (slashed bars) and EnppZopen bars) mice in normoxic and hypoxic

conditions. All Results were graphed from four experimeamd presented as meanS.D.
The expression level from WT mice in normoxic condition isae1. *P<0.05 .

48



LPAL
30 30
30
25 25
25
D 20 gzo % 20
o c c
g 5 5
<15 6 15 ov
2 T S
E 10 LOL 10 L? 10
s % ﬁ 05 05
0 i i 00 , . 00 : .
Nomroxia Hypoda Nomrovia Hypada Nomroxia Hypoxa
LPA4 LPAS
30 30
254 25
% 204 *F‘<0(E 87 20 ]
g - g E WT
< 154 S5
o | — O y
o z 1 Enpp2*"
O 10 Q 10
(TR (TR
) % ’J_‘ % ’J_‘ ) % ’j_‘
00 . . 00 !
Nomoxia Hypoxia Nonoxia Hypoda

Figure 3.5. Expression level of LPAreceptors in the lung g2’ mice.

Quantitative RT-PCR analysis of LPA1-5 expression levellung of littermates of WT
(slashed bars) and Enpi2open bars) mice in normoxic and hypoxic conditions. Allutes
were graphed from four experiments and presented as mé&b. The expression level of
WT mice in normoxic condition is set as 1. *P<0.05.
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Figure 3.6. The response of mice with elevated ATX levelp{EaTg) to hypoxia.

Right ventricular systolic pressure (RVSP) of WT (n=8) ampf2-Tg (n=8) mice in normoxia,
and of WT (n=8) and Enpp2-Tg (n=9) mice 3 weeks with hypoxia=8Nor both WT and
Enpp2-Tg mice in normoxia. N=8for WT and 9 for Enpp2-Tg mice hiypoxia. Individual
values (dots) and medium with 25 and 75 confidence inteifals plots) are presented. Data
were analyzed by 2-way ANOVA. *P<0.05.
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Genotype Condition N Before After
WT Normoxia 5 1004.28 + 43.89 946.70 + 60.08
WT Hypoxia 5 963.81 + 64.84 808.30 + 38.42
Enpp2-Tg Normoxia 5 1040.56 + 41.54 1026.97 + 51.09
Enpp2-Tg Hypoxia 5 1018.06 + 111.29 967.09 + 57.34

Results are presented as mea8D in mm/sec.

Table 3.2. Peak flow velocity across the pulmonary valve @enbefore and after 3 weeks of
exposure to normoxia and hypoxia.
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Figure 3.7. Muscularization of distal pulmonary arteriol@ normoxic or hypoxic WT and
Enpp2-Tg mice.
Lung sections were immunostained withsmooth muscle actin and scored as described in

Materials and Methods. Data are presented as averages afedgnoiup and analyzed by 2-way
ANOVA. *P<0.05.
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Figure 3.8. ATX expression level in lung of mice with elevt&TX levels (ATX-Tg) with
hypoxia exposure.

A. Quantitative RT-PCR analysis of human ATX transgene esgion level in lung of ATX-Tg
(closed bars) mice in normoxic and hypoxic conditions.

B. Quantitative RT-PCR analysis of endogenous mouse ATXemgion level in lung of age-
matched WT (slashed bars) and Enpp2-Tg (closed bars) miserimoxic and hypoxic conditions.

All Results were graphed from four experiments and preseatemearnt S.D. The expression
level from WT mice in normoxic condition is set as 1.
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Figure 3.9. Expression levels of LPAreceptors in lung of g2yig mice.

Quantitative RT-PCR analysis of LPA1-5 expression leveluimg of littermates of WT (slashed
bars) and Enpp2-Tg (closed bars) mice in normoxic and hypoanditions. All results were
graphed from four experiments and presented as me&D. The expression level of WT mice in
normoxic condition is set as 1. *P<0.05.
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Chapter 4

L PA receptors 1 and 2in pulmonary vascular regulation

I ntroduction

A family of G protein-coupled receptors (GPCRs) is at |gaestially
responsible for the cellular responses of LPA. At present, theriavarbona fide
LPA receptors, LPA1-8%"3 with evidence for at least three more (LPA 6 2'8)
LPAreceptors 1 — 5 are expressed ubiquitously in most mammabaesin vitro
studies in cell lines reveal that LPA receptors share oefaction redundancy as
well as specificity’®’*® Until recently, understanding the physiologic role of these
receptors has been hampered by lack of subtype specificj\aeleceptor agonists
and antagonists. However, genetic deletion of LPA receptors has pmrovide
valuable information on their pathophysiological rdfésFor example, deficiency
of Lpal in mice generates craniofacial abnormalities, reducas a small
incidence of perinatal frontal hematoma, and 50% neonatal letf4lityhereas
deletion of Lpa3 results in implantation defétf8  Lpa2-deficient and

Lpa4-deficent mice display no obvious phenotyS&® although cells from



Lpa4-deficient mice display enhanced migration in response td°Lmaice
deficient of both Lpal and Lpa2 present similar abnormitiésiasking out Lpal
alone except an increased incidence of frontal hematbma

LPA is an effective modulator in the cardiovascular system. Its produsti
facilitated by activated platelets, and it has multiplea on vascular SMCs and
endothelial cells. For example, LPA is well-known for its phenotgmciulating
effect on cultured vascular SMCs by promoting their de-diffeation,
proliferation, and migratiori®®® LPA promotes endothelial cell migration that
involves organization of the actin cytoskeleton and the extracethasix 01
LPA has been variably reported to increase or decrease endothelial foacimn
193 By using quantitative RT-PCR analysis, others and our lab haldlisked that
LPA1 and LPA2 expressed relatively high levels in vascular SMCs andhetiebt
cells'®1% Given that LPA is poised to be a mediator of vascular dise@sarav
interested in characterizing the vascular phenotype of meélg LPA receptors 1
and 2 (LPAT 2" mice)®.

To date, not much has been reported regarding the cardiovascular and
pulmonary-related phenotypes of LPAA" mice. Our group recently reported the
roles of LPA1 and LPA2 in regulation of phenotypic modulation of vascular SMCs
after injury*®.  LPAL 2" mice were partially protected from developing carotid
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ligation and femoral artery denudation-induced neointimal hyperplasiereas
LPA1" mice developed larger neointimal lesions after injury. Theryrinduced
response of LPA2 mice was similar to that of WT mice. Growth in serum,
LPA-induced extracellular signal-regulated ERK activation, angration to LPA
and serum were all attenuated in SMCs isolated from I'RAlmice. In contrast,
LPA1" SMCs exhibited enhanced migration resulting from an up-regulafion
LPA3. However, despite their involvement in intimal hyperplasigheeLPA1 nor
LPA2 was required for dedifferentiation of SMCs following vascufgury or
dedifferentiation of isolated SMCs in response to LPA or serwitrm Similarly,
neither LPAL1 nor LPA2 was required for the transient increasgystemic blood
pressure following intravenous administration of LPA to mice. @&hessults
identify a role for LPA1 and LPA2 in regulating SMC migratoegponses in the
context of vascular injury.

In bleomycin-induced lung injury models, endothelial permeability is
mediated by the LPA1 recepttf. Pulmonary fibrosis was markedly inhibited in
LPA1" mice, and these mice were protected from mortality afteoniyein
treatment. The lack of LPA1 led to reduced fibroblast recruitmePA levels in
bronchoalveolar lavage fluid were increased, and inhibition of LPA1 signifiy
reduced fibroblast responses to the chemotactic activity in ithigppulmonary
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fibrosis patients.

Given our preliminary data of the protective effect of LPA on hygaxduced
pulmonary hypertension, and the high expression levels of LPA1l and IoPA2
endothelial and SMCs, we sought to determine whether LPA1 and LPédpzde

in the regulatory effect of LPA in the pulmonary vasculature.

Materials and Methods

Mice

All procedures conformed to the recommendationSwle for the Care and Use

of Laboratory Animals (Department of HealtlEducation, and Welfare publication
number NIH 78-23, 1996&nd were approved by the Institutional Animal Care and
Use Committee. Generation and characterization of LPA1 mice were as
previously described®® The LPAT 2" mice were backcrossed for >10
generations tdhe Balb/c background. Mice were housed in cages with HEPA
filtered air in rooms on 12-hour light cycles and fed Purina 5@®d&nt chow ad
libitum.

Hypoxia model

This method was stated in chapter 3.

Echocardiography
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This method was stated in chapter 3.

RV pressure measurement

This method was stated in chapter 3.

Real-time PCR

This method was stated in chapter 3.

Histology

Mice were weighed, and hearts, lungs, livers, and kidneys were dissatted,in
PBS, and weighed. Hearts were cut in a cross section atdlestypioint. The top
half of the heart was fixed with 4% paraformaldehyde and embedded in paraffin. 5
um sections of hearts and lungs were prepared with microtomeettiens were
stained with hematoxylin and eosin (H&E) for examination of geggsearance,
whereas Masson’s Trichrome, periodic acid-Schiff, counterstaineth w
hematoxylin (PAS-H), and van Gieson elastin staining was engplwyéacilitate
guantification of fibrosis, cardiomyocyte size, and elastin contesgecgively.
Thickness of LV and RV free walls and total cross-section demoéthe heart was
measured at the level of LV papillary muscles in H&E stairsedtions.
Measurements were made at 3 individual sites and avet&géti Cardiomyocyte
hypertrophy was assessed by measuring cross-sectionaf &@aardiomyocytes
with nearly circular capillary profiles and centered nuaterandomly selected
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fields in the LV or RV free walls per PAS-H-stained sectirlo perverse the
pulmonary architecture, lungs were tracheal perfused with 4%oparaitiehyde at
25cm pressure for 10 minutes in some ca$d3he morphology, muscularization
percentage of small arterioles, and arteriolar wall thickmese quantified with
lung sections immunostained with the biotinylated amtsmooth muscle actin
antibody (Sigma). The dilution of the antibody was 1 to 100 in PBSallSm
arterioles with diameters ranging in 15-106 were scored. Arterioles with no
positive a-smooth muscle actin staining were characterized as non-mused|a
wrapped with 0-75% positive staining as partially-muscularized, ansPo>
positive staining as fully-muscularized vessels. 50 arteriolesach section were
counted for muscularization percentage. For quantification of pulmeasnular
wall thickness, pictures of small arterioles with diameatanging in 15-10@um are
taken and analyze with Metamorph image software. The outer andlinanester of
each arterioles are measured, and the arteriolar wall theleesscalculated by the
formula: wall thickness was calculated as (outer vesselrierence/z) —
(circumference of lumenfd *** 25 arterioles in each section were quantified for
pulmonary vascular wall thickness. Van Gieson elastin stainingused to stain
elastin and collagen in the lung sections. Perivascular eldsposition was
guantified by the density of positive elastin staining on the vasauméll and
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normalized by vascular diameters using Metamorph image software.

Oxygen saturation

Mice were lightly anesthetized with isoflurane. The realetioxygen saturation of

arterial hemoglobin, heart rate, pulse distension, breath distensiorespn@tory

rate were obtained and analyzed with mouseOx (Starr) by placsegsor on the

right thigh of the mouse.

Hematological analysis

Retro-orbital bleeding was performed with mice anesthetizéld woflurane.

Whole blood was collected into EDTA-coated tubes. Hemoglobin concentrati

and hematocrit were analyzed with ABC vet hematology analydeK) set to

measure mouse blood cell parameters.

Pulmonary vascular permeability

Mice were kept anesthetized with pentobarbital. The neck skircwaspen, and
1% Evans blue in PBS was injected into the right jugular veinu(10ice). 15
minutes later, heparin with PBS was perfused from RV to L& @instant rate of
111.8 ml/hr (25 mmHg pressure). The perfused lung was dissected, warghed
immersed in 1ml formamide to extract Evans blue. The extractiepardormed in

a shaking water bath at 5€ for 24 hours. The extracted Evans blue was quantified
by reading absorbance at 600 nm and normalized to lung weight.
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Satistics

This method was stated in chapter 3.

Results
LPA1"2" mice develop pulmonary hypertension with age

In chapter 3, we found that mice with reduced circulating autotgga? LD
and LPA levels (Enpp2 mice) are prone to develop pulmonary hypertension with
hypoxia exposure. LPA receptors 1 and 2 were reported to be abundantly
expressed in cultured endothelial and vascular SMCs, and we obselatecly
high expression levels in murine blood vessels. We thereforeimterested in
understanding whether these 2 receptors are involved in regulatipglthonary
vasculature.

Young LPAT"2" mice (8 — 14 weeks old) did not display a significant increase
in RVSP when comparing to age-matched WT controls (37.9 £+ 8.8 mmHg in
LPA172" mice versus 28.6 + 8.0 mmHg in WT mice; not statistically sicanit)
(Figure 4.1A). When measuring RVSP in aged mice (over 45 weeks old), we
observed a significant increase in pressures of [RAImice when comparing to
WT mice (58.5 + 4.5 in LPATI2" mice versus 28.6 + 8.0 mmHg in WT mice;
P<0.05) that did not occur in mice singly deficient of LPALALP) or LPA2
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(LPA2™) (Figure 4.1B).

In agreement with the age-dependent elevation in RVSP obsenved i
LPA172" mice, peak flow velocity across the pulmonary valve was 11%rlaw
LPA172" (613 + 125 mm/sec; n = 18) than in WT (690 + 94 mm/sec; n= 22; not
statistically significant) mice at 2 — 3 months of age. Theimediecame more
evident with age, as the peak flow velocity was 18% lower irLB#el” 2" mice
(573 £ 70 mm/sec; n = 14) than WT controls (698 = 92 mm/sec; n=110F5) <4ty
6 — 9 months of agé€Table4.1). In comparison to the decline in peak flow velocity
in LPA1"2" mice over time, the WT mice in two age groups displayed altest t
same values. Taken together, our findings indicate ['RA1 mice develop
spontaneous pulmonary hypertension with age.

To determine whether the elevation of RVSP was reflectddsiology, we
examined the heart cross-sections of aged WT and T®PAlmice for RV
hypertrophy. The RV free wall was notably thicker, and RV diemwas dilated in
the representative pictures of LPAX" heart to age-matched WT contr{#sgure
4.2A). Quantification showed significantly higher RV free wall thicknéss
cross-section diameter ratio of aged LP&T mice (0.17+ 0.05) comparing to
age-matched WT mice (0.1 0.02; P<0.05). There was no difference among
WT and single knockout mice (LPAland LPAZ mice)(Figure 4.2B).
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To confirm the thickening of RV free wall was due to RV hypertypopie
measured the cross-section area of individual cardiomyocytes aniersuiof
nuclei per microscopic field in RV and LV of aged WT and LP&T heart sections.
Average cardiomyocyte size was significantly greater VhdR LPA1"2” mice
comparing to WT controls (17& 57% in LPAT 2" RV versus 100+ 5% in
WT RV, P<0.05), while the nuclei numbers per field stayed the .same
Cardiomyocyte size and nuclei numbers were very similar ioflboth genotypes,
indicating the size increase of cardiomyocyte happened spdgific&V (Figure
4.3). Hence, we confirmed that in agreement with the increase iBPRthe
LPA172" mice developed RV hypertrophy with age. No histological evieleric
cardiac fibrosis or inflammation was found in the LPRT heart sections. Taken
together, these physiological and histological changes furtbefirmed the
development of pulmonary hypertension in LPRL mice with age.

To look for the possible mechanism of the spontaneous development of
pulmonary hypertension, we examined parameters that cause sequidsgary
hypertension. We excluded hypoxia as a cause for pulmonary hypemt@mshe
LPA172" mice. Arterial oxygen saturation in WT mice were 96 + 1% ane 97
1% at 1 - 2 months and 6 months of age, respectively. Correspondieg val
the LPAT 2" mice were 95 + 2%, 97 +0.3% and 96 + 2% at 1 - 2 months, 3 —
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4 months and >6 months of age, respecti&igure 4.4A). Additionally,
hemoglobin (17.6 + 1.3 g/dl) and hematocrit values (53.3 + 4.4 %) in TPA1
mice did not differ from age-matched WT (17.4 +1.6 g/dl and 55.3 + 7,9 %)
indicating that the LPAT2” mice did not develop secondary polycythemia,
which would be expected to occur in the setting of prolonged hygBigare

4.4B and C). We also examined whether pulmonary vascular permeability was
changed in LPAT2" mice. Evans Blue dye was injected into the jugular vein of
WT and LPAT2" mice. After perfusion the pulmonary circulation at physiological
relevant pressure, Evans blue leaked into the lung tissue wastextrand
guantified. The average amount of extracted Evans Blue was tleeisaiT and
LPA172" mice, suggesting normal permeability of the pulmonary vasculature
LPA1"2" mice (0.9 + 0.3 in LPAT2" mice versus 1.0t 0.4 in WT mice)
(Figure 4.5A). In accordance to normal pulmonary permeability, no evidence of
edema was seen in the lung tissue of LPA1 mice. Examination of pulmonary
valves did not reveal any notable abnormalities of LE&1 mice, excluding
pulmonary stenosis as a cause for the elevated &8k e 4.5B). Plastic casting
and microCT analysis of the pulmonary vasculature also did not relbeelus

obstruction in the main pulmonary vasculature (data not shown).

65



Abnormal pulmonary development in LPA172" mice

Normal pulmonary vascular formation is criti¢al lung alveolarization,
which requires coordinated growth and differentiaibpneumocytes, endothelial
cells and vascular SMCs. In mice, the final stage of lexgelopment occurs
postnatally, when primary air saccules divide into smallesaces through the
process of secondary septatibh When we analyzed lung sections for the
pulmonary vascular remodeling, we noted enlarged alveoli in the lwtigrsef
LPA172"" mice, and sought to characterize their pulmonary development more
carefully. Histological examination of the lung sections fromwEzk old
LPA172" mice revealed an increase in the size of alveolar spaeepibcess of
alveolar septation in mice is largely complete by 3 weekagef at which time
alveolar enlargement was already present in 'PX1mice (Figure 4.6). At 3
weeks of age, there was an increase in the muscularization of puynaoteaioles
in LPA12" mice comparing to age-matched WT controls (preliminary a2y,
and the increased muscularization became more evident at 1% @&
muscularized arterioles in LPA2” mice versus 18% in WT mice; P<0.05)
(Figure4.8A). Histological examination of lung sections at postnatal d@33
and 7 (P7) did not reveal any obvious changes in the lung architeature i
LPA172" mice, and therefore the impairment of lung development was ligely t
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occur between P7 and PZEigure 4.6).

Because the level of elastin, one of the major ECM componerttg iling,
may affect normal lung development as well as vascular pressareneasured
elastin gene expressiofElf) in lungs of LPAT 2" mice, and found thaEln
expression was 1.90#37 fold in LPAT 2" than in WT controls. At 3 weeks of
age, LPAT 2" mice had a similar 2-fold elevation &n as compared to WT
controls (Figure 4.7A). To determine whether the up-regulation Eh is
reflected in elastin deposition, elastin staining of lung sectizas performed.
Representative pictures show increased black elastin stainimogiisding vessels
of various sizes in the lungs of LPAZ" mice (Figure 4.7C). Quantification of
elastin content around the vessels confirmed greater perivaseldatin
deposition in LPAT2" mice at both 3 and 12 weeks of age (170.2 fold
increase for 3 weeks old and 25 0.6 fold increase for 12 weeks old LPAZ"

mice) (Figure 4.7B).

Enhanced hypoxia-induced pulmonary remodeling in mice with deficiency of
LPAland LPA2 receptors

Having acknowledged that aged LPAL" mice had increased RVSP, we
hypothesized that LPAR” mice may be susceptible to hypoxia-induced
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pulmonary hypertension and remodeling as were mice with reducedeivieA
(Enpp2"). Young LPAT 2" mice (8 — 14 weeks old) did not display a significant
increase in RVSP when comparing to age-matched WT co(f&Eiglsr e 4.1A) and
were subjected to hypoxia for 3 weeks. Similar to Efppnice, an
approximately 2-fold reduction in peak flow velocity across the pulnyovave
occurred in LPAT2" mice after hypoxia (25.3- 16.9% of LPAT2" mice
versus 13.8f 16.3% of WT mice; not statistically significarffjable 4.2).
Muscularization of small pulmonary arterioles was used to cortfiahthe
changes in peak flow velocity reflected in pulmonary vascuwanodeling in
response to hypoxia. In agreement with the finding that CR&1mice develop
greater decline in peak flow velocity across the pulmonary valvalysis of the
lungs revealed more muscularized and less non-muscularized pulmonary arteriole
in LPA1" 2" mice as compared to age-matched WT controls in response to
3-week exposure to hypoxia (86.5% muscularized arterioles in T2Anice
versus 53% in WT mice; P<0.08jigure 4.8A). Proliferation of vascular SMCs
not only increases the percentage of muscularized smaliobeserbut also
increases the thickness of vascular wall. Consistent with the irdredt®e number
of muscularized arterioles, the average thickness of pulmonanotat wall was
significantly higher in LPAT2" mice than WT controls with hypoxia treatment
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(Figure 4.8B). Interestingly, the fact that LPAR” mice had less
non-muscularized and more muscularized vessels, as well as thidkeonary
arteriolar wall to WT controls in normoxia revealed more pulmonascular
remodeling of LPAT2" mice at baselinéFigure 4.8). This implies that there may
be certain degree of defect in the pulmonary vasculature of £ZAmice prior to
any stimulation. Similar to elevated RVSP with age, the absehdePAl and
LPA2 may be associated with spontaneous pulmonary arterial remodeling.
Sustained elevation in RVSP stimulates RV hypertrophy with aise® in
cardiomyocyte mass and RV free wall thicknessFigure 4.9A shows
representative pictures of heart cross-sections of WT and ZPAImice in
normoxic and hypoxic conditions. A thicker RV free wall was obseiwethe
hypoxic LPAT 2" heart. Quantification of heart cross-sections revealed serea
in the RV free wall thickness to total cross-section diameteboth WT and
LPA172" mice after hypoxia, indicating our model of hypoxia-induced pulmonary
hypertension was sufficient to trigger RV hypertroghigure 4.9B). Higher RV
free wall thickness to cross-section diameter ratio of X1 mice to WT
controls in normoxia indicate the spontaneous development of RV hyperwwbphy
LPA172"" mice. Together, LPA12" mice showed greater decline in peak flow
velocity, more muscularization and increased pulmonary arteni@kithickness,
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and RV hypertrophy with hypoxia treatment. These findings stigiggismice with
impaired LPA signaling with lack of LPA1 and 2 are hypepasive to
hypoxia-induced pulmonary hypertension.

We measured gene expression levels of LPA receptors 1 - 5 indiingse
to determine if their expression was altered in the absendeAdf and LPA2. As
expected, no Lpal or Lpa2 gene expression in lungs from tZAmice could
be detected. The expression levels of Lpa4 and Lpa5 were higheAld 2P to
WT lung at baseline, but not as obvious with hypoxia exposure. Intglgsthe
up-regulation of Lpa3 mRNA level that was observed in WT controlevioig

exposure to hypoxia did not occur in the lungs of LPA1 mice(Figure 4.10).

Discussion
In this chapter, we found LPAR" mice developed spontaneous pulmonary

hypertension with age. While the RVSP of young adult L'ff&1and WT mice
showed no obvious difference, the RVSP of aged LCPX1 mice was
significantly elevated than age-matched WT controls mice (58.8.5: in
LPA172" mice versus 28.6 + 8.0 mmHg in WT mice, p<0.05). LPAdice may
also display a slightly higher RVSP than WT controls, but therdiffce was not
significant. Lacking LPA1 may have partial effect on the -dgpendent
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development of pulmonary hypertension. Nevertheless, neither “LPdxid
LPA2" mice display the significant elevation of RVSP observed irLBl” 2"

mice, suggesting redundant signaling pathways between thesecepbors. The
spontaneous development of pulmonary hypertension in aged’2PAtice was
further confirmed by decline in peak flow velocity across the pulnyovalve as
well as RV hypertrophy.

No obvious compensatory up-regulation of other LPA receptors was found in
the lungs of LPAT2" mice. The higher expression levels of Lpa4 and 5 in
normoxic LPAT 2" mice were not seen in the hypoxic group. Interestingly, the
up-regulation of Lpa3 in hypoxic WT mice was not seen in hypofal’ 2"
mice, indicating LPA3 might also participate in the responsdsypmxia, and
lacking certain LPA receptors, such as LPA1 and LPA2 in this, caay affect the
signaling of other receptors.

After establishing that LPA12" mice were susceptible to hypoxia-induced
pulmonary remodeling and develop spontaneous pulmonary hypertension with age,
we sought to determine the possible cause(s). As discusseelr, eahlionic
hypoxia contribute to pulmonary hypertension, and therefore wecfiestked the
arterial oxygen saturation percentage at various ages. The oxygeation of
LPA172" mice was within the normal range from 6 to 36 weeks old. In addliti
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markers for prolonged hypoxia, such as increase in hemoglobin and heimatoc
values were not seen in LPAZ" mice. We therefore excluded hypoxia as the
cause.

Valvular diseases and obstruction in the pulmonary vasculature coald als
lead to pulmonary hypertension. By examining tissue sections, weotlitind
signs for pulmonary valve stenosis or other histological evidencaudgest
valvular disease as a likely cause for pulmonary hypertension.|akdke of
pulmonary valve stenosis was further supported by the fact tihet’I2® mice
showed decreased peak flow velocity across the pulmonary valve thdre
increase, which would be expected in the case of pulmonary vahessteNo
architectural defect in the main pulmonary vasculature was notegldstic
casting and microCT analysis (data not shown). Examination outigetissue
sections also failed to find evidences for thromboembolism or cor pulmonale.

Endothelial cell plays a key role in the regulation of pulmonasgwiar tone
by balancing the vasoconstrictive and vasodilatory factors, thedefore
endothelial dysfunction could contribute to pulmonary hypertension. To de&erm
the integrity of the endothelial layer, we checked the pulmonadptielial
permeability by measuring the leakage of Evans blue dyehettuhg tissue. No
significant increase in pulmonary endothelial permeability was foun@Ai 12"
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mice. We also challenged age-matched WT and 'RAImice with hypoxia and
performed the permeability assay. No difference was found in faqoballenged
mice either (data not shown). However, interestingly, we did moasencrease in
pulmonary permeability with hypoxia exposure as other groups repdrhesl.
could be attributed to different hypoxia conditions, such as the hypdhygixia
model used by other groupd>**® Another explanation is that we could not
perform the pulmonary permeability assay in the hypoxic environmbatefore,
the endothelial layer could revert to normal shortly after treemiere taken out
from the hypoxic chamber, so that we were not able to detech#mge in time.
Transmission electron microscopy was performed for a detailed of the
pulmonary endothelial cells, and the lining of endothelium appeared tdaot in
the lung of LPAT2" mice (data not shown).

Overall, no striking histological changes, such as fibrosis,nmflation, and
edema, were found in the lung and heart of LP&1 mice. Therefore the cause
for the pulmonary hypertension may be more subtle and molecular-etisetd
rather than architectural changes of the pulmonary vasculature.

While looking for histological evidences, we noticed enlarged alvedhe
lung of LPAT"2" mice. We therefore fixed the alveolar structure by
paraformaldehyde perfusion through trachea and confirmed the entargef
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alveoli in LPAT"2" mice at both 3 and 12 weeks of age. Since murine pulmonary
development is not complete until 3 weeks after birth, the lack A1 lad 2 may
likely result in impaired alveolarization, rather than disruptionth& existing
alveoli such as that occurs with emphysema. No evident differénpestatal

day 3 and 7 were seen in the lung architecture of [RAImice, suggesting the
impairment of pulmonary development likely occurred between postdayal/

and 21, the time of alveolar septation in mice.

The disrupted pulmonary development in LPRT mice may be associated
with the development of pulmonary hypertension. The percentages of
muscularized arterioles were higher in both 3 and 12 weeks old [ FAmice,
comparing to age-matched WT controls, suggesting the vascular lergodas
evident as early as 3 weeks of age (50% of muscularized vésdaRA1 27
mice versus 30% in WT mice). The difference in 12 weeks old maz even
greater (63% in LPAT2" mice versus 18% in WT mice), indicating the
progression of vascular remodeling with age. The pulmonary histology df’LPA
and LPAZ" mice appears to be normal without alveolar enlargement. This agai
suggested the redundancy of these receptors in the regulation nobrauy
vasculature (data not shown). To determine whether lacking LPA 2 @an mice
affects other vascular beds, we performed fundoscopy tesatoimx the retinal
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microvasculature of LPA12” and WT mice. No notable difference was found in
the retinal microvasculature, suggesting the changes in the pulmasaylature
were unique (data not shown).

Adequate composition and cross-linking of extracellular matrix (E@h
keys to the development as well as maintenance of the vasouakrirt the
pulmonary vasculaturé®’. Since elastin is the major ECM component of
mammalian lung>®, we sought to determine whether the elastin deposition was
affected in LPA1 2" mice. LPAT 2" mice expressed higher level@h at both 3
and 12 weeks of age. In accordance to gene expression, the peaaivasastin
content was also higher in these mice. Perivascular elagiwsitien is tightly
associated with hypertension. Increased elastin deposition waketefmoccur in
the arterial wall together with or very shortly after bloodsptee elevation, and
the deposition was proportional to pressure elevatidnOn the other hand,
studies have shown that increased elastin deposition could be theathas¢han
the consequence for hypertensio®accarini-Contri and colleagues found that
augmented elastin deposition occurred in young spontaneously hypesteatsi
(SHR) before full establishment of hypertension, and even in dethlneonatal
rats **°. Briones and colleagues further incubated isolated SHR arteiis
elastase to degrade elastin, and found the elastase incubation dretlese
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structural and mechanical alterations of the arteries that veenodeled due to
hypertensiort**. We did not know whether the increase of elastin was the cause of
pulmonary hypertension, or simply a reflection of the high artgniessure in
LPA172" mice. If impaired LPA signaling results in increasedtelasxpression,
which leads to pulmonary hypertension, we would expect to see dowiaireq

of eln expression by activation of LPA signaling. However, our prelimircaty
culture data suggest that LPA stimulatda expression in primary cultured
pulmonary arterial SMCs. Therefore the up-regulatio®nfin LPAL"2" mice

may reflect the increase in pulmonary arterial and/or abnornaakcwar
development in the LPAT2" mice.

As in chapter 3, we also used hypoxia as a model to test the pujmona
vascular reactivity. We found signaling through LPA1 and LPA2 magliate the
effect of LPA in the regulation of pulmonary vasculature, as nacking both
receptors were more susceptible to hypoxia-induced pulmonary renwpaeld
the development of pulmonary arterial hypertension, characterizetedined
peak flow velocity across the pulmonary valve, increased pulmomgesiotar
muscularization and wall thickness, as well as RV hypertropiterdstingly,
while LPAL"2" mice showed exacerbated responses to hypoxia, we noted certain
histological differences in lungs and hearts between these mice and Walcantr
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baseline (normoxia). In normoxic WT mice, most of the small iatésr were
non-muscularized in the lung. However, more than half of the smatidets in
LPA172" mice were muscularized (63% versus 18% of WT mice). The average
thickness of pulmonary arteriolar wall was also significantBater in normoxic
LPA1"2" mice (6.0 = 0.4um versus 4.6+ 0.3um of WT, p<0.05). Both data
indicated more remodeling in the pulmonary vasculature of ['PAlmice at
baseline. In the heart, the RV to heart cross-section diamgtewes also higher
in LPA1"2" mice (0.16 = 0.05 versus 0.1 0.02 of WT), suggesting RV
hypertrophy of LPAT2" mice at baseline. Taken together, these data again
suggest that mice lacking LPA1 and LPA2 receptors may develop pulynonar
hypertension without hypoxia stimulation.

In conclusion, our data provide novel evidences for LPA's regulatoeyimol
the pulmonary vasculature. By studying mouse models with elevatereduced
LPA levels, as well as impaired LPA signaling, our data sugipes signaling
through LPA1l and 2 are necessary for pulmonary development as wilé as

maintenance of normal pulmonary vascular pressure.
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Figure 4.1. Elevation of right ventricular systolic presssi (RVSP) and RV hypertrophy of aged
LPA17-27- mice.

A.RVSP OF 8-14 weeks old WT (N=6) and LPA2’- (N=4) mice.

B. RVSP of over 45 weeks old WT (N=6), LPAIN=5), LPA2" (N=3), and LPA1-2"- (N=4) mice.

Individual values (dots) and medium with 25 and 75 configeimtervals (box plots) are presented.
Datawere analyzed by 2-way ANOVA. *P<0.05. NS: not statity significant.
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Genotype Age (months) N PV velocity
WT 2-3 22 737.17 = 75.62
WT 6-9 11 712.43 + 99.62
LPAL1--2/- 2-3 18 666.92 + 151.84
LPAL1--2/- 6-9 14 583.66 + 48.12

Results are presented as me&ddD in mm/sec.

Table 4.1. Peak flow velocity across the pulmonary valve &exknt age groups of LPAA2"

mice.
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Figure 4.2. Thickening of right ventricular free wall of LRA2/- mice over 45 weeks old.

A. Representative pictures of heart cross-sections ofragtehed WT and LPA%2" mice. Hearts
were sectioned at the widest point transversely, and staiuith H&E staining.

B. Quantification of RV free wall thickness to cross-sest@iameter ratio of aged mice. N=6 for
WT, N=4 for LPAL", N=2 for LPA2", and N=6 for LPAY-2"- mice. *P<0.05.
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Figure 4.3. Cardiomyocyte hypertrophy of aged LP&Y- mice.

A. Representative pictures of RV cardiomyocytes of ageched WT and LPA12" mice. Hearts were
sectioned at the widest point transversely, and staineld RASS staining.

B. Quantification of cross-section area of individual dardyocytes in RV and LV walls of age-matched
WT (N=3) and LPAY-2"- (N=4) mice.

C. Average numbers of cardiomyocyte nuclear numbers in sactoscopic field in RV and LV walls of
age-matched WT (N=3) and LPAR" (N=4) mice.
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Figure 4.4. Normal arterial oxygen saturation, hematqanitygen saturation and pulmonary valves of

LPA17-27" mice.

A. Arterial oxygen saturation percentage;(®) of WT (closed circle) and LPAA2* (open circle) mice

from 8 to 32 weeks old.

B. Hematocrit (HCT %) of age-matched WT (n=8) and LP&R1 (n=6) mice. Data are presented as
individual data and box plot. Individual values (dots) anddinm with 25 and 75 confidence intervals
(box plots) are presented. Data were analyzed by 2-way ANON&k not statistically significant.

C. Hemaglobin concentration of age-matched WT (n=9) and 'P& (n=6) mice. Data are presented
as individual data and box plot. Individual values (dots)l anedium with 25 and 75 confidence
intervals (box plots) are presented. Data were analyzed -tmay2 ANOVA. NS: not statistically

significant.
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Figure 4.5. Normal pulmonary vascular permeability andrmrary valve of LPA127- mice.

A. Evans blue extracted from lung of age-matched WT (n=4) BRA 172" (n=4) mice. . Data are
presented as individual data and box plot. Individual v&l@gots) and medium with 25 and 75
confidence intervals (box plots) are presented. Data weadyzed by 2-way ANOVA. NS: not
statistically significant.

B. Representative pictures of heart sections at the levplbhonary valves of WT and LPAR*
mice. Sections were stained with Masson’s trichrome stginPulmonary valves are indicated by
arrows.
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Figure 4.6. Lung histology of WT and LPAR/ mice.

Lung histology of WT and LPAt2/- mice at different ages. From top to bottom: postnatal day33, (P
postnatal day 7 (P7), 3 weeks old, and 12 weeks old, For 3 andeEks old groups, lungs were
perfused by 4% paraformaldehyde through trachea, sedtiand stained with Masson’s trichrome
staining. For P3 and P7 groups, lungs were fixed, sectiomed, stained without perfusion.

Magnification: 200x.
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Figure 4.7. Increased perivascular elastin depositiohérung of LPAY- 2/ mice.

A. Quantitative RT-PCR analysis showing higher elastinrespion level in lung of age-matched
LPA1"2" mice comparing to age-matched WT mice. N=2 for 3 weeks oldigrand N=3 for 12
weeks old group. All results were presented as me&D. The expression level of WT is set as 1.
*P<0.05.

B. Quantification showing higher perivascular elastinteon of LPAT-2/- mice comparing to age-
matched WT mice. n=2 for 3 weeks old group, and N=4 for 12 wedkgroup. *P<0.05.

C. Representative pictures of lung sections of 12 weeks dldavdl LPA1-2+ mice. Sections were
stained with elastin staining. Vessels are indicated hywdnreads.
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N Before After

\WT 6 633.99 £ 90.22 551.97 + 154.02

LPA1--27/- 5 607.66 = 90.78 465.6 +149.21

Results are presented as maa8D. In mm/sec

Table 4.2. Peak flow velocity across the pulmonary valveoteefand after 3 weeks of
exposure to normoxia and hypoxia.
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Figure 4.8. The response of mice deficient of LPA1 and 2 tamixig

A. Percentages of muscularization of distal pulmonaryrentes in normoxic or hypoxic WT and LPA1
-2 mice. Lung sections were immunostained with a-smooth rausclin and scored as described in
Materials and Methods. non= non muscularized vesselsigpamartially muscularized vessels, and
full= fully muscularized vessels. Increased numbers df/faluscularized pulmonary arterioles and less
non-muscularized arterioles of LPA2* mice, comparing to age-matched WT, are shown. Data are
presented as meanS.D from 4 mice/group and were analyzed by 2-way ANOVA. *R&0.

B. Thicker pulmonary arteriolar wall of LPA127- mice under both normoxic and hypoxic conditions,

comparing to age-matched WT. N=4 mice in each group, andattatpresented as mears.D.
*P<0.05.
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Figure 4.9. Right ventricular hypertrophy of LPA27- mice with 21 days of hypoxia.

A. Representative pictures of cross-sections of heartggefraatched WT and LPAR* mice.
Hearts were sectioned at the widest point transverselystaiiged with H&E staining.

B. Quantification showing higher RV free wall thickness toss-section diameter ratio of LPA1
2" mice comparing to age-matched WT controls in both normoRrit laypoxic conditions. N=5 in
each group.
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Figure 4.10. LPA receptors expression level in lung of LP&% mice. Quantitative RT-PCR
analysis of LPA1-5 expression level in lung of age-matched (@lashed bars) and LPADR*
(open bars) mice in normoxic and hypoxic conditions. Alluks were graphed from three
experiments and presented as meas.D. The expression level of WT mice in normoxic
conditionis set as 1. *P<0.05.
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Chapter 5

Conclusions and futuredirections

Mice with reduced and elevated L PA levels

LPA is a bioactive lipid molecule present at physiologicallgwant levels in
plasma and serurf®. LPA has been shown to regulate the vasculature in various
aspects. Acute administration of LPA triggers vessel constrictionsranat guinea
pigs’ LPA had been proposed to contribute to phenotypic modulations such as
proliferation and migration of culture vascular SMCs and appwarsodulate
arterial remodeling responses in carotid arteries of rod8fts LPA also has
effects on endothelial cell function and endothelial barrier intedtity "
Therefore we proposed that LPA may be an important mediatbe ipulmonary
vasculature.

The goal of this project was to determine if LPA signalingypla role in
regulation of pulmonary vasculature, specifically, the regulatiopumonary
vascular pressure. Our first strategy to evaluate a roleHArin the pulmonary

vasculature made use of mice with altered levels of ciraglatiPA. Mice



heterozygous oEnpp2, the gene encoding the major LPA producing enzyme
autotaxin/lysoPLD, with ~half of circulating LPA, and transgenigcan
overexpressing humaBnpp2 with increased LPA level were used to determine
their reactivity in the hypoxia-induced pulmonary hypertension. Efippice
showed exaggerated responses to hypoxia with greater elevati®VS®,
reduction in peak flow velocity across the pulmonary valve, and incdease
remodeling of the pulmonary vasculature. These findings would be consistent with
a normal role for LPA in preventing hypoxia-induced pulmonary vasocorsirict
Mice overexpressing human autotaxin/lysoPLD responded similatiyeio WT
controls, although they did display preserved peak flow velocity adioss
pulmonary valve after hypoxia, which might reflect mild protattirom hypoxia.
The phenotype of the Enpp2-Tg mice may be due to down-regulaticansfene
expression that occurs during hypoxia, or due to the fact thatopdgisal LPA
levels are sufficient to exert the protective effect andhéur increases may
provide no additional benefit. Together, our data suggest that theemace of
local or circulating LPA levels may offset the pulmonary vasccit@nges that are
elicited by hypoxia. An alternate explanation is that micé witculating defects

in LPA levels develop compensatory responses that make them moretprone
hypoxia-induced changes.
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Mice deficient of L PA receptors1and 2

Having established that LPA regulates pulmonary vasculampessge
investigated potential receptor(s) involved. Given the high expression levels of
LPA1 and LPA2 in vascular SMCs and endothelial cells, we sought to determine
whether LPA1 and LPA2 participate in the regulatory effect. We foundrticat
lacking both LPA receptors 1 and 2 (LPAZ" mice) developed spontaneous
pulmonary hypertension with age, as evidenced by an elevation in RVSP in the
absence of pulmonary valve abnormalities, a decline in peak flow velocity across
the pulmonary valve, development of RV hypertrophy, and histological evidence
of pulmonary vascular remodeling. While no significant difference in RVSP was
found that in young adult LPAR” and WT controls, the RVSP of aged
LPA1"2" mice was significantly higher than age-matched WT mice. Aged
LPA1" mice may display a slightly higher RVSP than WT controls, while 'PA2
mice had normal RVSP, indicating lack of LPA1 may have partial effect on the
age-dependent development of pulmonary hypertension. Nevertheless, neither
LPA1" and LPAZ" mice displayed the significant elevation of RVSP observed in
the LPAT 2" mice, suggesting redundant signaling pathways between these two
receptors, and that lack of only one receptor is not sufficient to cause the
pronounced phenotype observed in the absence of both receptors. To investigate
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receptor dose-dependent effects in more detail, [X1and LPAT 2" mice
could be evaluated to determine. It would be interesting to know whether any of
these strains spontaneously develop certain degree of pulmonary hypertension as
did the LPAT 2" mice, or they would be rather similar to the single knockout
mice.

| excluded common causes of secondary pulmonary hypertension, such as
hypoxia, pulmonary valve stenosis, obstruction in the main pulmonarylaase,
and thromboembolism, as the reason of elevated pulmonary pressure ifi/PA1
mice. The integrity of endothelial layers in the lung was also examined b
endothelial permeability assay. No significant increase in pulmonary eridbthel
permeability was found in LPAR” mice. Tager and colleagues have recently
reported LPA1-deficient mice are protected from bleomycin-indioeg injury,
with reduced pulmonary endothelial permeability and fibrosis after the oballe
109123 1t \would be worthwhile evaluating the pulmonary permeability and fibrosis
of LPA1""2" mice in the lung injury model. Interestingly, Tageal. stated no
significant differences in the numbers of total leukocytes, macrophages, or
neutrophils in the BAL of LPAT mice, which is similar to our observations that no
sign of increase in inflammatory cells infiltration in lungsties of LPAT2" mice.

| observed enlarged alveolar spaces in the lung of 'PAImice. | therefore
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sought to determine whether the lung development was affecteaiopfl LPA 1

and 2. Alveolar enlargement occurred in LPRT mice as early as 3 and 12
weeks of age. No obvious differences were seen at postnatal dag 3, a
suggesting the impairment of pulmonary development likely occurredebe
postnatal day 7 and 21, when alveolar septation occurs. The percentages of
muscularized arterioles were greater in both 3 and 12 weeks olti PPAmice,
comparing to age-matched WT controls, suggesting the vascular lergodas
evident as early as 3 weeks of age. The fact that pulmonaoyoligtof LPATL"

and LPAZ" mice appears to be normal without alveolar enlargement again
suggests the redundancy of LPA1 and LPA2 in the regulation of pulynonar
vasculature (data not shown).

Alveolarization and angiogenesis tightly associate and coordintteeach
other during lung development, and inhibition of angiogenesis would nesult
impaired alveolarizatioff. The expression levels of angiogenetic markers Tie-1,
VEGF, and VEGFRII in the lung tissues were similar amgegotypes and
normoxia/hypoxia treatments (data not shown). However, our result could be
attributed to dilution of vascular cells by other cells types, ssschneumocytes,
in the lung. Therefore we could not conclude that angiogenesis &facted in
the lung of LPAT 2" mice without further confirmation.
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Impaired alveolarization in newborns and increased pulmonary prestaire la
in life are the two main problems spontaneously developed in uhg of
LPA1"2" mice. Multiple reports have linked alveolarization with pulmonary
hypertension. Dexamethasone treatment on neonatal rats redusaaraation
and pulmonary artery counts. When challenged with hypoxia, rats edceiv
dexamethasone in the neonatal period displayed significant higher &WERV
mass-*. Fetal lambs undergone surgery of ductus arteriosus constriction to induce
pulmonary hypertension showed reduced alveolarization and small puimonar
artery density*>. These examples suggest mutual regulations between pulmonary
pressure and development. Furthermore, the pathways regulating rdhatiola
and pulmonary pressure may be highly associated. Lacking LPAlisigrmay
contribute to both impaired alveolarization and pulmonary hypertensiamde,
or it could have crucial effect on one event, which with tinfecéihg the other
one.

Gene expression and perivascular levels of elastin, one of the BE@aMr
components in the lung, were up-regulated in lungs of 3 and 12 weeks old
LPA17"2" mice. The increase of perivascular elastin in LPZ1 mice may
reflect alterations in pulmonary arterial pressure and/or abhowascular

development in the LPAT2" mice.
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LPA1"2" mice showed exacerbated responses to hypoxia with greater
decline in peak flow velocity across the pulmonary valve, pulmonaryulaasc
remodeling, as well as RV hypertrophy. Interestingly, we dotgeater
muscularization percentages and vascular wall thickness in theiuRpa1 27
mice compared to WT mice in the normoxic group. In the heart, theo Rart
cross-section diameter ratio was also greater in RAlmice. Both results
indicate the development of spontaneous pulmonary remodeling and RV
hypertrophy in young adult LPAR” mice at baseline. These data were in
accordance with the spontaneous development of pulmonary hypertension in
LPA1"2" mice over time.

In conclusion, our data provide novel evidences for the regulatory role of
LPA in the pulmonary vasculature. By studying mouse models wetratdd and
reduced LPA levels, as well as mice with deficiencies iA tdteptors, our data
suggest that signaling through LPAl and 2 are necessary for puimonar
development as well as the maintenance of normal pulmonary vascular pressure.

Although no other reports have suggested the role of LPA in regulating
pulmonary pressure, multiple studies have shown the regulatory effePA in
other vascular beds. For example, intravenous injection of LPAtetewaterial
blood pressure in rat§ and local application causes cerebral vasoconstriction in
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pigs . Moreover, local infusion of LPA in the rat common carotid artery iaguc
vascular remodeling by stimulating neointimal formatfdnA similar response
was observed in mic¥. Interestingly, these studies all indicate that LPA acts to
increase blood pressure, which contradicts with our data thaptd®écts against
pulmonary pressure elevation. We wonder whether the protective effect
observed was due to compensation to off-set lack of LPA signdliogever,
pulmonary vasculature is unique in many aspects to vascular beéusgpstemic
circulation, where other studies took place in. In addition, the long-tess of
LPA signaling in our models may result in different responsesh ag
compensatory mechanisnmis vivo, whereas other studies monitored short-term
effects by administration of exogenous LPA. To determine the ablePA in
pulmonary vascular reactivity, we will perfuse isolated mousgduvith LPA at a
constant physiological-relevant flow rate, and measure theimealgressure to
see whether acute infusion of LPA mediates pulmonary vasculaupeeshange.
Preliminary lung perfusion experiment with physiological-reféveoncentration

of LPA failed to increase pulmonary pressure under conditions wiae@active
compound did, suggesting that there may be different effectsAbhRBystemic
and pulmonary vasculature in mice. Additional experiments may fiermed to
determine if LPA can block the increase in pulmonary pressuciedli by
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vasoconstrictors.

Proposed molecular mechanisms

As mentioned in chapter 1, pulmonary arterial hypertension develops as
consequence of an imbalance between vasodilators and vasocongtriétorgo
explore how LPA signaling maintains the pulmonary pressure, theitgtefithree
major vasoconstricting and vadodilatory pathways in the pulmonary vaseyla

nitric oxide, endothelin, and prostacyclin, will be examined.

Nitric oxide

LPA has been shown to act as a potent activator of eNOSnajog NO
producing enzyme in the pulmonary vasculature. LPA activates eNOScedse
NO production in a receptor-dependent manner in cultured endothelial'¢étfs
In the animal model, eNOS knockout mice were hyperresponsive to ihyao
developed exaggerated elevations in RVSP and have a higher aecidestevelop
RV hypertrophy*” * On the other hand, mice overexpressing eNOS are protected
from hypoxia-induced pulmonary hypertensinThe responses of Enpj2and
Enpp2-Tg mice phenocopied eNO&nd eNOS-Tg mice in hypoxia exposure.
We hypothesized that the deficiency of circulating LPA levdhok of LPA1 and 2
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would result in insufficient eNOS activation in response to hypmdaded
vasoconstriction, and hence lead to pulmonary hypertension. We measured
expression levels of mediators in the NO pathwafgir2, PdeSa, andNos3 by
guantitative RT-PCR. Our preliminary data show that the egjedevels of all
three mediators were normal in lungs of EnppEnpp2-Tg, and LPAT2" mice.
Exposure to hypoxia produced a 30 — 40% increasegin2 andPdeba expression
and an approximately 50% declineNos3 expression in WT mice. Similar changes
occurred in EnppZ’ Enpp2-Tg, and LPAT2" mice with hypoxia. Therefore there
was no difference in the expression patterns among genotypes dneintsa In
addition to the expression pattern, our preliminary data showed thadritent of
total nitrate/nitrite, the metabolites of NO, was normal inglasma of LPAT2"
mice. However, since LPA has been shown to stimulate eNOS tauiveithout
affecting eNOS protein levél® we will perform eNOS activity assays, such as
guantification of the phosphorylated form of eNOS in western bldibidigtermine

whether eNOS signaling is inhibited in Enfipand/or LPAT2" mice.

Endothelin
LPA has been reported to increase endothelin expression and prodaction
several studies. The expression level of EEdn{), and the secretion of ET-1 are
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both increased in LPA treated rat aortic endothelial ¢&ll4PA also up-regulates
the production of ET-1 in pig cerebral microvascular endotheliad t8It*” We
therefore sought to examine the expression levels of major mediet the
endothelin pathway. Our preliminary data show that the expressiogls Ednl
and vasoconstrictive the & Feceptor Ednra) were constantly greater in LPA2”
mice than age-matched WT controls at various ages (P7 and 3 an@K<2old.
Hypoxia reduced gene expression of theg Eeceptor Ednrb), the vasodilatory and
clearing receptor, in WT mice, an effect that was exatedbam Enpp? and
LPA1"2" mice. A recent paper reporting endothelium-specifics E&ceptor
knockout mice are susceptible to hypoxia with elevated RVSP ancseciie RV
mass as well as remodeled pulmonary arterioles, suggestiregjtheement of E4
in limiting the development of pulmonary hypertension in responseptoxig/ 2.
Our preliminary data support the model that the vasoconstrictive ehdothe
pathway is up-regulated due to reduction in LPA level or deficiefidy?PAl and

LPA2. To confirm that the difference in gene expression isatefiein peptide

levels, ELISA assays quantifying pulmonary ET-1 will be performed.

Prostacyclin
We will also examine the gene expression of mediators in the prostacycli
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pathway, not only because prostacyclin is a potent vasodilator, but also because it
inhibits the production of ET-¥. In addition, LPA has been reported to promote
prostacyclin secretiot?®. Quantification of the metabolites of prostacyclin in

mouse urine will be performed by mass spectrometry to see whether the

prostacyclin pathway is affected with increased or decreased LiRAlisig,

In sum, our data provide novel evidences for LPASs regulatory rokhen
pulmonary vasculature. By studying mouse models with elevated emhuted
LPA levels, as well as deficiency of LPA receptors, our daggest that signaling
through LPA1l and 2 are necessary for pulmonary development as wilé as

maintenance of normal pulmonary vascular pressure.
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