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INTRODUCTION
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1.1 Clinical background

It is generally assumed that pulmonary vascular resistance in utero is high
with resulting low blood flow through the lung. Near the end of fetal life new
vessel growth and remodeling coincides with a progressive fall in pulmonary
vascular resistance, thus allowing the lung to assume its postnatal role in gas
exchange.>*"%*! When the pulmonary vasculature fails to adapt to postnatal
life, right to left extra-pulmonary shunting and severe hypoxemia are bound
to occur.” As a consequence the clinical syndrome of Persistent Pulmonary
Hypertension of the Newborn (PPHN) may arise. PPHN is observed
following perinatal asphyxia, either in combination with developmental
abnormalities of the hungs (lung hypoplasia with or without congenital
diaphragmatic hernia) and/or heart, or idiopathically. PPHN presents
approximately in one in 1000 newborns. Despite new treatment modalities,
such as nitric oxide (NO) inhalation, intra-tracheally administered
prostacyclin (PG, high frequency oscillation and extracorporeal
membrane oxygenation (ECMO),1 which have decreased its morbidity and
mortality, 20-50% of infants diagnosed with PPHN are still expected to die.l”
Those infants who survive often have continuing respiratory morbidity as a
result of volutrauma from intermittent inflation/deflation and high inspiratory
oxygen levels. Thus, PPHN continues to be a major problem in Neonatal and
Pediatric Surgical Intensive Care Units worldwide.

Infants dying with pulmonary hypertension exhibit structural abnormalities of
the pulmonary vessels, including thickening of media and adventiia and
extension of smooth muscle into normally non-muscularized vessels.”
Although it is hard to understand the direct relationship between
morphological abnormalities and the deviant vascular reactivity so often
observed in these patients, the changes in smooth muscle cells (SMCs)
appear particularly striking when compared with vascular wall alterations in
adult human forms of pulmonary hypertension’ Observations in animal
models suggest that the proliferation and matrix-producing™ abilities of
SMCs in the necnatal pulmonary circulation in response to injury also exceed
those seen in adults.***” Relevant intracellular signaling mechanisms that
account for the enhanced growth responsiveness are incompletely
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understood #1852 One of the most important intracellular messengers is
adenosine 3°, 5’-cyclic monophosphate (cyclic AMP), which is synthesized
from adenine triphosphate (ATP) by the enzyme adenylyl cyclase.'®'*2
Cyclic AMP (cAMP) has been associated with proliferation in various cell
types amongst which SMCs are the most important.'*%%

Therefore, for clinical practice, improving our knowledge of the cellular
mechanisms that drive growth and differentiation of smooth muscle cells
residing in the pulmonary vascular wall is essential:

1. To better understand norma! and abnormal pulmonary vascular
development, and

2. To develop therapeutic modalities which may affect the excessive
pulmonary vascular remodeling in response to lung injury seen in some
critically ill newborns.

1.2 Definition of research objectives
The objectives of this thesis are threefold:

1. To investigate morphological, functional, and cell-biological
characteristics of the developing pulmonary vasculature;

2. To explore mechanisms of developmental regulation of proliferation and
growth in pulmonary vascular cells;

3. To determine cell-cell interactions within the vascular watl.

These objectives are addressed in the following chapters. Chapter 2
comprises an initial discussion of morphological and functional aspects of the
developing normal pulmonary vasculature and the pulmonary circulation in
(models of) chronic hypoxic puimonary hypertension and congenital
diaphragmatic hernia in the newborn.

Control of the pulmonary circulation by adenylyl cyclase (AC) has been well
documented in clinical and experimental settings, though these studies were
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largely performed before the consideration of isoform-specific AC responses.
Recently, antibodies suitable to distinguish between AC isoforms became
available. In chapter 3, a study into pulmonary vascular distribution of AC
isoforms (types II-IX) is given.

The vascular wall alterations in a calf model of chronic hypoxic pulmonary
hypertension resemble those seen in human PPHN. Chapter 4 deals with the
unique growth properties of SMCs derived from the bovine pulmonary artery
(PA) and with signaling mechanisms that may underlie the particular growth
patterns at various developmental stages. A role for the second messenger
cAMP in mediating neonatal PA SMC proliferation is implicated.

The cAMP response element binding protein {(CREB) is a transcription factor
that has been linked to growth and differentiation. CREB is stimulated by
elevated levels of cAMP. An extension of our observations on cAMP
mediated growth of neonatal PA SMC is presented in chapter 5.

One of the most striking initial features observed during artificial ventilation
In newborns is development of edema. Endothelial cell disruption is known
to play a pivotal role in the initiation of this process.” Chapter 6 addresses
the relationship between cAMP and adenylyl cyclase on the one hand and
pulmonary microvascular permeability on the other hand.

Finally, significant research results are discussed and summarized in

chapters 7 and 8 respectively.



Introduction 5

1.3 References

1.

2

10.

Abman SH, New developments in the pathogenesis and treatment of neonatal
pulmonary hypertension. Pediatric Pulmonology suppl 1999;18:201-204,

Allen XM, and Haworth SG. Human postnatal pulmonary arterial remodeling.
Ultrastructural studies of smooth muscle cell and connective tissue maturation. Lab
Invest 1988:59:702-709.

Demello D, and Reid L. Pre- and postatal development of the pulmonary
circulation, In Basic Mechanisms of Pediatric Respiratory Disease. Chernick V, and
Mellins R, Editors. BC Decker Inc.: Philadelphia 1991;p.56-54.

Dempsey EC, Badesch DB, Dobyns EL, and Stenmark KR. Enhanced growth
capacity of neonatal pulmonary artery smooth muscle cells in vitro: dependence on
cell size, time from birth, insulin-like growth factor I, and auto-activation of protein
kinase C. J Cell Physiol 1994;160:469-481.

Dempsey EC, McMurtry IF, and O'Brien RF. Protein kinase C activation allows
pulmonary artery smooth muscle cells to proliferate to hypoxia. Am J Physiol
1991;260:1.136-1.145.

Dempsey EC, Stenmark KR, McMurtry IF, O'Brien RF, Voelkel NF, and Badesch
DB. Insulin-like growth factor I and protein kinase C activation stimulate pulmonary
artery smooth muscle cell proliferation through separate but synergistic pathways. J
Cell Physiol 1990;144:159-165.

Haworth S. Development of the pulmonary circulation. Morphologic aspects, In
Fetal and neonatal Physiology. Polin R, and Fow W. Editors. Saunders WB:
Philadelphia 1991;p.671-682.

Haworth S. Pulmonary remodeling in the developing lung. Eur Respir Rev
1993;3:550-554.

Hafizi S, Chester AH, and Yacoub MH. Molecular mechanisms of vascular smooth
muscle ceil growth, Current Opinion in Cardiclogy 1997;12:495-503.

Jacobowitz O, and Iyengar R. Phorbol ester-induced stimulation and phosphorvlation
of adenylyl cyclase 2. Proc Natl Acad Sci 1994;91:10630-10634.



Chapter 1

11.

12.

13,

4.

15.

16.

17.

i8.

19,

20.

Janakidevi K, Fisher MA, Del Vecchio PJ, Tiruppathi C, Figge J, and Malik AB.
Endothelin-1 stimulates DNA synthesis and proliferation of pulmonary artery
smooth muscle cells. Am J Physiol 1992:263:C1295-C1301.

Kaner RJ, Ladetto JV, Smgh R, Fukuda N, Matthay MA, and Crystal RG. Lung
overexpression of the vascular endothelial growth factor gene induces pulmonary
edema. Am J Respir Cell Mol Biol 2000;22: 657-664.

Meyrick B. and Reid L. Pulmonary arterial and alveclar development in normal
postnatal rat lung. Am Rev Resp Dis 1982;125:468-473.

Mons N, Harry A, Dubourg P, Premomt R, Iyengar R, and Cooper D.
Immunohistochemical localization of adenylyl cyclase in rat brain indicates a highly
selective concentration at synapses. Proc Nat] Acad Sci 1995;92:8473-8477.
Morrell, NW, Morris KG, and Stenmark KR. Role of angiotensin-converting enzyme
and angiotensin IT in development of hypoxic pulmonary hypertension. American
Journal of Physiology 1995;269 (4 Pt 2):H11386-94.

Morimote BH, and Koshland DE. Conditional activation of cAMP signal
transduction by protein kinase C. J Biol Chem 1993;269:4065-4069.

Morin FC, and Stenmark KR. Persistent Pulmonary Hypertension of the Newborn.
Am J Respir Crit Care Med 1995;151:2010-2032.

Owen NE. Effect of prostaglandin E1 on DNA synthesis in vascular smooth muscle
cells. Am J Physiol 1986;250:C3584-C588.

Pasricha PJ, Hassoun PM, Teufel E, et al. Prostaglandin EI and E2 stimulate the
proliferation of pulmonary artery smooth muscle cells. Prostaglandins 1992;43:5-19.
Rabinovitch M. Morphology of the developing pulmonary bed: pharmacologic
implications. Ped Pharmacol 1985:,5:31-48.

. Reid LM. The pulmonary circulation: remodeling in growth and disease. Am Rev

Respir Dis 1979;119:531-546.

. Roger PP, Reuse S, Maenhaut C, and Dumont JE. Multiple facets of the modulation

of growth by cAMP, Vitamins & Hormones 1995;51:59-191.

. Simonson MS, Wang Y, Jones JM, and Dunn MJ. Protein kinase C regulates

activation of mitogen-activated protein kinase and induction of proto-oncogene ¢-fos
by endothelin-1. J Cardiovas Pharmacol 1992:20:529-532,



Introduction 7

24,

25.

27,

Stenmark KR, Fasules J, Hyde DM, Voelkel NF, Henson J, Tucker A, Wilson H, and
Reeves JT. Severe pulmonary hypertension and arterial adventitial changes in
newborn calves at 4,300m. J Appl Physiol 1987;62:821-830.

Stenmark KR, and Mecham RP. Cellular and molecular mechanisms of pulmonary
vascular remodeling. Ann Rev Physiol 1997;59:89-144,

. Stevens T, Nakahashi Y, Cornfield DN, McMurtry IF, Cooper DM, and Rodman

DM. Ca2" inhibitable adenytyl cyclase modulates pulmonary artery endothelial cell
cAMP content and barrier function. Proc Natl Acad Sci 1995;92:2696-2700.

Xu'Y, Stenmark KR, Das M, Walchak SJ, Ruff LJ, and Dempsey EC. PA SMC from
chronically hypoxic neonatal calves retain fetal-like and acquire new growth
properties. Am J Physiol 1997;273:1.234-1.245.

. Zamora MR, Stelzner TJ, Webb S, Panos RJ, Ruff LJ, and Dempsey EC.

Overexpression of endothelin-1 and enhanced growth of pulmonary artery smooth
muscle cells from fawn-hooded rats. Am J Physiol 1996;270:1.101-L109.






2

THE NORMAL AND ABNORMAL

DEVELOPING
PULMONARY VASCULATURE

Partly based on:

"The pulmonary vasculature in congenital diaphragmatic hernia”.
D.Tibboel, S.M.K.Shehata and H.A.Guidemeester.

In: The fetal and neonatal circulation.

E.K.Weir, S.L.Archer, J.T.Reeves (eds).

N.Y.Armonk: Futura Publishing company, Inc., 355-378;1999.



10 Chapter 2

2.1 Introduction

From the extensive literature mechanisms governing lung morphogenesis®7
and maturation®™="="" it appears that development and maintenance of
normal pulmonary vascular structure clearly plays a critical role in lung
function. As, several major questions about the regulation of this process in
the normal and abnormal developed lung still remain unanswered.

This chapter addresses the morphological and functional aspects of normal
and abnormal pulmonary vascular development. The latter concerns
primarily the developing pulmonary circulation in {animail models of) chronic
hypoxic pulmonary hypertension® and congenital diaphragmatic hernia.%

2.2 Morphological aspects of normal pulmonary vascular development.

In the embryonic lung, endothelial precursor cells (angjoblasts) injtially form
a primary vascular plexus within the tissue, which eventually links up to the
main circulation coming from the heart.>'® Primitive pulmonary arteries
become incorporated into the sixth aortic arch and inter-segmental arteries
involute by the end of the 5th week of gestation. Connections with systemic
arteries may persist in abnormal situations.

Reid, afier having studied pulmonary vascular development, formulated three
laws. According to the third law, pre-acinar vessels (both arteries and veins)
develop at the same time as airways, so after the 16th week all pre-acinar
artery branches are present.”> The relationship of the blood vessels to the
airways and air spaces permits useful land marking or timing of critical
events in the development and function of the pulmonary circulation >+

The structure of pulmonary arteries varies with vessel size and the
developmental stage of the lung. The muscular coat of an artery develops
during the canalicular stage. Axial arteries from hilum to the 7th generation
are elastic; more peripheral arteries are muscular, partially muscular or, at the
level of intra-acinar arteries, predominantly non-muscular. By definition, an
elastic artery has more than five elastic laminae in its media, a muscular
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between two and five. A partially muscular artery has smooth muscle cell
(SMC) tissue in only one part of its circumference; at this level the
continuous muscular coat is replaced by za spiral of SMCs. A non-muscular
artery is similar in structure to an alveolar capillary, except for its (larger)
diameter.***" Smaller muscular, and probably also partially muscular, arteries
represent the so-called resistance arteries. This muscularization decreases
towards the periphery. A newborn has one artery for every 20 alveoli. Due to
formation of new alveoli postnatally, this ratio is reduced to 1:8 in an adult
human being >3

Two types of pulmonary arteries can be distinguished: conventional arteries,
which accompany airways branching from the axial airway, and additional or
supernumerary arteries which are lateral branches that arise between
conventional arteries and run a short course to supply the capillary bed of
alveoli immediately adjacent to the pulmonary artery at the peribronchial
parenchyma.'* The latter are considerably more numerous and contribute in a
significant way to the cross-section of the totally recruited vascular bed.
Branching is more frequent towards the periphery. Supernumerary arteries
constitute approximately 25% of the cross-sectional area total at the preacinar
fevel, whereas at the infra-acinar level they comprise approximately 33%. In
the normal lung, according to Hislop and Reid, 23 generatons of
conventional arteries exist along the posterior basal artery and 64
supernumerary branches. It has also been suggested that supernumerary
arteries facilitate blood oxygenation by allowing passage of venous blood to
the more remote alveoli adjacent to large arteries, veins and airways.'*
The intra-acinar arteries represent the resistance arteries in the pulmonary
vascular bed. The external diameter of pre-acinar arteries is usually >200 um,
while arteries running with respiratory bronchioli represent intra-acinar
arteries with a diameter of 50-200 1.Lm.23‘24 These intra-acinar arteries,
together with supernumerary arteries, rapidly increase in number and dilate
near term, thus accommodating postnatal demands of the pulmonary
circulation.” ™
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Following the description of morphological changes in the developing
pulmonary vasculature, the role(s) of growth factors, especially the isoforms
of fibroblast growth factor (FGF)," transforming growth factor B (TGF-B)*
and isoforms of platelet-derived growth factor (PDGF)® were investigated.
Especially a member of the PDGF-family, the vascular endothelial growth
factor (VEGF) likely plays a role in pulmonary vessel formation. Unlike the
FGFs, VEGF appears to be an endothelial-specific mitogen. Fms-like
tyrosine kinase (flt-1) and the fetal liver lanase (flk-1) are receptors for
VEGF and are known to be expressed during early vascular development in
the mouse embryo.?®® Heterozygous VEGE-deficient mice demonstrate
abnormal vessel formation, embryos lacking both VEGF alleles die at mid-
gestation.” In addition to these findings, it has been demonstrated that over-
expression of VEGF in pulmonary epithelizm results in an increase in
vascularization swrrounding the airways combined with an abnormal
pulmonary morphogenesis.'?'¥! VEGF has been reported to be a target gene
of hypoxia Inducible factor—l(l—]IF-l),‘s2 a well known mediator of
physiological and pathophysiological responses to hypoxia.60 Loss of HIF-1
impairs vascular function, consistent with the recent observation that VEGF
mENA in human fetal ling explants was found to increase {(in response to
cAMP) in the presence of 20%, but not 2% O,."

Several vasoactive mediators produced by the vascular endothelium may also
play a role in vascular development. As bleod flow to the lung is limited
during fetal life, regulation by locally produced vasoconstrictors is important.
These same vasoconstrictors may exert growth promoting effects on vascular
SMCs, as has been described for thromboxane A, Angiotensin II, 3-
hydroxytryptamine and Endothelin 1./>8%466580 The differences in animal
models, as well as the variety of techniques and culiure systems used in these
experiments, make the definitive role of growth factors and their target cenes
hard to define 52530405259
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2.3 Abnormal pulmonary vascular development

In abnormal pulmonary vascular development it is especially important to
compare the possible differences in pulmonary artery structures in a
standardized way.

Four main features need to be assessed in this respect in order to determine
postconceptional age:

branching pattern;

nurnber or density of arteries;
wall structure; and

arterial size.”

B

Hislop and Davies described a way to process lung tissue into histological
slides resulting in barium-gelatin filled arteries and dark stained elastin layers
casy to distinguish from the surrounding, but empty lung veins.”*' In these
slides, external diameter, wall thickness, and wall struchure regarding the
muscle coat (muscular, partially muscular, or nonmuscular) are registered for
each artery, as is the type of the accompanying airway. The percentage wall
thickness (2x wall thickness/external diameter) is caleulated (Picture 1 on
page 141) In addition, the use of a radiopaque injection medium allows rapid
assessment of the pulmonary circulation through arteriograms.**%

Based on this techmique, Geggel and Reid distinguished the abnormal
pulmonary vasculature as a result of maladaptation, maldevelopment or
underdevelopment.”*

Maladaptation is represented by a structurally normal lung at birth, in which
no increase in compliance of small resistance arteries 1s present. Therefore,
the pulmonary vascular bed is highly reactive and a vicious circle of acidosis,
hypoxia, hypercarbia, pulmonary vasoconstriction and pulmonary
hypertension may develop. Maldevelopment indicates new and precocious
muscularization as seen in idiopathic persistent pulmonary hypertension of
the newborn (PPHN). Excessive muscularization is seen in hypoplastic left
heart syndrome, chronic intra-uterine hypoxia, and also following meconivm
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aspiration syndrome. Underdevelopment represents the reduced size of
arteries seen in congenital anomalies associated with pulmonary hypoplasia,
such as CDH, renal agenesis, or dysplasia.

2.4 Cellular and molecular mechanisms of vascular growth in chronic
hypoxic pulmonary hypertension model in the newborn

Proliferation of endothelial cells, as well as SMCs and fibroblasts, is
necessary for continued pulmonary vascular growth.” Although the exact
mechanisms that control vascular cell proliferation during lung development
in vivo are not known, there is circumstantial evidence from i vitre studies
of pulmonary vascuiar cells suggesting that the local production and/or action
of second messenger pathways may underlie particular growth patierns in
various developmental stages.és‘65

The most important contribution in the understanding of the different cell
populations which are present in the pulmonary vessels is made by the
research group of Stenmark and Reeves. They developed a model using
neonatal calves at high altitude to study both the pathophysiology of severe
pulmonary hypertension as well as the cell biology of normal and abnormal
pulmonary vessels.®® Structural changes known as vascular remodeling” =
are observed n these animals. Furthermore, factors which have been
identified to play a role in the pathogenesis of muscular hyperplasia®
observed in pulmonary hypertension, are also identified in this model.

Evidence is accumulating to suggest that SMCs and fibroblasts in the
vascular wall can respond directly to changes in local environment conditions
i.e with increased production of growth and differentiation factors (e.g.
PDGF) capable of acting in autocrine or paracrine fashions on vascular wall
cells.” Chronic hypoxia and mechanical stress are two stimuli important for
the development of pulmonary hypertension.’® These impulses may stimulate
growth directly or they could promote cell proliferation indirectly by
enhancing responsiveness to other mitogens.” Dempsey has reported that
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hypoxia stimulates protein kinase C (PKC) to a small extent in PA SMC,
which does not by itself lead to cell proliferation but may stimulate growth
factors, such as Insulin-like Growth Factor-I (IGF-I).'

Recent observations demonstrated that SMCs in the pulmonary artery are a
diverse population of cells capable of expressing multiple phenotypes.™ This
heterogeneity in vascular SMCs may be reflected in differences in
intracellular signaling which in order may contribute to e.g. mitogenic
responses in the pulmonary circulation during development and disease.
Thus, it is not only important to know which cells secrete the different forms
of cytokines, but also which cells are expressing the receptors that will
recognize the cytokines. Alterations in receptor expression, signal
transduction (including PKC and cyclic AMP),“’Ss proto-oncogene
expression (including c-fos and c-myc) and growth factor production
(PDGF), have been demonstrated during periods of rapid cell growth and
differentiation and are consistent with the rapid proliferative response of the
neonate to growth promoting stimuli.'! It has been demonstrated that PDGF
activates mitogen-activated protein kinase (MAPK), which in turn plays a
crucial role in regulating the entry of cells into the growth cycle. In a number
of cells it has been proposed that the kinetics of MAPK activation may
dictate the relative efficacies of both growth factor and G-protein-coupled
receptor agonists as mitogens.

Earlier work demonstrated that matrix protein producing genes for elastin and
collagen show their maximal activity in late foetal and early neconatal life.
Tropoelastin tRNA expression for example is nearly completely suppressed
in the adult. Therefore, it has been suggested that the capacity of the SMCs to
respond to matrix producing stimuli depends not only on local hormonal and
cell-cell interactions, but also on the developmental state of the cell. In the
model of the hypoxic neonatal calf, in situ hybridization revealed radial
gradients and a heterogeneous pattern of elastin expression in the medial
layers of the intralobar pulmonary arteries.”

Furthermore, previous siudies showed decreased arterial wall prostaglandin
production in neonatal hypertensive calves.” In this study the endothelial cell
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was the main source for PGI; and PGE; production. No detectable levels of
the prostaglandines were found in SMCs.

The earliest and most striking proliferative changes in the more peripheral
vessels ocour in the adventitial layer rather than in the medial layer.sléé
Stenmark et al®* demonstrated that in jsolated fibroblasts, hypoxia can
specifically activate select members of the PKC isozyme family, as well as
members of the MAPK family of proteins. A better understanding of why
these cells react differently to hypoxia than e.g. SMCs derived from the
pulmonary artery, will certainly contribute to our understanding of normal
and abnormal pulmonary vascular development.

The morphological findings in the mode] of chronic hypoxic pulmonary
hypertension in the calf®® resemble the pathological findings in disecased
human newborns. However, the preceding courses of development are not
completely similar, as the calf is born after 2 normal pregnancy and then
placed at 4300 m simulated altitude for 2 weeks. The elegancy of this
meodel is beyond doubt, however a contrast to the human situation exists
when a persistent foetal circulation maintains hypoxemia and vice versa.
Thus, the question remains whether pre-exasting vascular abnormalities in
the human can precede the pathophysiological processes seen and which
are not always reversible both at the functional and at the morphological
level.

2.5 Vascular morphology in human CDH

The main pathological findings in CDH lungs are hypoplasia and vascular
abnormalities. The latter consist of:

1. Reduced total pulmonary vascular bed and fewer vessels per volume unit
of hung;

2. Medial hyperplasia of pulmonary arteries together with peripheral
extension of muscle layer into small arterioles,

3. Adventitial thickening &'
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Intra-acinar arteries In healthy newboms are virtually all non-muscular;
however, in PPHN most of these arteries are completely muscularized.
Geggel et al gave a detailed morphometric analysis of the lungs in a series of
7 infants with CDH.” They divided these patients into two groups: 4 infants
who were never able to be adequately ventilated (the no-honeymoon group),
and 3 who did well initially following repair of their diaphragmatic hernia,
but then developed increased pulmonary vascular resistance and died
(honeymoon group). No-honeymoon patients have smaller lungs, increased
muscularization of intra-acinar arteries, and decreased luminal area of
preacinar and infra-acinar arteries. Persistent hypoxemia in the no-
honeymoon group is determined by severity of pulmonary hypoplasia and
structural remodeling of pulmonary arteries (Picture 2 on page 141).

Studying lungs of CDH patients, Kitagawa et al.*® observed abnormalities
in both number and muscularization of arterial branches. The number of
conventional branches was reduced to 14 in the right lung and to 12 in the
left lung. The found only 17 supernumerary branches in the right lung, but
still 36 m the left lung. Finally, smaller-diatneter arteries (external diameter
<300 um) appeared to have thicker muscular walls. Other investigators
reported reduction in the cross-sectional area of the pulmonary vascular
bed and uniform thickening of the pulmonary artery muscle mass in CDH
lungs.**"*¥ In contrast to the functional studies in the neonatal model of
the calf at high altitude, hardly any studies on the functional and or
biochemical changes of the abnormal pulmonary vasculature in CDH are
available.

2.6 Studies in rats

We used the nitrofen rat model in order to unravel the pathogenesis of
CDH.®® In this model, CDH rats show respiratory insufficiency directly
after birth. Newbom rats were killed by an intraperitoneal injection of
sodium pentothal (200 mg/kg of body weight). We studied the pulmonary
arterial bed in a control and a nitrofen treated group. The latter was
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subdivided on the basis of presence and absence of CDH. The chest wall
was removed and the pulmonary arterial bed was injected and perfused
through a cannula in the right ventricle, with a barium-gelatine mixture at
60°C and constant pressure. Perfusion was stopped when this solution
reached the visceral pleura in all segments, resulting in so-called "snow
flocks". Subsequently tracheal cannulation and lung fixation with Davidson
solution (40 vol % ethanol 100%; 5 vol % acetic acid 96%; 10 vol %
formaldehyde 37%; 45 vol % saline; pH 7.3) was performed; fixation was
maintained under constant pressure of 20 cm water. Afier fixation, the
lungs were dissecied out of the thoracic cavity. Then, the number of
animals with a diaphragmatic defect, the position (right-or left-sided) and
size of the defect, as well as the contenis of the thorax (liver, bowel,
stomach) were determined. An arteriogram was taken of each pair of lungs.
Dissected lungs were processed for routine histology resulting in paraffin
embedding of total lungs. Six pum frontal sections showing both lungs were
made and stained with hematoxylin-eosin and Lawson, combined with van
Gieson staining. Each section was analysed in a blind fashion by means of an
ocular micrometer {1 unit is 1.48um, Zeiss Optical Industry) and standard
magnification (10 x 63). A total of at least 35 arteries of each animal (15 from
each section) were examined. For each artery, external diameter, wall
thickness, wall structure (muscular, partially muscular, or nonmuscular) and
the accompanying airway were noted. Wall thickness was defined as the
distance between Juminal surface and adventitia. External diameter was
defined as the distance between the outer edges of the adventitia. The
percentage wall thickness (2x wall thickness/external diameter) x 100% was
calculated. The mean value for each group was calculated with respect to the
accompanying stucture. No correction was made for processing and
shrinkage factors. A frequency tabulation of the artery structure was made
with respect to the accompanying airway structure.

At the level of the respiratory bronchioles, significant differences in the
vessels were found. Decreased external diameter and increased wall thickness
were seen in CDH, but not in control lungs. Abnormal muscularization of the
peripheral branches of the CDH pulmonary arteries was also found.
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2.7 Fanctional studies

The question remains whether the morphological features seen in the
pulmonary vasculature in CDH can directly be correlated to responses of the
pulmonary vasculature during the perinatal per:ioc:i.'53 In the clinical situation
reactions to various vasoactive agents, including inhaled nitric oxide (NO),
appeared to be highly unpl."cdic:‘{able.3‘5'51

The mechanisms that contrel nomnal and abnormal tone in the neonatal
pulmonary circulation are not exactly known. SMCs and connective tissue in
the vessel wall may be highly important and influenced by various mediators
(eg, bradykinin, ANG II, ET-1, epinephrine, thromboxane B, and metabolites
of arachidonic acid) in a complex and yet not completely understood
mechanism.

Although high levels of circulating immunoreactive ET-1 have been reported
in human neonates with PPHN and CDH,* pulmonary expression of ET-1
and the exact mechanisms through which ET-1 and its receptors interact to
regulate pulmonary vascular tone are not fully known.”

We hYpothesized that in CDH, altered pulmonary vascular reactivity might
be related to differential expression of ET-1 and its receptors. We, therefore,
examined the pulmonary expression of ET-1, ET, , and ETg receptor mRNAs
in a rat model of CDH and compared the expression pattern with those of age
matched controls.”® Significantly (p<0.05) enhanced levels of ET-1 mRNA
were observed in CDH rat lungs as compared to controls. No significant
difference in expression of ET-1 mRNA between right and left lung (the most
hypoplastic) in CDH rats was observed. A 3.0 £ 0.9-fold increase in ET4
mRNA was observed in CDH as compared to controls, whereas ETg mRNA
levels remained unchanged in both CDH and control rats.

Gosche revealed in the same model, that responses to potassium-induced
depolarization, phenylephrine, ANG II, serotonin, and U46619, were not
different in pulmonary arterioles derived from control and CDH rats
(personal communication). These data suggest that structural alterations of
the pulmonary vasculature cbserved in infants with CDH may not necessarily
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be responsible for exaggerated vasoconstrictive responses to normal stirmuli.
Karamanoukian et al.*® detected both decreased NOS expression and activity
in CDH rat lungs using a {14 C]-L-arginine to [14C]-L-citrulline conversion
assay and Western blots, suggestive of an absence of primary NO deficiency
in CDH.

In other studies, levels of several elcosanoids in lung homogenates and in
broncho-alveolar lavage fluid of controls and rats with CDH were
measured.”** In controls, concentrations of a stable metabolite of
prostacyclin, thromboxane A,, PGE,, and leukotriene B4 decreased after
birth. CDH lungs demonstrated higher levels of 6-keto-PGF,, compared to
controls. We concluded that in CDH, abnormal lung eicosanoid levels are
present perinatally>* Elevated levels of 6-keto-PGF), in CDH may reflect a
compensatory mechanism for increased resistance in the pulmonary vascular
bed 2635

2.8 Discussion

Animal models have provided greater understanding of the pulmonary
vascular remodeling observed in pulmonary hypertension in general and
congenital diaphragmatic hernia in particular. In humans, despite well
defined morphological and functional features of normal and abnormal
pulmonary development, the actual situation continues to raise concern; e.g.
whether vascular abnormalities result from maturational arrest or coincide
with abnormal development of lung parenchyma. Jn CDH, it is assumed that
normal remodeling of the pulmonary vasculature towards the end of fetal life
does not occur, potentially because genes responsible for this process are not
switched off. Thus, the genes responsible for these processes need to be
established in order to explain when/how the system can be expected to go
awry.

Although more detailed information on morphology and function of the
pulmonary vasculature has become available, clinicians still deal with
unpredictable pulmonary reactivity in PPHN and the variable responses to
inhaled NO®° and ECMO treatment. Clinical experience in many centers
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worldwide has provided well-documented cases of patients who were
responders, and others who continued to be non-responders, to known
therapies. Shehata et al.*’ demonstrated decreased adventitial thickening of
pulmonary arteries after ECMO treatment: however the specimen they
investigated were derived from autopsy cases only. This thinning of the
vascular wall may result from the ECMO treatment itself and/or reflect
delayed remodeling after birth. Whether this phenomenon can be correlated
to distinct morphological changes or differences in expression of a variety of
growth factors requires to be clarified.

It will probably not be easy to directly correlate the morphological findings
10 an abnormal pulmonary vascular response as observed in many of our
patients. The same holds true for the wide spectrum of reactivity (no versus
high response to vasodilating agents), that may be observed with identical
morphology. To this end, we need again a better understanding of the
biochemical processes involved in growth and proliferation of the SMCs
within the vascular wall.
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3.1 Abstract

Adenylyl cyclases (AC) catalyze the conversion of ATP to cAMP. In recent
years a substantial diversity of enzyme isoforms has been described, each
with different sensitivities to G; and G; proteins and unique regulatory
properties. Such diversity of enzymes suggests cells govern fimction by
regulating the complex of ACs they express. It is broadly recognized that
tissue distribution of AC isoforms differ, however the cell-specific
expression of AC isoforms has not been clearly defined in any organ. The
diverse functions required of blood wvessels include regulation of
permeability and vascular tone. We therefore sought to examine cell-
specific expression of ACs in bovine Inng vasculature. Pulmonary artery
and vein endothelial cells expressed AC types II-IX, though the protein
kinase C-stimulated (type II) enzyme exhibited the greatest
immunoreactivity. This expression pattern was not conserved in capillaries,
where alveolar endothelial cells did not express AC II or VI but rather most
abundantly expressed the calcium (type VIII)- and calcinewrin (type IX)-
stimulated isoforms. The medial layer of pulmonary arteries demonstrated
diffuse expression of AC I, III, and V/VI and focal expression of types [V,
VI, VIII and IX, whereas the adventitial layer expressed only AC IV and
V. Heterogeneity of AC expression decreased in the media of smaller
vessels, suggesting homogeneity of smooth muscle cell phenotypes exists
in more distal vessel segments. Thus, the pattern of AC expression is
different between and among cell types in the pulmonary circulation; this
pattern of expression may fundamentally regulate the cell’s response to its
environment.

3.2 Introduction

Cyclic AMP is a ubiguitous second messenger molecule that regulates
diverse cell functions including growth and differentiation,
motility, FISHBISLITII g6 192083235 104 contraction. 71825305954

Because of its broad-ranging significance, cellular cAMP is controlled
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within a narrow concentration range by multiple regulatory pathways.
Central to this control is the transmembrane protein adenylyl cyclase (AC)
which catalyzes conversion of ATP to cAMP. Understanding of this
enzyme system has increased substantially over the last decade in
accordance with cloning and expression of IX related isoforms®*#
(Table 1). Activity of all isoforms characterized so far is increased by G
proteins whereas activity of some ACs is decreased by G; proteins. For
example, pertussis toxin sensitive G; proteins selectively target AC VI over
AC I or IV.® GBy subunits appear to bind ACs near the G,a binding
domain and conditionally activate some, but not all, isoforms.>'%%
Independent of G protein activity nearly all transmembrane ACs are
directly stimulated by the hydrophobic dipterene, forskolin*' AC IX is the
exception to this rule; it possesses a Ser — Ala and a Leu — Tyr
substitution in the forskolin binding pocket absolutely conserved in AC I-
VIII. Indeed, reversal of these substitutions in AC IX by site-directed
mutagenesis restores forskolin sensitivity.>

Table 1. Partial list of regulatory properties of AC isoforms.

Adenylyl Cyclase Isoform Go G GBy For Ca” PKC

I + - + +

I + + + +
I + + 2

v + +

\Y + - + - +
VI + - - -
Vi + o+ +
VII + + o+

X +

For = forskolin; PKC = protein kinase C. * denotes conditional regulation.
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Each of the distinct AC isoforms possess unique regulatory properties used
to functionally classify their activity. Several isoforms are regulated by
calcium. Whereas AC V and VI are inhibited by sub-uM calcium
concentrations independent of calmodulin, % AC I and VIII are stimulated
by calcium-calmodulin.!™*¢ AC III may be inhibited by calcium in the intact
cell,” though initial reports suggested this enzyme was conditionally
activated by calcium in the presence of Gye.” Calcium may also regulate
enzyme function indirectly since AC IX is activated by the calcium
stimulated phosphatase calcineurin.'”? Similarly, AC II and VII are directly
stimulated by protein kinase C (PKC),”! while AC V is stimulated by PKC
when activated by G,a.® Taken together, global AC activity and thus
cAMP responses are highly susceptible to complex regulation of AC
isoforms expressed within a cell, providing means for a specific cell type to
uniquely sense and respond to its environmental demands.

Control of the pulmonary circulation by AC activity is well documented in
clinical and experimental settings, though these studies were largely
performed before the consideration of isoform-specific AC responses.
Prostacyclin activates smooth muscle AC to promote low pulmonary
vascular tone. This physiological response has been adapted
pharmacologically; epoprostenol stimulation of AC is utilized clinically to
reduce the pulmonary vascular resistance and vascular remodeling apparent
in various forms of pulmonary hypertension.**® Stimulation of AC in
endothelial cells enhances barrier function associated with both decreased
macromolecular flux and leukocyte transmigration® Such anti-
inflammatory properties of AC activation have been documented in
response to diverse lung injury models. Perhaps the best example of the
anti-inflammatory properties of AC activators however is in asthma, where
B-adrenergic agonists produce bronchodilation and decrease the
accompanying vascular permeability.” Thus, AC represents an important
physiological and clinical target in control of pulmonary vascular function.
Cell-specific AC isoform expression has not been evaluated in lung or in
any other tissue to date, however, largely due to the lack of available
antibodies suitable for distinguishing between AC isoforms. A growing
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knowledge of the molecular diversity of AC isotypes along with their
unique regulatory properties demonstrate the importance of understanding
cell-specific expression of AC isoforms as a means to determining cell-
specific function, Cwrrent studies therefore utilized recently developed
antibodies suitable to discriminate between AC II-IX to examine their
pulmonary vascular distribution.

3.3 Methods

Tissue Processing.

Lung tissue samples 1 x 2 x 0.5 cm were taken immediately after the
sacrifice of one year old healthy heifers and placed into 70% ethanol for 48
hours. Samples were routinely processed in paraffin and 5 pm thick
sections mounted on poly-L-lysine coated slides.

Antibodies.

Peptide antibodies for AC II-VIII were obtained from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). Antibodies against AC subtypes II,
I, IV, V/VI were rabbit polyclonal IgG, and the subtype VII and VIII were
goat polyclonal IgG. Each of the antibodies targeted the C-terminal domain
of the respective AC isoform (Fig. 1). There is minitmal sequence overlap
between AC species within the C-terminal domains providing a suitable
target to distinguish the respective isoforms, with exception of the antibody
to AC V/VI which does not distinguish AC V from AC V1. Both AC V and
AC VI are highly conserved, calcium inhibited enzymes with similar
structure and function. Rabbit polyclonal antibodies against AC subtype IX
were a generous gift from Dr. Richard T. Premont, Duke University,
Durham, NC. This antibody was generated as a fusion peptide to the C-
terminal 110 amino acids of AC X, which shares limited homology to any
of the other AC isoforms.™
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Histochemical Staining,

The slides were deparaffinized in xylene and placed for 5 min in ethanol
with 0.5% H,O, to extinguish endogenous peroxidase activity. After 5
minutes rehydration in phosphate buffered saline (PBS) with 0.5% bovine
serum albumin and 0.05% Tween (PBS), the primary antibody was applied
at 1:50 dilution and slides were placed into a moist chamber and incubated
for 2 h. A peroxidase-labeled anti-rabbit IgG (DAKQO) was used as
secondary antibody with the exception of anti-AC VII and VIII antibodies
which were raised in goat. In this case a mouse anti-goat IgG was applied
as the intermediate incubation step for 1 h. The 1 h long incubation with
secondary antibody was followed by the development of color reaction with
aminoethyl carbazole for 5-7 mim. Slides were washed in tap water,
counter-stained with hematoxylin and mounted in glycerol-gelatin
{DAXO). Each step was followed by 2 washes in PBS for 5 min and all
incubations were at 37 °C,

Slides incubated with PBS instead of the primary antibody served as
negative controls and co-incubation of the primary antibodies with equal
protein concentration of the appropriate antigen were used as controls for
reaction specificity. Positive immunoreactivity was evaluated semi-
quantitatively, where + represented inconsistent or weak expression and +
to +++ represented increased staining intensity. All data presented are
representative of multiple sections from 3-5 different lungs.

3.4 Results

Endothelial Cell AC Expression.

Staining was positive for all AC isoforms tested in endothelial cells of the
large, intra-lobar pulmonary artery (Picture 3 on page 142; Table 2).
Highest staining intensity was observed for AC I and IV. AC VII was the
only isoform that displayed a low or inconsistent staining pattern.
Endothelial cells of smaller arterioles similarly expressed all isoforms
tested, though a switch in staining intensity was observed (Picture 4 on
page 143; Table 2). In arterioles the most intense immunoreactivity was



Pujmonary Vascular Distribution of Adenyly! Cyclase Isoforms 35

found with AC VIII and IX, supporting the idea that endothelial cells in
more distal vascular segments undergo a change in expression of prominent
AC isoforms. Consistent with this idea staining for AC VIII and IX was
intensely positive, whereas staining for AC II, III, and V/VI was not
observed or was inconsistently observed in capillary endothelial cells
(Picture 5 on page 144; Table 2). This decrease in endothelial cell
immunoreactivity for AC I, III, and V/VI occurred in vessels < 15 pm in
diameter. Staining for AC IV and VII was similar in intensity to endothelial
cells of larger arterioles.

Venule endothelial cells possessed a unique staining pattern compared with
cells from other vascular segments. Overall staining intensity was
considerably lower in venules than in comparably sized arterioles (Picture 5
on page 144; Table 2). Whereas staining was detected for all isoforms
tested, only AC II and VII exhibited abundant immunoreactivity. Staining
for other isoforms was of low magnitude and, in the case of AC VII and
X, absent or inconsistent.

ADENYLYL CYCLASE

ANTIBODY
TARGET SEQUENCES

1 —h VRAGLPPHSPGQYLPSAAAG  817-836 (frag)
2 —r KTYFVYNTEMSRSLSQSNVAS 1071 -1090

3 —r PAAFPNGSSVTLPHQVVDNP 1125-1144

4 w1 QLCTYFLNTDLTRTGSPSAS 1045-1064
5/6~h KGKGEMTTYFLNGGPSS 1149 -1165

7 —m ELRTYRFVCTDTAKFQGLGLN 1080 -1099

& —r LTPSGPEPGAQAEGTDKSDL 1228 -1247

Figure 1. Summary of target sequences for AC antibodies 2-8. In each case
the distal-terminus was targeted by polyclonal antibodies, though limited overlap
between AC species is observed in this region.
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AC Expression In The Pulmonary Vascular Media.

AC isoforms II and III exhibited diffuse, strong positive staining
throughout the media of large (Picture 3 on page 142; Table 3) and small
(Picture 4 on page 143; Table 3) pulmonary arteries. AC V/VI exhibited a
similar diffuse staining pattern in the large pulmonary artery media, though
staining was considerably reduced in intensity and was entirely absent in
small pulmonary arteries. In contrast, AC IV, VII, VIII, and IX expression
in the large pulmonary artery was not diffuse but rather characterized by
focal staining of small cell groups. These cell groups were similarly
distributed throughout the media for isoforms IV and IX and VII and VIII,
respectively. A consistent staining pattern was observed for AC IV and IX
in small arteries, though expression of AC VII and VII was not observed
in the 100 pm vessels. Thus, with the exception of AC VII and VIII medial
expression of AC isoforms in the large pulmonary artery and arteriole was
similar.

Table 2, Histochemical detection of different subtypes of adenylyl
cyclase in pulmonary vascular mediz and adventitia,

Adenylyl Cyclase Lobar PA PA(100 um) PV(100 pum)
Subtype
Media  Adventitia Media  Adventitia
I yd ) 48 } .4
i ++4 - = 4
13% T -H—i- +f 4+ et
V/VI +¢ - - - +d
VII +f N - - +f
VI +f - +f - -
X i f ) et ) of

PA = pulmonary artery; PV = pulmonary vein; ¢ = diffuse distribution of
s S et -
positivity; ¥ = focal positivity of individual or groups of cells.
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The staining pattern for AC isoforms in pulmonary veins (100 pm)
generally resembled comparably sized arterioles, though staining intensity
was reduced (Picture 6 on page 145; Table 3). AC II, III, and V/VI
exhibited a diffuse staining pattern whereas AC IV and IX exhibited focal
positivity. AC VII and VIII were not readily distinguishable.

AC Expression In The Adventitia.

Intense staining for AC I'V and VII was observed at the medial-adventitial
border of large pulmonary arterial segments (Picture 3 on page 142; Table
3). Although a similarly intense staining was observed for AC I'V in smaller
arterioles, staining for AC VII was not apparent in the adventitia of smaller
vessels (Picture 4 on page 143; Table 2). Expression of other isoforms,
including AC TI, 10, V/VL, VIII, and IX was not detected in this vessel
layer.

Table 3. Histochemical detection of different subtypes of adenylyl
cyclase in endothelial cells of the pulmonary vascular bed.

Adenylyl Cyclase PA PV Capillary
Subtype 100 um
II

1
v
VI
VIl
VIII
IX

g%
5

R

AR R
L
Prsy s

PA = pulmonary artery; PV = pulmonary vein
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3.5 Discussion

AC activity is dynamically coordinated by multiple circulating mediators,
neurotransmitters, and intracellular regulatory molecules.*****" In the lung
AC activity plays a central role in maintaining the normally low vascular
resistance and has been utilized as a pharmacological target to reduce
pulmonary artery pressure in hypertension.4‘26 Endothelial cell AC activity
contributes to constitutive barrier properties. Inhibition of AC activity
increases endothelial permeability and stimulation of AC activity reduces
endothelial permeability.® Thus, this enzyme system is critically linked to
pulmonary vascular function. Recent advances in our understanding of the
molecular diversity of AC isoforms, however, has not been paralleled by an
improved understanding of how the isoforms regulate cell-specific lung
fimction. As a first step toward this end, our current studies utilized
recently available peptide antibodies to distinguish pulmonary vascular
expression of AC isoforms I-IX.

Prior work is this field has been hampered by the lack of antibodies suitable
to distinguish between AC isoforms. However, as indicated in Fig. 1 none
of the sequences targeted by currently utilized antibodies possess shared
homology, limiting the chance of cross-reactivity. Also, our current data
indicate considerable heterogeneity of AC expression between cells within
different segments of the vasculature. It is therefore likely the antibodies
adequately discriminate between their target and other AC isoforms.
Finally, the lack of apparent non-selective binding in all cross-sections,
complete inhibition of immunoreactivity by blocking peptides, and the
complete loss of staining in negative controls indicate antibody specificity
is suitable for the purposes of our study.

Initial studies focused on endothelial cell AC expression. Endothelial cells
of the large intra-lobar pulmonary artery expressed all isoforms tested,
though types Il and IV were most prominent. The intense staining of AC II
is consistent with a prior report that activation of PKC increases cAMP in
pulmonary artery endothelial cells.” Expression of AC V/VI is also
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consistent with previous functional studies demonstrating that calcium
decreases cAMP in conduit lung endothelial cells, due to inhibition of AC
VL*** In the initial functional studies expression of AC VI activity was
detected in purified membrane preparations from pulmonary artery
endothelial cells,” where sub-uM calcium inhibited global AC activity
=35%. This calcium inhibition of cAMP promoted disruption of endothelial
cell barrier function, suggesting decreased cAMP represents a functionally
important response to inflammatory calcium agonists.

A switch in endothelial cell AC expression was detected when large
arteries were compared with arterioles and capillaries. Unlike the large
pulmonary artery, endothelial cell expression of AC VIII and IX was most
prominent in pulmonary arterial segments < 100 um. This isoform switch
was particularly noteworthy in capillary endothelial cells where AC 11, III,
and V/VI immunoreactivity was not consistently detected. Staining for
these isoforms was effectively lost in vessels < 20 pm in diameter. It is not
presently clear whether loss of immunoreactivity is due to the relatively low
abundance of these isoforms, or there absence. Inconsistent staining of AC
V/VI in the bovine microcirculation differs from our prior studies in rat
lung tissue and rat and human cultwred pulmonary microvascular
endothelial cells (PMVECs). AC VI expression was detected in rat** and
human PMVECs® and, under certain experimental conditions, calcium
conditionally inhibited cAMP accumulation in PMVECs.*? An additional
difference between present and prior observations is that cultured rat
PMVECs do not express AC VIII; AC VIII activity was not detected
biochemically and its mRNA could not be verified by RT-PCR (Stevens,
unpublished). Though speculative, it is possible the disparate detection of
microvascular endothelial cell AC VI and AC VIII in bovine lung
(immunological) versus rathuman lung (immunological and biochemical)
represents a species variation; we have previously found species variations
in lung expression of AC IIL° Nonetheless, cither a decrease in AC VI or
an increase in AC VIII expression would improve endothelial cell barrier
function, consistent with reports that PMVECs form a more restrictive
barrier than do macrovascular endothelial cells.®
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We next examined medial and adventitial expression of AC isoforms in
intra-lobar large pulmonary arteries. AC II was most prominently expressed
in this vascular segment; its staining pattern was diffuse suggesting the
majority of medial SMCs expressed this enzyme, consistent with previous
findings in bovine lung tissue.”® AC I is a PKC stimulated isoform that
coordinates the inositol 1.4.5-trisphosphate signaling pathway with
cAMP.”” Recent studies from our laboratory indicated AC II expression in
cultured neonatal PASMCs linked ET-T and ANG-iI-dependent increases in
PKC activity with elevated cAMP necessary to promote proliferation.”
Thus, identification of this isozyme as the prominent smooth muscle
isoform of the main pulmonary artery media supports and extends prior
functional data in this area.

In contrast to the expression pattern of AC II, AC IV, VII, VIII and IX
exhibited a focal distribution in the large pulmonary artery media. Types IV
and IX and VII and VII exhibited similar distribution patterns. This
punctate expression pattern of AC IV is striking because It was originally
recognized as a ubiquitously expressed isozyme based on Northern analysis
of RNA from tissue hcm:logenates.16 QOur data therefore provide evidence
that AC IV expression is cell-type specific. Similar distribution of AC VII
and VI is also of significance since these enzymes are stimulated by PKC
and calchum-calmodulin, respectively. Media-derived SMCs undergo
calcium and PKC dependent p:roliﬁer::t’t:ion,}0 suggesting AC VII and VIII
may coordinate the PKC and ¢cAMP signaling pathways — with AC I - in
control of vascular remodeling.20 Overall, the unique staining pattern to
different AC isoforms identifies phenotypically distinct cell groups within
the pulmonary artery media.

That the large pulmonary artery media possesses multiple phenotypically
distinct cell populations has already been well characterized. Work from
Stenmark and colleagues’** identified bovine main pulmonary artery
media possesses multiple layers of SMCs, characterized as L1-L3 layers
where L1 is near the lumen and L3 is near the medial-adventitial border.
Cells in these respective layers exhibit vast differences in expression
patterns of SMC markers. To date these markers are mostly limited to
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cytoskeletal or cytoskeletal-associated proteins. Nonetheless, discrete cell
populations have previously been identified in medial smooth muscle layers
using immunohistochemial techniques. Supportive evidence for multiple
cell phenotypes was also provided from electrophysiological recordings of
K" conductances® Altered oxygen sensitivity of various smooth muscle
phenotypes was detected which, consistent with the present findings,
determined that phenotypically unique responses could be observed in
signal transduction properties of these diverse cell groups. Future studies
will be required to assess the important cell-specific responses conferred by
discrete expression of AC isoforms.

Adventitia stained positive for AC IV and VIL. AC IV is not recognized as
a highly regulated epzyme, though AC VII is stimulated by PKC.
Fibroblasts inherent to this vascular segment undergo significant activation
and proliferation in various forms of pulmonary hypertension, at least partly
dependent upon PKC activity.>*” Thus, in future studies it will be important
to identify the extent to which PKC crosstalk with cAMP coordinates
fibroblast activation.

In summary, current studies demonstrated cell-specific expression of
diverse AC isoforms within the pulmonary vasculature. These observations,
when considered with currently available functional data, revise our
interpretation of site-specific pulmonary function regarding vascular
remodeling of pulmonary media and adventitia during the course of
hypertension, and site-specific permeability responses to inflammatory
calcium agonists. Present studies also raise questions regarding cell-
specific expression of AC isoforms during the course of disease, and
increase awareness of the potential complications in some patients
unresponsive to pharmacological therapies targeting AC. For example, it is
unclear whether agonists like prostacyclin similarly activate all AC
isoforms. Future studies will be required to more rigorously assess cell-
specific AC expression in the remodeled pulmonary circulation, and the
response to AC stimulation in pulmonary vascular diseases.
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4.1 Abstract

Neonatal pulmonary artery smooth muscle cells (PASMCs) exhibit
enhanced growth capacity and increased growth responses 1o mitogenic
stimuli compared with adult PASMCs. Because intracellular signals
mediating enhanced growth responses in neonatal PASMCs are
incompletely understood, we questioned whether:

1. Ggagonists increase cAMP content and
2. Increased cAMP is pro-proliferative.

Endothelin-1 (ET-I) and angiotensin II (ANG II) increased both cAMP
content and proliferation in neonatal but not in adult PASMCs. Inhibition
of protein kinase C (PKC) and protein kinase A (PKA) activity nearly
eliminated the ET-[- and ANG Il-induced growth of neonatal PASMCs.
Moreover, cAMP increased proliferation in neonatal but not in adult cells.
PKC-stimulated adenylyl cyclase (AC) was expressed in both cell types,
suggesting that insensitivity to stimulation of cAMP in adult cells was not
due to decreased enzyme expression. Our data collectively indicate that
PKC stimulation of cAMP is a critical signal mediating proliferation of
neonatal PASMCs that is absent in adult PASMCs and therefore may
contribute to the unique pro-proliferative phenotype of these neonatal cells.

4.2 Introduction

Adaptation of the pulmonary circulation to postnatal life is 2 process that
requires both growth and differentiation of vascular wall cells. In SMCs,
there is a transition from a fetal to a more adultlike phenotype.”’ Several
studies'**® have demonstrated that when the normal transition to postnatal
life is interrupted by hypoxia or increased pulmonary blood flow, marked
proliferative changes in PASMCs are observed that exceed those observed
when adult animals are exposed to these stimuli. Sirﬁilarly, SMCs derived
from neonatal pulmonary arteries are less differentiated and exhibit
ephanced growth responses to mitogenic stimuli compared with the
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relatively differentiated and quiescent SMCs derived from the adult
pulmonary artery.>*® Thus the increased growth capacity of neonatal
PASMCs likely contributes to both normal pulmonary wvascular
development and the predisposition to develop exorbitant pulmonary
vascular remodeling in response to injury in the neonatal period.

Although it is generally accepted that neonatal PASMCs possess ingreased
growth responses to mitogenic stimuli, the unique intracellular signaling
mechanism(s) that account for the enhanced growth responsiveness are
incompletely understood. Ligands such as IGF-I and PDGF are coupled to
tyrosine kinase signal transduction pathways that activate extracellular
signal-regulated kinases (ERKSs) and potently increase PASMC growth.”
Dempsey and collez:.gtm‘s.é’8 demonstrated that receptor tyrosine kinase-
dependent agonists induced fourfold greater increases in neonatal than in
adult PASMC growth, suggesting that ERK-dependent proliferation is
developmentally controlled. It has additionally been shown that constitutive
and phorbol 12-myristate 13-acetate-sensitive PKC activity is increased in
neonatal compared with adult PASMCs and that increased PKC activity
promotes neonatal PASMC growth and also synergistically promotes ERK-
dependent PASMC proliferaﬁon.6“7 However, how PKC synergistically
interacts with ERK to enhances neonata] PASMC growth and what
accounts for enhanced PKC-dependent proliferation in neonatal compared
with adult SMCs is not clear at the present time.

Emerging data indicate that in some cell systems PKC may synergistically
promote ERK-dependent proliferation by elevating ¢AMP. Faure and
colleagues'"'* demonstrated that either G4- or G,a- activation of PKC or
direct activation of PKC with phorbol esters stimulated ERX activity, and,
similarly, activation of G, or direct activation of AC elevated cAMP and
stimulated ERK activity. Although these data implicate either Gg- or G-
coupled mechanisms in regulation of ERK activity, they do not clearly
demonstrate how G-coupled agonists may elevate cAMP. However, recent
elucidation of the molecular complexity of ACs revealed type II AC is
activated by PKC.** These data suggest the possibility that a linkage
between PKC and ERK activation is PKC stimulation of type IT AC and
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elevation of cAMP. Thus, as suggested by Faure and colleagues,'™? G,-
coupled signal transduction pathways activate PKC, which may promote
AC 1I synthesis of cAMP that, in turn, regulates ERK. It is equally clear
that cAMP can have opposite effects on ERK activity in other cell
systems."! Thus second messenger regulation of ERK and proliferation may
be unique in phenotypically distinct cell types.

As neonatal SMCs demonstrate unique PKC-associated growth properties,
it is possible that PKC regulation of cAMP may play an important role in
the increased growth responses in neonatal compared with adult PASMCs.
Therefore, the goal of the present study was to test the hypothesis that Gg-
coupled agonists promote PKC-dependent stimulation of cAMP in neonatal
PASMCs and that such elevation of cAMP would be pro-proliferative. To
test our hypotheses, we utilized two endogenous polypeptides, ET-1 and
ANG 11, widely recognized as Gg-coupled PKC agonists that contrel SMC
growth and differentiation,’*1%1%*+18#42527 Both cAMP responses and
indexes of proliferation were measured in neonatal and adult PASMCs.

4.3 Methods

Isolation and Culture of Neonatal and Aduit PASMCs.

SMCs were obtained from the main PAs of neonatal {14-days-old) calves
and adult (2-yr-old) cows. Neonatal and adult PASMCs were considered
matched because they were derived from the middle media at the same
vascular site with previously described techniques.** Briefly, main PAs
were dissected from calves and cows immediately after death and
transported to the laboratory immersed in MEM (pH 7.4) containing 200
U/ml of penicillin, 0.2 mg/m! of streptonrycin, and 5 mg/ml of amphotericin
B at 25°C. The PAs were opened, and the endothelium was scraped off.
Explants of smooth muscle tissue (2 x 3 mm) were dissected from the
middle media of PA strips. They were plated in petri dishes containing
MEM with 10% serum, 100 U/mi of penicillin, and 0.1 mg/ml of
streptomycin. The PASMCs at confluence exhibited characteristic "hill-and-
valley” (adult) and "swirllike" (necnatal) morphologies by phase-contrast
microscopy and stained in a homogeneous fibrillar pattern with smooth
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muscle-specific monoclonal anti-g-smooth muscle actin antibody (Sigma,
St. Louis, MO).® Cell cultures were maintained in MEM (pH 7.4)
containing 1% L-glutamine, 200 U/ml of penicillin, 0.2 mg/m] of
streptomycin and 0.5% MEM-nonessential amine acid solution (all from
Sigma) with 10% bovine caif serum (BCS; Hyclone Laboratories, Logan,
UT) and incubated in a humidified atmosphere with 5% CO, at 37°C. The
medium was changed biweekly. To ensure that any differences seen
between the cell populations were due to intrinsic differences and not
induced in vitro in, we controlled identical sites of harvest, time in culture,
passage number, and growth conditions of neonatal and adult PASMCs. The
cells were studied between primary culture and third passage. Cells were
grown to confluence in T 75 flagks in the presence of 10% CBS, removed
from the tissue culture flasks by trypsinization (0.2 g/1 of trypsin-0.5 g/l of
EDTA; Sigma}, and then seeded at equal density into 24-well tissue culture
plates (50 x 10° cells/ well). Cells were grown to confluence in the presence
of 10% serum in 2-3 days and incubated for 72 h in serum-deprived medium
(0.1% BCS) to achieve a quiescent state.

Measurement of PHJthymidine Incorporation into DNA.

DNA synthesis was measured as previously described."® For these
experiments, neopatal and adult PASMCs were grown to confluence, and a
quiescent state was achieved after 72 h in 0.1% CBS-MEM. ["Hlthymidine
(0.5 pCifwell, ICN Biochemicals, Irvine, CA.) was added together with ET-
1, ANG I, forskolin, or 8-bromo-cAMP (Sigma) for 24 h. In studies of
[°H]thymidine incorporation during PKC or cAMP blockade, the cells were
pretreated with the specific PKC inhibitors cherelythrine chloride and RO
31-8220 or the cAMP antagonist Rp diasteromer of cAMP (Rp-cAMP; all
Alexis, San Diego, CA) for 15 min, followed by application of
[H]thymidine (0.5 pCi/well) together with ET-1, ANG II, forskolin or 8-
bromo-cAMP for 24 h. Cell counts were obtained at the end of the
incubation with a hemacytometer. After the cells were washed with
phosphate-buffered saline (PBS) and 0.2 M perchloric acid (0.5 ml/well)
was added for 2-3 min, the cells were again washed with PBS

(1 mi/well) and then 1.0% SDS-0.01 N NaOH (0.3 ml/well} was added. The
contents of each well were added to 4 m! of Ecoscint H scintillation cocktail



54 Chapter 4

(National Diagnostics, Atlanta, GA), and radioactivity was measured with a
Beckman LS 7500 beta-scintillation counter (Irvine, CA). Incorporation of
[Hjthymidine into DNA is expressed as counts per minute (cpm) per cell.

Measurement of Change in Cell Number.

Cells were trypsinized for 10 min, gently triturated four times after the
addition of an equal volume of MEM-10% serum, and counted with a
standard hemacytometer.

Measurement of cAMP Accumulation,

cAMP measurements were made with confluent, quiescent neonatal and
adult PASMCs grown to confluence in 24-well plates (plated at 50 x 10°
cells/well) with a standard radio-immunoassay (Biomedical Technologies,
Stoughton, MA). Studies were conducted with MEM at pH 7.35-7.45. In
studies of cAMP accumulation, either vehicle control, ET-1, or ANG II was
added to the cells, and the cells were incubated at 37°C for 90 min. In
selected experiments, the cAMP signal was amplified with the a-adrenergic
agonist isoproterenol (Sigma) along with vehicle control, ET-1, or ANG II.
In all studies, the solutions contained the phosphodiesterase inhibitor 3-
isobutyl-1 methylxanthine (IBMX; Sigma) to inhibit cAMP breakdown. In
studies of cAMP accumulation during PKC blockade, the cells were
pretreated with the specific PKC inhibitors cherelythrine chloride or RO 31-
8220 for 15 min, followed by application of vehicle control, ET-1, or ANG
II. After incubation, the cells were washed with PBS, and the reactions were
stopped with 1 M NaOH and then neutralized to pH = 7.0 with 1 M HCL
The solutions were acetylated, the tubes were centrifuged, and the
supernatant was decanted. Radioactivity of the precipitate was counted, and
sample cAMP was calculated from a standard curve. cAMP was
standardized to cell counts obtained from untreated wells at the end of the
incubation.

RT-PCR detection of adenylyl cyclase.

Expression of PKC-stimulated AC (type II) was tested generally as
described.? Briefly, total RNA was extracted from cell monolayers with
Qiagen RNeasy (Qiagen, Santa Clarita, CA) and subjected to first-strand
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synthesis with reverse transcriptase (GIBCO BRL) and oligo (dT) primer
after treatment of RNA with DNAse I (GIBCO BRL). Degenerate primers
directed to the highly conserved C;, region of AC were used for PCR
amplification.”® PCR products were ligated into a cloning vector (TOPO TA
cloning kit, Invitrogen Inc., San Diego) and transformed into competent
cells. After PCR screening of clones for proper inserts, bacterial cultures
were made and grown for 16-18 h. Plasmids were purified by QLAprep Spin
Plasmid kit (Qiagen). Sequencing was performed by automated
fluorescence sequencing (ABI370A DNA Sequencer).

Lung Fixation.

Neonatal calves were killed by intravenous overdose of barbiturate and
exanguinated before removal of the lungs. The superior lobe of the left lung
was fixed in Formalin and cut, and lung blocks were embedded in paraffin.
Sections of paraffin-embedded tissue were cut using a microtome at 4 pm.
Before the slides were stained, the paraffin was removed from the slides
with xylene, and the tissue was rehydraded in a graded alcohol series.

Immunohistochemistry.

Immunostaining, was generally as previously described.™ ' To test for AC
expression, the slides were incubated in 0.3% H,0; in methanol for 30 min
to decrease endogenous peroxidase activity. The slides were incubated with
blocking solution (1% BSA and 0.05% Triton X-100 in PBS) to reduce
nonspecific binding of antibodies. Primary antibodies (Santa Cruz
Biotechnology Inc., Santa Cruz, CA) for type II AC were diluted 1:250 in
PBS with 0.1% BSA and 0.05% triton X-100 and incubated overnight at
room temperature. After the slides were washed, biotinylated goat anti-
rabbit IgG antibody diluted 1:250 in PBS with 0.05% Tween was added for
2 h. The slides were washed and incubated in avidin-biotin-horseradish
peroxidase complex (Vectastain ABC kit, Vector Laboratories Inc.,
Burlingame, CA) diluted 1:250 in PBS with 0.05% Tween for 1.5 h. The
slides were again washed and developed in 5 mg of diaminobenzidine, 10
mi of 50 mM Tris, pH 7.4, and 10 pi of 30% H,0, for 1 min, rinsed with tap
water, and counterstained briefly with hematoxylin before dehydration and
mounting. In control experiments, blocking peptide (Santa Cruz

417
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Biotechnology) was diluted 1:250 and coincubated with the type II AC
polyclonal antibody.

The antibody for type II AC was generated against the sequence
KTYFVNTEMSRSLSQSNVAS of the type II enzyme. Specifity of the
antibody for type IT AC has been confirmed by Santa Cruz Biotechnology
with Western blotting and immunocytochernistry.

Statistical Analysis.

Data are reported as means = SEM. One-way ANOVA with multiple
comparisons was used to compare means between groups. A p<0.05 was
used to indicate significance.

4.4 Results

Stimulation of cAMP

To address whether ET-1 and ANG II could increase proliferation in
neonatal PASMCs through a cAMP-mediated pathway, we first measured
cAMP levels in PASMCs in the presence of the phosphodiesterase inhibitor
IBMX (500 uM) and in response to ET-1 and ANG II. Baseline cAMP was
higher in neonatal PASMCs than in adult cells (Fig. 1A). Both ET-1 (10
nM) and ANG II (10 oM) stimulated cAMP synthesis (=12~ and 4-fold
respectively; p<0.03; n=6,} in neonatal PASMCs over 90 min but did not
change cAMP levels in adult cells (Fig 1A). Similar results were observed
in response to ET-1 and ANG II in the presence of isoproterenol (25 uWM)
and IBMX over a 5-min time course (data not shown).

We investigated the possibility that ET-1 and ANG I increased cAMP in
neonatal PASMCs by PKC-medicated stimulation of AC. Pretreatment of
these cells with the PKC inhibitor cherelythrine (1 pM) reduced baseline
cAMP (30%) and eliminated ET-1 and ANG 1I stimulation of cAMP (Fig
1B) Similar results were obtained with the specific PKC blocker RO 31-
8220 (5 uM; data not shown). These data are consistent with the idea that
basal cAMP levels and elevation of cAMP after application of ET-1 and
ANG TI are regulated through PK.C stimulation of AC.
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Expression of type I (PKC-stimulated) adenylyl cyclase in vitro and in
vivo.

The activity of type II AC is stimulated by PKC.** We next sought to
identify whether the type II enzyme is expressed in neonatal PASMCs
using RT-PCR cloning. Sequence analysis of a 261-nucleotide product
revealed 94 and 90% homology between the bovine preduct and respective
human and rat species at the nucleotide level. Deduced amino acid
alignments demonstrated 97 and 95% homology between the presently
cloned bovine and respective human and rat sequences (Table 1).

Although type II ACs is expressed in cells in culture, isolation and culhmre
per se may induce phenotypic changes in the population of PASMCs. Thus
we determined whether PKC-stimulated AC was evident in neonatal and
adult PASMCs in wvivo using established immuno-histochemical
techniques. A recently developed AC type Il-specific polyclonat antibody
was utilized. We found expression of type I AC throughout the pulmonary
vasculature. Especially important is detection of the type II PKC-stimulated
AC in the medial layer at the site where excessive proliferation of PASMCs
in response to mitogenic stimuli occurs (Picture 7 on page 146).
Immunoreactivity was eliminated by coincubation of the PKC-stimulated
AC type II antibody with a blocking peptide, suggesting antibody
specificity to type Il AC.
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Figure 1. Endothelin 1 ET-I and Angiotensin II (ANG II) activate protein
kinase (PK} C and increase cAMP in neonatal pulmonary artery (PA) smooth
muscle cells (SMC). Cells were plated at 50,000 cellsiwell and studied in a
confluent and guiescent state. After application of vehicle or treatment conditions,
cAMP was measured using radio-immunoassay and was standardized to cell
counts. Values are means + SE. A: baseline cAMP in the presence of IBMX was
higher in neonatal than in adult PASMCs. ET-1 (10 nM) and ANG I (10 nM)
increased baseline cAMP over a 90- min time course in neonatal but not adult cells.
(n=6/group). Significantly different (p<0.05) from *control PASMCs: **neonatal
PASMCs

B: pretreatment with (+) cherelythrine (I uM) reduced baseline cAMP and
eliminated ET-1 and ANG Iinduced vise in cAMP in meonatal PASMCs

(n=G6/group).-, Without. *Significantly different from without cherelythrine, p<0.03.
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Table 1. Comparison of rat, human and bovine amino acid sequences
of type Il adenylyl cyclase.
Type II Isoform Sequence
1 10
Rat KTIGSTYMAA
Human KTIGSTYMAA
Bovine KTIGCTYMAA
11 20
Rat TGLSAIPSQE
Human TGLSAVPSQE
Bovine TGLSAVPSQE
21 30
Rat HSQEPERQYM
Human HSQEPERQYM
Bovine HAQEPERQYM
31 40
Rat HIGTMVEFAY
Human HIGTMVEFAF
Bovine HIGTMVEFAF
41 50
Rat ALVGKLDAIN
Human ALVGKLDAIN
Bovine ALVGKLDAIN
51 60
Rat KHSFNDFKLR
Human KHSFNDFKLR
Bovine KHSFNDFKLR
61 70
Rat VGINHGPVIA
Human VGINHGPVIA
Bovine VGINHGPVIA
71 80
Rat GVIGAQKPQY
Human GVIGAQKPQY
Bovine GVIGAHKPQY
81 87
Rat DIWGNTV
Human DIWGNTV
Bovine DIWGNTV

Sequences are within the Cyy region of the 2nd cytosiolic loop of adenylyl
cyclase. Nos. on top, amino acid no. Boldface type, nonhomologous amino acids.
Bovine sequence is 97% and 95 % similar to human and rat sequences,
respectively, within this region.
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Figure 2

B Neonatal PA SMC O Adult PA SMC |

{epn x 10%-3/ect])

*H-thymidine incorporation

Control Forskolin  8-Bromo-cAMP

Figure 2. Elevated cAMP promotes growth in neonatal PASMCs. Cells were
plated ar 50,000 cells/well and studied in a confluent and guiescent state. After
application of treatment conditions, incorporation of [FH]thymidine into DNA
was measured. cpm, counts/min. Values are means + SE; n=4 cells/group. Basal
P Hjthymidine incorporation in neonatal PASMC was threefold higher than in
adult cells. Forshkolin (10 uM) and 8-bromo-cAMP (I uM} increased
PHithymidine incorporation after 24 h in neonatal but not adult cells.
Significantly different (p<0.05) from: *control PASMCs; **neonaral PASMCs.

SMC Proliferation

To access the contribution of ¢cAMP to growth in neonatal and adult
PASMCs, we measured the effects of the direct AC agonist forskolin (10
pM) and the ¢cAMP analog 8-bromo-cAMP (1 pM) on [SH}thymidine
incorporation. Basal ["H]thymidine incorporation was threefold higher in
neonatal than in adult cells. Forskelin (10 uM) and 8-bromo-cAMP (1 uM)
induced a twofold increase in {SH]thymidine incorporation in neonatal
PASMCs but did not effect [*H]thymidine incorporation in adult PASMCs
(p<0.05; n=4 cells; Fig. 2). Cell counts after forskolin and 8-bromo-cAMP
application were higher in neonatal but not in adult PASMCs (data not
shown), consistent with a pro-proliferative effect of cAMP in these
neonatal cells.*

Our next studies investigated whether neonatal PASMCs exhibit greater
growth responses than adult cells to the Go agonists ET-1 (10 nM) and
ANG I (10 aM). ET-1 and ANG ]I increased [3H]thymidine incorporation
three- and twofold, respectively, in neonatal PASMCs but did not increase
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H]thymidine incorporation in adult PASMCs (p<0.05; n=4 cells; Fig.
3A). Cell counts after ET-1 and ANG II application were also higher in
neonatal but not in adult PASMCs (data not shown).
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Figure 3. ET.1 and ANG I activate PKC and stimulate growth of neonatal
PASMCs. Cells were plated ar 50,000 cells/well and studied in a confluent and
quiescent state. After application of treatment conditions, incorporation of
[ Hthymidine into DNA was measured. Values are means = SE; n=4 cells/group.
A: ET-1 (10 nM) and ANG Xl (10 nM) increased PH]tlymidine incorporation
after 24 h in neonatal but not in adult cells. Significantly different (p<0.03) from:
*control PASMCs; **neonatal PASMCs. B: pretreatment with cherelythrine (1
uM) inhibited ET-1 and ANG Il-stimulated neonatal PASMC proliferation.
*Significantly different from without cherelythrine, p<0.05.
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Figure 4
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Figure 4 Inhibition of PXA4 prevents ET-I1 and ANG I stimulation of neonatal
PASMC growth. Afier pretreatment with Rp diasteromer of adenosine 3°,5 -cyclic
monophosphate  (Rp-cAMPS; ImM) and application of EI-1 or ANG I
incorporation of FH]thymidine into DNA was measured. Values are means + SE;
n=4 cell/group. PKA biockade attenuated basal and the ET-1 and ANG II-
induced increase in [CHJthymidine incorporation in neonatal PASMCs.
*significantly different from neonatal PASMC, p<0.05.

We investigated the role of PKC in the proliferative response to ET-1 and
ANG II in neonatal PASMCs using cherelythrine. Figure 3B shows that
PKC inhibition attenuated the basal and ET-1 and ANG [-mediated
increase in [*H]thymidine incorporation (6, 75 and 75% respectively;
p<0.05; n=4 cells). Identical results were achieved with the PKC blocker
RO 31-8220 (5 pM; data not shown). A previous report from our
Iaboratory”® has shown that PKC inhibitors at concentrations presently
reported do not cause significant cell death, confirming that inhibition of
PXC decreased proliferation rather than induced apoptosis or necrosis. We
next tested the role of AC and cAMP in increased proliferation by blocking
cAMP dependent protein kinase activity with Rp-cAMPS (1 mM). Rp-
cAMPS attenuated basal and ET-1 and ANG II-mediated increases in
[H]thymidine incorporation (6, 85 and 78%, respectively; p<0.05; n=4
cells; Fig. 4), confirming a pro-proliferative action of cAMP in nconatal
PASMCs. Altogether, these data suggest that stimulation of proliferation in
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quiescent neconatal PASMCs is at least partly regulated through PKC
stimulation of AC and cAMP.

4.5 Discussion

Vascular SMCs derived from neonatal PAs exhibit enhanced growth
capacities to growth-prometing stimuli compared with SMCs derived from
adult pulmonary arteries.**" The reason for this unique phenomenon is
unclear, although enmhanced growth capacity may contribute to normal
adaptive mechanisms after birth as well as the need for continued
pulmonary vascular growth. Recent evidence™**® indicated that compared
with adult PASMCs, neonatal PASMCs exhibit enhanced growth responses
to activation of ERK and PKC. Moreover, stimulation of ERK occurred
after elevation of cAMP, suggesting that PKC stimulation of cAMP may be
a critical link to ERK-dependent proliferation.™®*222 However, it was
unclear whether activation of PKC influences PASMC cAMP content and
whether ¢cAMP is pro-proliferative in PASMCs. Novel findings from our
study are that:

1. Gg agonists ET-1 and ANG II elevate neonatal but not aduft PASMC

cAMP,

Both neonatal and adult PASMCs express a PKC-stimulated AC, and

3. ET-I, ANG II, and direct elevation of cAMP is pro-proliferative in
neonatal but not in adult PASMCs.

2

These data suggest that PKC stimulation of cAMP is a critical signal
mediating proliferation of necnatal PASMCs that is absent in adult
PASMCs and therefore may contribute to the unique pro-proliferative
phenotype of neonatal PASMCs.

Our initial studies sought to determine whether G, agonists ET-1 and ANG
II promote cAMP synthesis. Activation of PKC in diverse cell types,
including bronchial SMCs, increases cAMP content.” Both ET-I and ANG
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II increased cAMP content in PASMCs over a 90-time course, and
inhibition of PKC prevented the ET-I and ANG II-induced rise in cAMP.
Interestingly, neither G, agonist tested elevated cAMP content in adult
PASMCs. Thus these data are the first to demonstrate that PKC stimulation
of cAMP is developmentaily controlled.

Recent elucidation of multiple AC species revealed that certain isoforms
(e.g. type II) are stimuiated by PKC* providing a putative mechanism
through which PKC may increase cAMP content. Our mext studies
therefore determined whether PKC-stimulated AC was selectively
expressed in neonatal PASMCs. We tested expression of the type II
isoform by RT-PCR cloning using sequence-specific oligonucleotide
primers. Sequence analysis revealed that type Il AC is expressed in both
neonatal and adult PASMCs. To confinm that expression of this enzyme
was not an artifact of cell culture per se, immunostaining was performed on
sections from intact neonatal and adult bovine lungs. Positive staining was
observed in the medial layers of large and small vessels from animals of
both developmental stages. Thus these data indicate that the expression of
type II AC is not developmentally controlled and does not account for the
distinet ET-1 and ANG II responses in neonatal versus adult PASMCs,

Atlthough PKC-stimulated AC is expressed in both neonatal and adult cells,
our data indicated that PKC only stimulated the type II enzyme in neonatal
PASMCs, supporting the idea that mechanisms controlling AC are
developmentally regulated. Dempsey et al. previously demonstrated that
relative to adult cells, neonatal PASMCs exhibit increased PKC activity
under basal conditions and increased sensitivity to the direct PKC activator
phorbol 12-myristate 13-acetate. It is therefore reasonable that increased
PKC activity in neonatal PASMCs stimulates type I AC, whereas lower
PKC activity in adult cells does not stimulate type IT AC. Multiple isoforms
of PKC are present in neonatal PASMCs, but the o-isozyme has been
implicated in increased growth responses.*® Interestingly, the o-isozyme of
PKC activates type Il AC in Sf9 cells.** Future studies will be required to
directly test the nature of PKC stimulation of AC activity in neonatal
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PASMCs, e.g. which PKC isoforms account for increased whole cetlular
PKC activity and activation of type Il AC.

Our next studies were designed to address whether a link exists between
PKC stimulation of ¢AMP and neonatal PASMC proliferation by
determining whether:

1. Elevated cAMP is pro-proliferative,
2. PKC activation is pro-proliferative, and
3. PKC stimulation of proliferation depends on cAMP

The role of cAMP on SMC proliferation is controversial. Previous reports
suggested that cAMP may have either a negative or positive influence on
proliferation,” with the effect of cAMP depending on cell type,” state of
cell differentation,” and stage of cell cycle.?' Neonatal and adult PASMCs
were "growth arrested” to mimuc the in vive envirooment. Although
previous studies™ showed that neonatal PASMCs exhibit enhanced
growth capabilities, our present studies demonstrated that these cells also
exhibit higher basal cAMP levels, consistent with the possibility that cAMP
may function as a positive stimulus for proliferation. We found that two
agents that increase cAMP (8-bromo-cAMP and forskolin) also stimulate
[PH]thymidine incorporation and cell proliferation in neonatal but not in
adult PASMCs. Furthermore, direct inhibition of the cAMP dependent PK
lowered basal ["HJthymidine incorporation in neonatal PASMCs. These
data suggest that cAMP is pro-proliferative in neonatal PASMCs and that
the action of cAMP-induced growth is developmentally regulated as
recently suggested in Schwann cells.>

We next evaluated the influence of PKC on growth in neonatal PASMCs.
PKC activity is increased in neonatal versus adult PASMCs, and ET-I and
ANG II activate PKC. Furthermore, activation of PKC is generally found to
stimulate proliferation.>'****** In our present studies, inhibition of PKC
with chelerythrine and Ro 31-8220 decreased basal and ET-I- and ANG II-
stimulated [3H]thymidine incorporation, suggesting that increased growth
in neonatal PASMCs depends at least partly on PKC activity.
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However, PKC inhibitors did not influence proliferation in adult PASMCs.
Both ET-1 and ANG 1II are generally believed to stimulate growth in adult
SMCs derived from the systemic circulation.*>*% Indirect evidence for
the involvement of ET-1 and ANG II in medial thickening of pulmonary
arteries has also been shown in adult rats,”™** but direct effects of the
polypeptides on PASMC proliferation are less clear. For example, ET-1
was previously reported’® to increase growth in adult swine PASMCs in the
presence of 0.5% serum, whereas in the present study, ET-1 and ANG II
were not pro-proliferative in adult bovine PASMCs in the presence of 0.1%
serum. The reason for this discrepancy is unclear, aithough it is possible
that these agents act as comitogenic stimul, requiring other growth factors
to stimulate proliferation. Independent support for this idea comes from
work of Morrell and Stenn’lark,l9 who observed that ANG II stimulated
proliferation of adult rat PASMCs only when the cells were primed by
preincubation with 10% serum but not under serum-deprived conditions
(0.1%). Thus our data are consistent with the idea that ET-1 and ANG II
alone are insufficient to promote proliferation in adult PASMCs and
suggest that PASMCs possess a developmentally regulated sensitivity to
these vasoconstrictors.”

Qur final series of experiments tested whether inhibition of PKA blocks
ET-I and ANG-II-stimulated increase in neonatal PASMC proliferation.
Indeed, the PKA inhibitor RP-cAMPS prevented G, activation from
stimulating neonatal PASMC proliferation but did not affect proliferation
of adult PASMCs. Our data therefore demonstrate that ET-I and ANG-II
stimulate PKC-dependent. production of cAMP that is pro-proliferative in
neonatal PASMCs; inhibitors of either PKC or PKA prevent this
stimulation of proliferation.

In summary, ET-I and ANG-II activation of G, activates PKC, which
increases cAMP and promotes proliferation of neonatal PASMCs. In
contrast, ET-I and ANG II activation of G, neither increases cAMP nor
promotes proliferation of adult PASMCs. The explanation for this apparent
developmental distinction is not yet fully determined, however it is not due
10 altered expression of PKC-stimulated (type II) AC. Based on earlier
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work from our laboratory,®® a likely explanation is that increased

constitutive PKC activity and enhanced PKC responsiveness to activation
accounts for PKC stimulation of cAMP in neonatal versus adult PASMCs.
Now that a key link between PKC and cAMP production has been
established in neonatal PASMCs, future studies may address the regulation
of ERK-dependent proliferation by cAME.
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5.1 Abstract

The second messenger cyclic AMP (cAMP) mediates exorbitant
proliferation of neonatal bovine pulmonary artery smooth muscle cells
(PASMC) in response to G, coupled agonists through protein kinase C
(PKC) stimulation of type II adenylyl cyclase. Elevated levels of cAMP
activate protein kinase A (PKA), which influences gene transcription
through phosphorylation of cAMP response eclement binding protein
(CREB). We found PKA activity was present in neonatal but not in adult
PASMC. Serum stimulated growth of both neonatal and adult PASMC
resulted in phosphorylation of CREB. In contrast to detectable phospho-
CREB in serum-deprived neonatal PASMC, no phospho-CREB was
detected in  quiescent adult cells (Western blot) Using
imnrunohistochemistry we located (phospho-) CREB throughout the
pulmonary vasculature within endothelial and medial SMC. Furthermore,
neonatal lungs showed enhanced expression of (phospho-) CREB,
compared with adult lungs. While immunolocalisation for CREB was
mainly in the cytosol, staining for phospho-CREB appeared nuclear,
suggesting translocation. We concluded that cAMP mediated activation of
CREB might well contribute to enhanced growth of neonatal PASMC.

5.2 Intreduction

The morphologic changes that occur in the pulmonary vasculature during
the transition to extra-uterine life have been described.'? However, the
mechanisms that lead to these changes are not completely understood.
Distinct mechanisms controlling growth during pre-and perinatal
development and disease in particular (e.g. Pulmonary Hypertension of the
Newborn) have been suggested. Differences in the activation of growth
factors, such as insulin-like growth factors and fibroblast growth factor and
second messenger pathways, such as PKC may underlie particular growth
patterns in various developmental stages.™' Our previous data implicate a
role for the second messenger ¢cAMP, through PKC stimulation of type II
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adenylyl cyclase, in mediating exorbitant proliferation of neonatal
pulmonary artery smooth muscle celis (PASMC) in response to G, coupled
agonists (Angiotensin IT, Endothelin DMt

The principal intracellular target for cAMP in mammalian cells is cAMP-
dependent protein kinase (PKA)Z Elevated levels of cAMP activate PKA
which influences gene transcription through phosphorylation of cAMP
response element binding protein (CREB).’

CREBR is a transcription factor that is constitutively expressed In most cells
and tissues.” It was originally identified as a regulator of gene transcription
in response to elevated intracellular cAMP levels.” In the last decade,
numerous studies have contributed te our understanding of CREB
structure, function and CREB-mediated transcription.3 4587 1 this capacity,
CREB binds to a specific target sequence or cAMP-response element
(CRE) in the promotor regions of cAMP-regulated genes, such as c-fos, c-
jun” Under conditions which increase cAMP levels, CREB is
phosphorylated by the catalytic subunit of cAMP-dependent protein kinase
(PKA) at Ser 133. Phosphorylation of CREB increases its association with
transcriptiontal adapter proteins like CREB binding protein (CBP) or P300
which also interact with the core transcriptional machinery and thereby
increase the rate of transcription. >'*'*%°

While CREB clearly regulates numerous functions in fully differentiated
cells,'® multiple lines of evidence also support the hypothesis that CREB
participates in regulating the growth and differentiation of SMCs.'>
However, how activation of CREB synergistically interacts with growth
factors to enhance neonatal PASMC growth and what accounts for
enhanced PKC-dependent proliferation in neonatal compared with adult
PASMC 1is not clear at this moment. A possible mechanism by which
CREB modulates neonatal PASMC development is through its ability to
regulate the transcription of target genes.'”*

We hypothesized that activation of CREB in neonatal PASMC due to
stimulated cAMP production, may account for the increased growth of
neonatal PASMC. We first found that PKA activity was present in neonatal
but not in adult PASMC. Furthermore, we found that serum stimulated
growth of both neonatal and adult PASMC results in phosphorylation of
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CREB, but that in contrast to detectable phospho-CREB in serum deprived
neonatal PASMC, no (phospho-)CREB was noticed in quiescent adult
PASMC. We then sought to identify expression and distribution of CREB
and phospho-CREB in neonatal and adult lumg iz vive. Using
immunohistochemistry we located CREB throughout the pulmonary
vasculature within endothelial cells and medial SMCs. Furthermore,
necnatal lungs showed enhanced expression of (phospho-) CREB,
compared with adult lungs. While immunclocalisation for CREB was
mainly in the cytosol, staining for phospho-CREB appeared nuclear,
suggesting translocation. We concluded that activation of CREB might
well contribute to the enhanced growth potential of neonatal PASMC.

5.3 Methods and materials

Cell culture

We used smooth muscle cells which were obtained from the main
pulmonary arteries (PASMC) of necnatal (14 days old) calves and adult (2
year old) cows (kind gift from Pr. K.R. Stenmark, Denver, CO, USA). The
PASMC at confluence exhibited characteristic "swirl-like" (neonatal) and
"hill and valley” (adult) morphologies by phase-contrast microscopy and
expressed smooth muscle actin protein in a2 homogeneous manner as
detected with a monoclonal antibody against smooth muscle actin
(Neomarkers, Union City, CA, USA)(data not shown).?* Cell cultures were
maintained in modified eagle’s medium {Gibco BRL, Paisley, Scotland)
with 10% bovine calf serum (BCS; Dako, Glostrup, Denmark) and grown
to confluence in T75 flasks and then seeded at equal density into 24 well
tissue culture plates (10 x 10° cells/well). Cells were grown to confluence
in the presence of 10 % senmm in 2-3 days and incubated for 72 b in serum-
deprived medium (0.1% BCS) to achieve a quiescent state.
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Figure 1 PASMC from neonatal calves proliferate faster and achieve
higher plateau densities than adult cells. Cells seeded at 10x 10° cells/well
in 10% serum for 10 days. Similar resuits were reproduced with 2 other
groups gf matched cell populations.

Measurement of change in cell number

Cells were trypsinized for 10 min, gently triturated four times afier addition
of an equal volume of 10% serum, and counted with a standard
hemocytometer. PASMC derived from neonatal calves proliferate faster
and achieve higher plateau densities than adult control cells, when exposed
to MEM-10% serum (figure 1).2

Protein Kinase A activity measurements

PKA activity measurements were made with confluent, quiescent neonatal
and adult PASMC using a peptag non-radicactive assay (Promega,
Madison, WI, USA). In stdies of PKA accumulation, either vehicle
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control or ET-1 [10nM], VEGF [11.4 pM (0,5 ng/ml)], 8-Bromo-cAMP [1
uM] (Sigma-Aldrich, Steinheim, Germany) or 10% serum respectively
were added to the quiescent cells for 10 min. Then medium was removed,
cells were washed and cells were kept on ice to stop any reaction; cell
extraction buffer was added, cells were scraped off the T75°s into the
buffer and stored on ice until homogenized ulirasonically and spinned
down at 13.000 rpm during 15 min at 4°C; cytosol was collected and kept
at -80 °C until measurements were taken. Cell number measurements were
taken as described before,>* protein measurements were done to correct for
cell amount. Two pg of protein/ml was incubated for 30 minutes at room
temperature as described in the standard PKA assay protocol. The samples
were separated at a 1% agarose gel at 100V for 15 minutes. The gel was
photographed on a transilluminator.

Western blot analysis

Cell cultures were maintained in MEM with 10% BCS and grown to
confluence in T75 flasks and then either serum deprived for 72 hours or
medium was removed from the cells and cells were directly lysed with 500
pl SDS loading buffer. After correcting for protein concentrations, 50 pg
portions of the lysates were resolved on 10% polyacrylamide-SDS gels and
transferred to a nitrocellulose membrane. Duplicate blots were probed with
monoclonal antibodies that recognize CREB phosphorylated at Ser 133 (P-
CREB) or antibodies that recognize both unphosphorylated and
phosphorylated CREB. These antibodies are produced by immunizing
rabbits with a synthetic peptide derived from the sequence of human CREB
(New England Biolabs., Beverly, MA, USA). The blots were washed and
subsequently treated with goat anti-rabbit IgG conjugated with alkaline
phosphatase. Following washing of the blots, specific immune complexes
were visualized with bromochloroindoyl phosphate and nitro blue
tetrazolium.

Immunohistochemistry
The superior lobes of neonatal and adult cows were fixed in formalin and
cut, and lung blocks were embedded in paraffin. Sections of paraffin-
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embedded tissue were cut with a microtome at 4 um. The slides were
deparaffinezed in xylene, and placed in 0.3% H;0; in methanol for 30 min
to decrease endogenous peroxidase activity, Immunostaining was
performed as previously described.'® In short, to test for (P-JCREB
expression, primary antibodies for (P-)CREB were diluted 1:100 in PBS
with 0.1% BSA and 0.05% Triton X-100 and applied. Slides were placed
into a moist chamber and incubated overnight at 4°C. After washing,
biotinylated goat anti-rabbit immunoglobulin G antibody diluted with PBS
at 1:250 was added for 2h. Following washes, expression was visualized
using diaminobenzidine. After washing, slides were counter-stained with
hematoxylin.

1 2 34 5 67 89 10

Non- Phosphorylated

Phosphorylated

Adult Neonatal

Figure 2 Protein Kinase A activity is present in the cytosol of neonatal but
not adult pulmonary artery smooth muscle cells (PASMC). Cells were plated ar
10,000 cells/well and studied in a confluent and quiescent state. After application
of vehicle control (lane 1+6) ,10% bovine calf serum (lane 2+7), ET-1 (100 n,
lane 3+8), VEGF (0.5 ng/ml, lane 4+9), or 8-Bromo-cAMP(IuM, lane 5+10)
respectively, PEKA activity was measured using a peptag non-radioactive assay
and standardized to protein amount.

Under each conditions PKA activity was qualitatively higher in neonatal than in
adult cells PASMC

5.4 Results

Stimulation of Protein Kinase A
The principle intracellular target for cAMP in mammalian cells is the
cAMP-dependent protein kinase (PKA). We sought to investigate the
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possibility that agonist-increased ¢cAMP may increase proliferation through
activation of PKA. First PKA activity in neonatal and adult PASMC were
evaluated. In studies of PKA accumulation, either vehicle control or ET-1,
VEGF, 8-Bromo-cAMP or 10% serum respectively were added to the
quicscent cells. Under each conditions PKA activity was present in neonatal
but not adult cells (Figure 2).

Expression of total and phosphorylated CREB in vitro

Neonatal PASMC exhibit increased basal and stimulated cAMP content
when compared to adult cells; increased cAMP induces proliferation in
neonatal but not adult PASMC., Elevated levels of cAMP activate cAMP-
dependent PKA which influences gene transcription through
phosphorylation of CREB (P-CREB). First we sought to identify whether
neonatal PASMC possess higher constitutive P~CREB than adult cells using
Western blotting. Serum stimulated growth of both neonatal and adult
PASMUC resulted in phosphorylation of CREB, but in contrast to detectable
P-CREB in serum deprived neonatal PASMC, quiescent adult PASMC did
not express (P-)CREB (Figure 3). These data suggest that activation of
133CREB through phosphorylation at Ser 133 may contribute to the uniquely
different growth pattern of neonatal PASMC, compared to adult PASMC.

Expression of CREB in vive

Although CREB is expressed in cells in culture, isolation and culture per se
may induce phenotypic changes in the population of PASMC’s. Thus we
determined whether CREB was evident in neonatal and adult PASMC’s in
vive using established immunohistochemical techniques. Recently generated
polyclonal antibodies for total and phosphorylated CREB were utilized.
Staining for total CREB was observed throughout the pulmonary vasculature
inchiding arteries, capillaries and veins. Expression in intimal and medial
layers of the vessels appeared most prominent, although notably not all cells
within the media stained positive soggesting heterogeneous SMC
populations (Picture &, on page 147). Staining in the adult lung was observed
throughout the pulmonary vasculature im a similar but less pronounced
pattern (not shown). While immunolocalization for CREB was mainly in
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the cytosol, staining for P-CREB appeared nuclear, suggesting
translocation (Picture 8 on page 147). Our data indicate cell specific
expression of CREB throughout the bovine lung, and importantly suggest
that activation of CREB may contribute to increased growth of neonatal
PASMC.

—77

—43 W

Creb —32 KD

 —a o
P-Creb |
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Figure 3 (P-)CRER is expressed in both growing and quiescent neonatal
(lanes 1 and 2) and growing adult (lanes 3 and 4) pulmonary artery smooth
muscle cells. Cells were either serum deprived for 72 houwrs (lanes | and 3) or
directly Iysed (lanes 2 and 4). After correcting for protein concentrations, 50 ug
portions of the lysates were resolved on 10% polyacrylamide-SDS gels and
transferred to a nitrocellulose membrane. Duplicate blots were probed with
monoclonal antibodies (dil.1:1000; that recognize P-CREB or antibodies that
recognize both unphosphorylated and phosphorylated CREB. Immune complexes
were visualized with bromochloroindyl phosphate and nitro blue tetrazolium.
Results are representative of 4 independent experiments.
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5.5 Discussion

The pulmonary vasculature has to adapt to postnatal Jife in order to allow
the lung to establish gas exchange. Major changes take place in especially
the SMCs residing in the pulmonary vascular wall. Previous studies
showed enhanced growth capacities of neonatal compared to adult SMCs
in the pulmonary artery.®** The mechanisms through which these occur are
largely unknown. Our recenmt observations established a relationship
between cAMP and the increased growth potential of neonatal PASMCs."?
Endothelin-1 and Angiotensin II increased cAMP levels and promoted
growth in neonatal but not in adult PASMC. Present studies were
undertaken to further determine second messenger induced pathways in
these cells. Elevated levels of cAMP are known to influence gene
transcription through phosphorylation of CREB.!%!7 Recently it has been
demonstrated that the cAMP dependent protein kinase gene is
developmentally regulated in fetal lung. Acaregui et al.' demonstrated that
mRNA levels for PKA subunits C and R1 alpha were highest in 16-day old
rat hing, decreased at newbormn and were lowest in the adult rat lung.
However, it was unknown whether elevated levels of cAMP activate PKA
in PASMC and furthermore whether an apparent developmental distinction
as seen for PKC,? is present in these cells.

Our study demonstrated that:

1. PKA activity was present in neonatal but not in adult PASMC

2. Serum-stimulated growth of both neonatal and adult PASMC resulted
in phosphorylation of CREB, however, no detectable (P-)YCREB was
noticed in quiescent adult cells

3. (P)-CREB is located throughout the pulmonary vasculature, but
neonatal lungs showed enhanced expression of (P)-CREB

4. Immunolocalisation for CREB was mainly in the cytosol, but P-CREB
appeared nuclear.

These data collectively suggest that cAMP-mediated activation of CREB
may comntribute to increased growth of neonatal PASMC.
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It is important to recognize that protein kinases, such as PKA, do not
function in isolation within the cell. To the contrary, protein
phosphorylation is rapidly reversed by the action of protein phosphatases.
These serve to terminate the responses initiated by receptor activation of
protein kinases. The level of phosphorylation of PKA substrates like CREB
are thus determined by a balance between the intracellular activities of
PKA and protein phosphatases. We did not investigate this aspect, but
recent studies suggested that protein phosphorylation may be a mechanism
by which alveolarization is regulated in developing Jungs.

Our first studies sought to determine whether stimulation of cAMP would
activate PKA and whether this was developmentally regulated. We found
that PKA activity was present in neonatal but not in adult cells. These data
are consistent with the idea that cAMP levels regulate PKA in neonatal
PASMC and that activation of PKA may contribute to proliferation of
neonatal PASMC., Previous experiments demonstrated that PKA inhibition
did not affect adult PASMC growth."! This suggests that this pathway may
be developmentally controlled, as recently seen in newborn rat lungs.?!

Afier establishing that elevated levels of cAMP activate cAMP-dependent
PKA in neonatal PASMC, we tested whether gene transcription of CREB
was also developmentally regulated. We then sought to identify whether
neonatal PASMCs possess higher constitutive (P-)CREB than adult cells.
Western blotting revealed that neonatal PASMC express CREB. However,
P-CREB was seen in both quiescent and growing neonatal cells, but not in
quiescent adult cells. This indicates that activation of CREB may be
mmvolved in the excessive growth potential of neonatal cells. This is
supported by the observation that transfected CREB-/- neonatal PASMC do
not proliferate at all {DJ Klemm, personal commumnication).

Although (P-)CREB is expressed in neonatal PASMC in culture, isolation
and culture per se, may induce phbenotypic changes in the cells. We
therefore also tested expression of CREB in vive. Immunostaining
indicated cell specific expression of CREB throughout the bovine lung, and
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importantly demonstrated that phenotypically distinct cell populations
within the vascular media differentially express CREB. Upon activation of
CREB by phosphorylation at Ser 133, immunolocalisation moved from
cytosol to nucleus, suggesting translocation.

Coupling of CREB to physiologic function in vive awaits future studies,
but our data suggest a potential role for cAMP and CREB in the
proliferative response of neonatal PASMC.
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6.1 Abstract

Intracellular mechanisms responsible for endothelial cell disruption are
unknown, although either elevated cytosolic Ca®” ([Cazji), or decreased
adenosine 3°, 5’-cyclic monophosphate (cAMP) promotes permeability.
Recent identification that Ca®* -inhibitable adenylyl cyclase (AC)
establishes an ioverse relationship between {Ca2+]i and ¢cAMP in
macrovascular endothelial cells provided a2 possible mechanism of
development of permeability. However, these data utilized an in vitro
model; lacking was evidence supporting:

1. expression of Ca®* -inhibitable AC in pulmonary microvascular
endothelium and

. Ca®™-inhibition of AC and cAMP content as a paradigm for
inflammatory mediator-induced permeability in the intact circulation.

8]

We therefore addressed these issues in microvascular endothelial cells
derived from rat lung and in an isolated perfused rat lung preparation.
Results demonstrate expression of a Ca’*-inhibitable AC in microvascular
endothelial cells. Furthermore, data suggest that Ca**-inhibition of AC is
necessary for development of microvascular permeability in the intact
circulation. We conclude Ca**-inhibition of cCAMP represents a critical step
in genesis of microvascular permeability in the intact pulmonary
circulation.

6.2 Introduction

Maintenance of an extremely thin blood-gas barrier promotes efficient gas
exchange in the lung. Microvascular endothelial cell disruption resulting in
increased fluid accummlation, and Joss of the thin blood-gas barrier is a
hallmark feature of non-cardiogenic pulmonary edema(s).'” Thus discovery
of mechanisms responsible for initiating and sustaining endothelial cell
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disruption are critical to development of improved therapies for treatment
of non-cardiogenic pulmonary edemafs).

Multiple neuro-humoral inflamrmatory/vasoactive factors and ischemia-
reperfusion- and/or white cell-induced oxygen radicals promote endothelial
cell disruption, likely through elevation of intracellular free Ca™*
([Ca®*},).1%2 Elevated [Ca’™}; induces endothelial cell permeability by
promoting contraction, '*182636:49.50 reorganizing c:ytoslf:ele‘con,“’”18‘22‘35 and
disrupting focal adhesions, which collectively cause development of
intercellular gaps that form a paracellular pathway for the transport of
macromolecules **21 32343 Recent evidence, however, suggests a rise in
[Ca™]; alone is insufficient to induce permeability.>® The observation that
endothelia express an AC inhibited by Ca®" suggests a paradigm wherein
physiological elevations in [Ca®™]; lower cAMP content® Prior
experimental and clinical studies demonstrated that an elevation of
endothelial cAMP content prevented or reversed pre-established
edema. 2142024573840 14 6w appears that decreases in ¢AMP content
accompany increases in [Ca*; as part of the cell's normal response to
multiple inflarmmatory agonists.

18,27

Although evidence for a role of elevated [Ca™"]; and decreased cAMP in
mediating development of endothelial permeability is becoming clear,
transfer of these data to the intact circulation is problematic. It has become
apparent that endothelia exhibit remarkable phenotypic differences based
upon their vascular origin;>* as an example, [C2”"}; and cAMP responses
differ between pulmonary artery and microvascular endothelial cells in
culture.' Similarly, most data regarding mechanisms of endothelial
permeability have been obtained from macrovascular and not microvascular
endothelial cells. The current studies were therefore designed to address
two key issues regarding mechanism(s) that regulate microvascular
permeability:
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1. whether a Ca*-inhibitable AC is expressed in pulmonary microvascular
endothelium both in vitre and in vive, and

2. Ca®*-inhibition of AC and ¢cAMP content represents a paradigm for
inflammatory mediator-induced permeability in the intact circulation.

Our data clearly demonstrate that Ca* -inhibitable AC is expressed in
microvascular endothelial celis and, most importantly, that decreased
CAMP likely accompanies elevated [Ca®*}; in order for inflammatory
mediators to induce permeability.

6.3 Methods

Microvascular endothelial cell isolation and culture.

Rat pulmonary microvascular endothelial cells were obtained and cultured
as previously described, with minor modification.'' In brief, rat lungs were
perfused without recirculation with 300 ml of Krebs-Henseleit buffer
containing 8% bovine serum albumine (BSA). Perfusate was changed to
serum-free Aim V medium (Life Technologies, Gaithersburg, MD)
containing 8% BSA, 50 mg hyaluronidase I (Sigrna Chemical, St. Louis,
MO), and collagen IV coated 50 pM microspheres (DuPont, Wilmington,
DE), and the lung was perfused with 100 ml.

Flow (0.03 ml.g body wtmin™) was alternated in forward and reverse
directions and the perfusate was collected. The suspension of perfusate,
microspheres, and cells was centrifuged at 200 g (4°C) and was washed
three times with RPMI containing 25% fetal calf serum (Intergen). The
pellet was resuspended in 2 ml of media containing one part endothelial
cell conditioned mediumn and two parts RPMI with 20% rat serum and 0.1%
gentamicin. An additional 0.5 ml media was added after 1 wk in culture.
Endothelial cells were evident in ~2 wk, at which time the media was
changed and supplemented with 200 pg of heparin (Calbiochem, San
Diego, CA), 300 pg endothelial cell growth supplement (Collaborative
Biomedical Research), and 100 ng rat epidermal growth factor (Biomedical
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Technologies, Stoughton, MA) to promote endothelial cell growth. The
cells grew initially as capillary-like structures and assumed typical
cobblestone morphology of endothelial cells at confluence. The cells
stained with Factor VIII antibody and showed uptake of the acetylated low-
density lipoprotein labeled with 1,1'-dicctadecyl-3,3,3',3",-tetramethylindo-
carbocyanide perchlorate. In addition, the cells demonstrated intense Ulex
europacus [, Ricinus communis, and Arachis hypogaea lectin binding
criteria for microvascular endothelial cells. Electron micrographs were
obtained to confirm endothelial cell identity and purity in culture.

Isolation of total RNA.

Total RNA was isolated from confluent monolayers of rat pulmonary
microvascular endothelial cells as described (3 to 3', Boulder, CO.*%)
Cells at passage 5 were utilized.

Amplification of adenylyl cyclases expressed in pulmonary microvascular
endothelial cells and ¢DNA Sequencing.

Amplification of AC was performed as described previously*'* Briefly,
total RNA was isolated, and reverse transcriptase-polymerase chain
reaction {PCR) was performed using degenerate oligonucleotide primers to
the Cia region from the second cytosolic loop of AC. PCR products were
excised from a 1% agarose gel and annealed to linearized pDIRECT
cloning vectors (Clonetech, Palo Alto, CA). pDIRECT cloning vectors
coptaining inserts transformed into competent Escherischia coli
(Invitrogen) were selected by PCR screen and bacterial cultures were
grown for 14-18 h. Plasmid DNA was prepared for sequencing using
standard mini-prep and alkaline denaturation techniques (Promega,
Madison, WI). A silver stain sequencing technique was performed with
modified Taqg DNA polymerase (Silver Sequence DNA Sequencing
System, Promega,*!).
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Lung fixation.

Rats were anesthesthetized with pentobarbital sodium (60 mg/ml, ip),
sternotomy was performed, and Iungs were ventilated and perfused as
described (see Lung isolation and perfusion and ref 37). Lungs were
ventilated and perfused for 20 min under full flow (e.g. 100% cardiac
output) conditions. Ventilation was stopped at end inspiration so that
airways and alveoli were distended. Lungs were then perfusion fixed with
1% paraformaldehyde, 0.1 M borate buffer. pH 9.5 for 30 min. After
perfusion fixation, a lung section was placed in the paraformaldehyde
solution for 4 h at 4° C. After this incubation period, the lung section was
dissected into 2-cm® fragments suitable for sectioning with cryostat. These
pieces were incubated overnight in filtered paraformaldehyde, 0.1 M
borate, 0.45 M sucrose solution at pH 7.0. The next day, tissue was
mounted with optimum cutting temperature embedding compound and was
placed in frozen 2-methylbutane. Sections were cut using a cryostat at 4-6
uM, placed on a super-frost plus slide, air-dried for 10 min, and acetone
fixed for I min.

Immunostaining.

Imumunostaining was generally as described previous,ly.z5 To test for AC
expression, slides were incubated in 3% hydrogen peroxide in PBS for 15
min to decrease endogenous peroxidase activity. Slides were incubated with
blocking serum (3% goat). Primary antibodies (Santa Cruz Biotechnology,
Santa Cruz, CA) for type VI AC were diluted 1:250 in phosphate-buffered
saline (PBS) with 0.1% BSA and 0.05% friton X-100 and were incubated
overnight at room temperature. After washing, biotinylated goat anfi-rabbit
IgG antibody diluted with PBS at 1:250 was added for 2 h. Slides were
washed and incubated in sireptavidin-bictin-horseradish peroxidase at
1:250 in PBS 3% horse serum for 1.5 h. Slides were washed again and
developed in diaminobenzidine (5 mg), 10 ml of 50 mM Tris pH 7.4, and
10 ul of 30% hydrogen peroxide. Slides were developed for 1-5 min, rinsed
with tap water, and counterstained briefly with hematoxylin before
dehydration and mounting. In control experiments, blocking peptide (Santa
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Cruz) was diluted 1:250 and was co-incubated with the type VI AC
polyclonal antibody.

The antibody for types V/VI AC is generated against amino acids 1149-
1165 of the type VI enzyme, which is KGKGEMTTYFLNGGPSS.
Specificity of the antibody for type V/VI AC has been confirmed by Santa
Cruz Biotechnology using Western blotting and immunocytochemistry.
Incubation of rat brain homogenates, enriched in AC I-VI, with the type
V/V1 antibody yielded a single 130-kDa band corresponding to type VI AC.
Thus cross-reactivity of the antibody with other isoforms of AC is not
apparent.

Lung isolation and perfusion.

Adult male Sprague-Dawley rats (250-350 g; SASCO, Omaha, NE) were
anesthetized with pentobarbital (60 mg/kg 1.p.), and a tracheotomy catheter
was inserted. Lungs were ventilated with room air at inspiratory and
expiratory pressures of 5.5 and 2.0 emH,0, respectively, until the heart was
cannulated, after which time the lungs were ventilated with 21% O,, 5%
CO», and 74% Na. After a median sternotomy, heparin (200 units) was
administered via the right ventricle and allowed to circulate for 3 min. A
pulmonary artery and double-lumen left ventricular catheter were inserted
and secured with sutures. Lungs were perfused (Gilson Minipuls 3; Gilson,
Middleton, WI) at constant flow of 0.04 mlg body wt'min® with a
bicarbonate buffered physiologic salt solution (Krebs-Henseleit, Sigma
Chemical) that contained (in mM): 11.1 D-glucose, 1.2 MgSO, 1.2
KH>POs, 4.7 KC, 118.1 NaCl, 1.5 CaCl,. The salt solution was osmotically
stabilized with 4% bovine serum albumin (Sigma Chemical). Lungs and
heart were removed en bloc, suspended from a force transducer (Grass
FT03; Grass Instruments, Quincy MA) and placed in a chamber with 100%
humidity at 37°C. Twenty milliliters of perfusate was used to flush the lung
of resident blood cells. An additional 60 ml of perfusate were used for
recirculation. Pulmonary artery (P,) and venous (P,) were continuously
monitored (TSD 104, Biopac, Goelta CA) and were captured to a
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Macintosh computer using an analog-to-digital converter (MP100A,
Biopac). Zone 3 conditions were maintained in all experiments such that
arterial > venous > alveolar pressures to ensure even distribution of
perfusion. The protocol was approved by the University of Colorado Health
Science Center Animal Care and Use Committee.

Assessment of permeability.

Capillary filtration coefficient (Ksz) is a measurement of hydraulic
conductivity (permeability) and was estimated using a gravimetric method,
modified from Drake et al.”? In the isolated perfused lung, perfusion and
colloid oncotic pressures are constant. Edema formation (net filtration) was
estimated by Iung weight gain and pulmonary capillary pressure (P.) was
estimated by double occlusion. When lung weight is stable (weight
equilibrium) hydrostaric forces are equally opposed by oncotic forces. The
weight equilibrium was disturbed by increasing P, from 3.5 to 9.0 mm Hg
for 15 min. P, was estimated before and after P, was increased. A rapid rise
in weight due to vascular distention (recruitment and distention) was
followed by gradual weight gain (net filtration). Over the peried of
measurement it was assumed that changes in interstitial pressure and
oncotic forces were minimal. Because the rate of gradual weight gain
between 5 and 15 min of pressure challenge increases in a linear fashion, it
was analyzed by linear regression. The injtial rate of weight change at time
=0 (AW/AT,, where W is weight en Ty is time () is estimated by the slope
of the linear regression. Ky was estimated by determining the ratio of
AW/AT, to AP, K¢, measurements were normalized to left lung dry weight
and were expressed as milliliter per minute per millimeter mercury per 10 g
lung tissue.

Statistical methods.

Within-group coroparisons were made using a test-retest design (repeated
measures) whereas between-group assessments were made using a two-way
analysis of variance with repeated measures. A Dunn Ferroni or Dunnet’s
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two-tailed post hoc test was applied, as appropriate. Differences were
considered significant at p<0.03.

6.4 Results

Adenylyl cyclase expressed in pulmonary microvascular endothelial cells.
Type VI Ca*-inhibited AC is expressed in bovine pulmonary artery
endothelial cells.*"* Expression of a Ca**-inhibited isoform, however, had
not been demonstrated in endothelial cells derived from the rat pulmonary
microvasculature, Reverse transcriptase-PCR was therefore performed
using total RNA derived from confluent monolayers of rat pulmonary
microvascular endothelial cells. The PCR products were subcloned and
sequenced; seven clones were read. Cloned products corresponded to
nucleotides 3208-3358 of the type VI {Ca*"-inhibited) isoform. Nucleotide
similarity was 100% identical to previously reported rat sequences.’'
Deduced amino acid alignment of the type VI isoform corresponded to
amino acids 1069-1119 and was identical to that previcusly reported.’

Also detected was an isotype of AC described in olfactory epithelium (type
IIT; see ref 7). This was an unexpected result, since we have not previously
observed expression of this isoform in bovine or human macro- or
microvascular endothelial cells. To validate expression of type III AC,
isotype-specific primers were used in bovine macro- and microvascular
endothelial cells, human microvascular endothelial cells, and rat
microvascular endothelial cells. Reverse transcriptase-PCR products were
only found in rat microvascular endothelial cells (Fig. 1), suggesting that
rat cells do express the type II1 isozyme and bovine and human cells do not
express the type III isozyme.
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Figure I. Rat microvascular endothelial cells express a type Il AC. To confirm

expression of type II AC in rat microvascular endothelial cells isoform-specific

oligonucleotide primers were utilized in reverse transcriptase-polymerase chain

reaction (PCR} experiments., Primer sequences were, sense: 5

CATCGAGTGTCTACGCTTC-3"; antisense: 5-TTATGACCTGTGTCICTTCT-3"

Primers were applied t0 ¢cDNA that was generated from poly(A)+ RNA from

different populations of endothelial cells, with the exception of lane 9. In lane 9

primers were applied to DNA as a positive control. A product of expected size

(=420 bp) was detected only in lanes 9 ard 10. Endothelial cell populations are

described as follows:

Lane 1: PCR ladder;

Lane 2: Human pulmonary microvascular endothelial cells plus reverse
transcriptase;

Lane 3: Human pulmonary microvascular endothelial cells mirus reverse
transcriptase;

Lane 4: Bovine microvascular endothelial cells plus reverse transcriptase;

Lane 5. Bovine microvascular endothelial cells minus reverse transcriptase;

Lane 6: Bovine microvascular endothelial cells plus reverse transcriptase;

Lane 7: Bovine microvascular endothelial cells minus reverse transcriptase;

Lane 8: Bovine microvascular endothelial cells plus reverse transcriptase;

Lane 9: Rat microvascular endothelial cell DNA;

Lane 10: Rat microvascular endothelial cells plus reverse transcriptase;

Lane 11: Rat microvascular endothelial cells minus reverse transcriptase;

Lane 12: Bovine pulmonary artery endothelial cells plus reverse transcriptase.

Nos. on left are molecular weight,

Ca’*-inhibitable AC expression in vivo.

Although Ca**-inhibitable AC is expressed in cells in culture, isolation and
culture, per se, may induce phenotypic changes in the population of
endothelia. Thus we determined whether Ca’"-inhibitable AC was
expressed in pulmonary endothelium i vive using established
immunohistochemical techniques.” A polyclonal antibody capable of
discriminating Ca®*-inhibited isoforms from other isoforms of AC was
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utilized. hnmunoreactivity was detected in endothelia throughout the
pulmonary vasculature, including large arteries, arterioles, and capillaries
(Picture 9 on page 148). Immunoreactivity was eliminated by co-incubation
of the Ca®*-inhibitable AC antibody with a blocking peptide, demonstrating
antibody specificity to type V/VI AC. Especially important is the detection
of Ca**-inhibited AC(s) in capillary endothelial cells, at the site where
disruption contributes to development of permeability and/or edema in non-
cardiogenic pulmonary edema(s). It is also apparent that immunoreactivity
was not specific for endothelia in the lung. Type V/VI AC appears to be
expressed in all lung vascular cells (Picture 9 on page 148).

Thapsigargin-induced microvascular dysfunction.

Ca”™ inhibition of AC and ¢cAMP content promotes certain features of
endothelial cell permeability in vitro models. However, evidence
supporting a role for Ca®" inhibition of ¢AMP in regulation of
microvascular dysfunction in the intact circulation was lacking. We used an
isolated perfused rat lung to evaluate the role of Ca®" inhibition of cAMP
content in microvascular dysfunction, where Kg is used to estimate
permeability.”? Baseline K¢, was 0.303 = 0.054 mLmin” .mmHg™.10 g lung
tissue”’ and did not change over the time course tested [n=3; p=not
significant (NS); Fig. 2]. The plant alkaloid thapsigargin induces
capacitative Ca”" entry in cells i vitro, which is an efficient mechanism for
inhibition of AC and cAMP content (see below). Thus, thapsigargin was
applied to rat lungs over a range of doses, from I nM to 1 uM. The
threshold concentration for an effect of thapsigargin was above 1 nM (data
not shown). However, 100 nM thapsigargin caused a reproducible increase
in Ky that at its peak was = 400% greater than baseline values (n = 3;
p<0.05; Fig. 2). This dramatic increase in permeability occurred with a
small increase in capillary pressure (p<0.05), suggesting that increased
microvascular permeability and not hydrostatic edema was the cause.
Hemodynamic data are presented in Table 1.
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Figure 2. Thapsigargin induces microvascular permeability in an isolated
perfused rat lung. Following medial sternotomy, lung isolation and establishment
of a stable baseline, baseline capillary filtration coefficient (Ky) was assessed by
elevating vernous pressure and measuring weight gain over a 15- min time course
as described’ A: Whereas in vehicle control experiments repeated
measurements of K did not change over time, application of thapsigargin
induced a large increase in Kp as shown in this representative sample. B:
Summary data show thapsigargin increased Kp=435% 20 min after application.
DMSO, dimethyl sulfoxide *significantly differemt jfrom the corresponding
Control value at p<0.05
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Table 1. Effect of thapsigargin on hemodynamic variables in an
isolated salt perfused rat hing.
Control Thapsigarin (100 nM)
P;\ Pv Pc Pn P Pc

Baseline 7.9+009 3.6+0.07 4.5=0.14  7.720.36 3.6+0.06 4.3+0.26
20min  7.7+0.12 3.4=0.06 43030  12.520.79*% 3.4+£0.12 6.6£0.81*

Values are means = SE; n=3 lungs for control and thapsigarin studies. Rat lungs
were isolated and perfused as described in Methods. Pulmonary artery (P,) and
venous (P,) pressures were measured by a pulmonary artery and venous catheter
coupled to independent force transducers. Pulmonary capillary (P pressures
were estimated by the double-occlusion technigue, Thapsigargin increased P,
and slightly increased Pc pressure in the isolated rat lung. No change in P,
pressure was observed. * Significantly different from baseling value at p<0.05.
cAMP and thapsigargin-induced microvascular dysfunction.

We next tested whether a change in endothelial cell cAMP was a prominent
feature of the thapsigargin-induced microvascular dysfunction. To address
this issue, inhibition of cAMP by thapsigargin was counterbalanced in three
different ways. Previous reports suggested that activation of the cAMP
pathway conferred protection against development of endothelial cell
permeability'. Thus, either the direct AC activator forskolin or the B-
agonist isoproterenol were applied to lungs before application of
thapsigargin; both treatments nearly eliminated the thapsigargin-induced
increase in Ky, (n=3/group; p=NS vs. vehicle control; Fig. 3).

Reduced Ca® entry also prevents development of permeability in other
expetimental models, perhaps because Ca”" inhibition of AC requires Ca®
entry. We therefore tested whether reduction of perfusate Ca® would
reduce the thapsigargin-induced increase in Kg. However, these studies
were complicated by the influence of low extracellular Ca®™* alone on
permeability; as previously demonstrated,”® lowering of extracellular free
Ca® increases Ky likely through disruption of interceliular junctional
complexes, an observation we confirmed presently (data not shown). Yet,
we found that reducing extracellular Ca® to 10 M vielded a sufficiently
high free concentration to preserve endothelial barrier function and
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maintain a low Kg over the time course tested (n=3; p=NS over time).
Indeed, with over 2 h of perfusion with 10 uM extracellular Ca®" K
changed from 0.343 % 0.032 to 0.465 = 0.019 mlmin”.mmHg".10 g lung
tissue™!, whereas with over 2 h of perfusion with 2 mM extracellular Ca®",
Ky, changed from 0.313 + 0.078 to 0.363 = 0.055 mbmin” mmHg™.10 ¢
lung tissue’. With 10 pM extracellular Ca*, the thapsigargin-induced
Increase in Kz was greatly attenuated (n=3; p=NS vs. time control in 10

uM extracellular Ca®™

Figure 3
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Figure 3. Thapsigargin-induced increases in Ky require inhibition of cAMP. After
baseline K was assessed, interventions which prohibit a decrease in cAMP, e.g.,
the dzrecr AC activator forskolin, f-agonist isoprotevenol, and low extracellular
Cd*" - were applied to the perfusate, allowed to circulate for 20 min, and Ky
measured (data not shown). These rreatments did not change baseline K.
Thapsigargin was then applied to the perfusate, and Ky, was measured a third time,
Whereas thapszgargn alone increased Ky, forskolin, isoproterenol and low
extracellular (e} Ca”* nearly prevented the response to thapsigargin.
*significantly different from vehicle control; p<0.03. n = 3-4/group.
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Figure 4. Thapsigargin-induced increases in Ky were not due to increased
capillairy pressure (P, or oxidant production. To investigate alternative
mechanisms of thapsigargin-induced increases in Kp we considered whether
increased P, [C] or release of oxidants from resident neutrophils [D] was
sufficient to increase Ky Representative tracings arve shown. A: Kp did not
increase over time. B: Thapsigargin increased Ky, 20 min afier application to the
perfusate. C: Increases in P, to =6.5 mm Hyg fo mimic the effect of thapsigargin
were insufficient to increase K. D: Superoxide dismutase and catalase did not
prevent the thapsigargin-induced increase in K

Pe, oxidants, and thapsigargin-induced microvascular dysfunction,

Because thapsigargin increased P, and P, we questioned whether a similar
rise in hydrostatic pressure could account for the increase in Ky, observed
after thapsigargin. To mimic the influence of thapsigargin, P, was increased
1o achieve a P = 6.5 mm Hg. However, K;, was not influenced by increased
P, (»n=1), suggesting that increased P, alone was not the cause of increased
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K. in response to thapsigargin. The results of the experiment are shown in
Fig. 4.

Thapsigargin likely does not solely influence endothelial cell function in
the intact lung. Other resident Tung cells which regulate endothelial barrier
properties, e.g. neutrophils, may be influenced by thapsigargin®’ For
example, thapsigargin may induce resident neutrophils, wich are present in
buffer-perfused lungs, to release oxidants. Because oxidants could increase
K, we performed additional studies to determine whether the effect of
thapsigargin on Ky was due to increased oxidant production. Thus
superoxide dismutase (550 U/ml) and catalase (1500 U/ml) were added to
the perfusate before addition of thapsigargin. Inhibition of superoxide and
hydroxy] radical production by superoxide dismutase and catalase did not
influence the thapsigargin-induced increase in Ky (p=2), suggesting
increased oxidant production was not the cause of increased Ky, in response
to thapsigargin. The results of a representative experiment are shown in
Fig. 4.

6.5 Discussion

. Development of non-cardiogenic pulmonary edema involves disruption of
the microvascular endothelial cell barrier. Despite this, very little is known
regarding mechanisms of microvascular endothelial cell disruption. Our
recent demonstration that a Ca™™-inhibitable AC establishes an inverse
relationship between [Ca’']; and cAMP in bovine macrovascular
endothelial cells provided a possible mechanism of development of
permeability in vivo." However, these data utilized an in viro model
remote from the intact pulmonary circulation. The present studies therefore
tested the hypothesis that Ca”*-inhibitable AC establishes an inverse
relationship between [Ca®]; and ¢cAMP and promotes microvascular
permeability in the intact pulmonary circulation.
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The novel findings from the present studies are:

1. a Ca*"-inhibitable AC is expressed in microvascular endothelial cells iz
vitro and in vivo,

2. thapsigargin induces pulmonary microvascular permeability, and

3. strategies aimed at eliminating Ca** inhibition of cAMP, e.g. direct and
indirect AC activation and low extracellular Ca®, prevent thapsigargin-
induced pulmonary microvascular permeability.

Our first series of experiments tested expression of type VI Ca**-inhibitable
AC in rat pulmonary microvascular endothelial cells™ in vitro. We
amplified RNA using degenerate oligonucleotide primers directed against
the Csa region of AC and sequenced the products. Sequence analysis
confirmed expression of type VI (Ca’*-inhibited) AC.® The data suggest a
role for Ca* -inhibitable AC in regulating the balance between [Ca®']; and
cAMP content [and permeability as our physiological data suggest (see
below)] in endothelial cells derived from the rat pulmonary
microvasculature.

In addition to a Ca**-inhibitable isoform, we identified expression of type
III AC.® This observation was unexpected, since in our previous studies
using bovine,*"** and human (unpublished observation) endothelial cells,
we found no evidence for expression of this isoform. To validate our
present observation, we performed additional reverse transcriptase-PCR
experiments using type III isozyme-specific primers in different endothelial
cell populations. Interestingly, expression of type IIl AC was only observed
in rat microvascular endothelial cells and not in bovine or human maero- or
microvascular endothelial cells. The reason for the difference in expression
between cell types is unknown, although either different cell culture
conditions or species vartability are possible explanations.
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Tt is presently unknown whether the type III enzyme contributes to Ca**-
dependent regulation of AC in endothelia; however, previous reports have
demonstrated Ca*" sensitivity of the type I enzyme." >4

It was suggested first that type Il AC was stimulated by Ca® in olfactory
cells. These studies were performed using cell membrane fractions (not
whole cells) though, and stimulation of AC by Ca®* required concomitant
activation of G,.” Subsequent reports have shown that, in intact cells, type
I AC is inhibited by Ca®*.“*%) Conflicting data by Fagan et al.® have
now shown that type Il AC exhibits no Ca®* sensitivity (physiologically
relevant or otherwise) when transfected in HEK 293 cells. Thus the Ca**
sensitivity of type III AC appears to vary in different cell preparations.
Although we must consider the possibility that type I1I along with type VI
AC contributed to Ca”" inhibition of cAMP content in rat microvascular
endothelial cells (see below), identification of the physiological role of the
type III enzyme in endothelial cells awaits future studies.

Direct application of data from cell cultures to the intact circulation is not
well justified, since cells may undergo phenotypic changes in the process of
isolation and culture. Our second series of experiments therefore tested
expression of Ca”'-inhibitable AC in vivo by immuno-histochemistry.
Immunostains of lung sections demonstrated expression of Ca”™"-inhibitable
AC throughout the pulmonary vasculature. Prominent expression was
observed in endothelial cells in pulmonary arteries, arterioles, and in
capillaries. These data are consistent with our in vitro resuits showing
expression in endothelial cells from large vessels and the microvasculature,
and suggest in regard to expression of this enzyme that early passage
endothelial cells retain their in vivo phenotype. Most importantly, these data
clearly demonstrate expression of Ca”*-inhibitable AC at the relevant site of
edema formation in vivo.

Our third series of experiments therefore tested the role of Ca* ~inhibitable
AC In hmg microvascular permeability. We utilized the plant alkaloid
thapsigargin as a permeability-evoking agonist. This report demonstrates
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that thapsigargin induces lung microvascular permeability, estimated by
Ks. Thapsigargin-induced permeability was not due to increased
hydrostatic forces from venoconstriction because Pc pressures increased
only slightly. Increased permeability was also not due to uneven perfusion,
since the experiments were conducted under zone 3 conditions, where
pressures are P, > P, > alveolar. Furthermore, increased permeability was
not due to gross injury, since the increase was only transient; by 50 min, Ky,
had nearly returned to baseline levels (data not shown). Thapsigargin,
therefore causes microvascular endothelial cell disruption that accounts for
increased permeability.

Our fourth series of experiments evaluated the mechanism through which
thapsigargin caused endothelial cell disruption that increased microvascular
permeability. Thapsigargin increases [Ca”"); by inhibiting microsomal Ca®*
reuptake and inducing capacitative Ca™ entry.*® Tt seems Jikely that, since
capacitative Ca”" entry can prominently inhibit the type VI cyclase in other
cell systems,® thapsigargin induces large decreases (=50%) in endothelial
cell cAMP content by a similar mechanism (unpublished observation). Both
increased [Ca™); and decreased cAMP promote permeability through
interdependent and independent mechanisms. We counterbalanced the
decrease in cAMP in three ways to investigate participation of the ¢cAMP
pathway in permeability induced by thapsigargin. We first applied
isoproterenol, since B-adrenergic stimulation has previously been shown to
prevent and reverse permeability induced by a variety of inflammatory
stimuli in both experimental and clinical settings 142024373840
Isoproterenol nearly eliminated the increase in permeability induced by
thapsigargin. We next applied the direct AC activator forskolin over a
range of doses. Forskolin also nearly eliminated the increase In
permeability induced by thapsigargin. These data suggest a decrease in
cAMP (and not just an increase in [Ca®"];) is critical to development of
permeability, since in these experiments the increase in [Cazﬂ; was not
prevented.
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Inhibition of AC by Ca”" in intact cells fequires Ca*" entry.** We also used
low perfusate Ca®* to limit Ca®* entry and thus limit inhibition of CAMP by
thapsigargin. This study was complicated, since nominally Ca® free
perfusate itself increases Ky, by disruption of C32+-dependent cadherins.”®
We therefore reduced extracellular Ca*>” to a free concentration of 10 uM
which, without stimulation, was sufficiently high to preserve endothelial
barrier function and maintain a low Kg over the time course tested (data not
shown). This suggests that 10 uM extracellular Ca™ was sufficient to
maintain cadherin finction, while limiting Ca®* entry; e.g. the inward Ca®*
gradient is usually ~10,000-fold (I-2 mM extracellnlar vs. 100 nM
intracellular), whereas with 10 pM extracellular Ca®* the inward Ca®”
gradient is ~100-fold (10 uM extracellular vs. 100 nM intracellular).
Thapsigargin did not induce microvascular permeability in the presence of
10 uM extracellular Ca?". We interpret these data as support for our
hypothesis that elimination of decreased cAMP prevents development of
permeability. However, the protective effects of 10 pM extracellular Ca*
may also have been due to a decrease in endothelial cell [Ca®"];.

In our final series of experiments, we considered alternative explanations
for the mechanism of thapsigargin-induced microvascular permeability.
Enhanced Ca** entry stimulates generation of neutrophil-derived oxidants
that induce microvascular permeability. Resident neutrophils are present in
the lung, even when perfused with a salt solution, and these resident
neutrophils have been shown to be sufficient in number to induce oxidant-
mediated lung injury.’’ We therefore tested whether thapsigargin-induced
oxidants could account for increased permeability. In these experiments,
superoxide dismutase and catalase were added to the perfusate before
thapsigargin. However, scavenging of superoxide and hydroxyl radicals by
superoxide dismutase did not influence permeability induced by
thapsigargin. These data therefore suggest that thapsigargin-induced
oxidants do not account for the observed increase in permeability, further
supporting the notion that decreased endothelial cell cAMP is the critical
mechanism.
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An important consideration is whether treatments which prevented the
thapsigargin-induced increase in Ky (especially forskolin and
isoproterenol) increased cAMP rather than climinated a decrease in cAMP.
Our data suggest that, when [Ca”"]; is elevated, the influence of forskolin or
isoproterenol on stimulation of AC would be minimized, due to Ca**
inhibition of AC.*** Indeed, data in support of this hypothesis have been
presented previously.” In these studies, application of hydrogen peroxide
to endothelial cell cultures increased [Ca®™); and decreased cAMP by as
much as 76%. Cholera toxin and forskolin each increased cAMP; however,
in the presence of hydrogen peroxide the increased levels of cAMP dropped
rapidly, consistent with the idea that increased [Ca®"); inhibited AC activity.
The data suggest that, when AC activity is inhibited by Ca®", direct or
receptor-mediated stimufation of AC is reduced. Taken together with our
current data, Ca”* inhibition of AC and cAMP represents an important step
in development of pulmonary microvascular permeability.

Although the present studies implicate a role for decreased cAMP in
mediating permeability induced by thapsigargin, precise molecular targets
remain only speculative. Cyclic AMP likely influences permeability
through regulation of protein kinase A, which in turn influence myosin
light chain phosphorylation status, contraction, and cytoskeletal
reorganization (*** and unpublished observation). Future studies will be
required to determine the important cellular sites of action that mediate the
cell's response to changes in cAMP content. It is also noteworthy that one
model of endothelial cell permeability involves barrier disruption via
mechanisms involving ADP-ribosylation.® Future studies will be needed to
discriminate between relevant mechanisms of barrier disruption in different
models of permeability.

Our current studies have demonstrated expression of Ca**-inhibitable AC in
rat pulmonary microvascular endothelial cells in vitro and iz vivo. We have
demonstrated that thapsigargin induces microvascular permeability in the
intact pulmonary circulation, and that increased permeability is partly due
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to decreased cAMP. These data suggest that Ca®* inhibition of AC and
cAMP represents a critical step in the genesis of pulmonary edema. Direct
linkage of this system to non-cardiogenic pulmonary edema is still missing,
However, owr data along with experimental and clinical reports that
administration of cCAMP agonists reduce permeability™>=-+202457384 pa ]y
suggest a central paradigm in which edema results from decreased
endothelial cell cAMP. Finally, these data suggest that therapies seeking to
uncouple increases in endothelial cell [Ca®"]; from decreases in cAMP may
represent a novel strategy for prevention or treatment of non-cardiogemic
pulmonary edemass).

6.6 Acknowledgements

We thank Sandi Walchak and Lisa Hepler for excellent technical assistance
and Drs. Dermot, MLF.Cooper and John T.Reeves for their careful review
of the manuscript.

This work was supported by an American Heart Association research
Grant-in-Adid (to T.Stevens), Colorado Heart Association research Grant-in-
Aid (to T.Stevens), American Lung Association research Grant-in-Aid (to
T.Steveps), National Institutes of Health Grant HL-46494 (to
W.J.Thompson) and The Ter Meulen Fund, Royal Netherlands Academy of
Arts and Sciences, Amsterdam, The Netherlands (to H.A.Guldemeester).
T.Stevens is a Parker B.Francis Fellow and recipient of the Giles Filley
award for research in pulmonary physiology and medicine. P.M.Chetham is
supported by the Foundation for Anesthesia Education and Research with
grants from HMoechst Marion Roussel and the Anesthesiology Young
Investigator Award/Society of Cardiovascular Anesthesiologists.



Ca®Inhibitable AC and Pulmonary Microvascular Permeability 111

6.7 References

10.

Adkins W, Barnard J, May S, Seibert A, Haynes J, and Taylor A. Compounds that
increase cAMP prevent ischemia-reperfusion pulmonary capillary injury. J Appl
Physiol 1992;72: 492-497.

Baluk P, and McDonald D. The §2-adrenergic receptor agonist formoterol reduces
microvascular leakage by inhibiting endothelial gap formation. Am J Physiol
1994;266: L461-L468.

Buchan K, and Martin W. Modulation of barrier function of bovine aortic and
pulmonary artery endothelial cells: dissociation from cytosolic calcium content. Br J
Pharmacol 1992;107: 932-938,

Bundgaard M. The three-dimensional organization of tight junctions in a capillary
endothelium revealed by serial-section electron microscopy. J Ultrastructure Res
1984:88: 1-17.

Casnocha S, Eskin S, Hall E, and Mclntire L. Permeability of human endothelial
monolayers: effect of vasoactive agonists and cAMP. J Appl Physiol 1989;67: 1997-
2005.

Chiono M, Mahey R, Tate G, and Cooper D. Capacitative Ca™-entry exclusively
inhibits cAMP synthesis in C6-2B glioma cells; evidence that physiologically
evoked Ca™ entry regulates Ca™ inhibitable AC in non-excitable cells. J Biol Chem
1995;270: 1149-1153.

Choi E, Xia Z, and Storm D. Stimulation of type I olfactory AC by calcium and
calmodulin. Biochemisiry 1992:31: 6492-6498.

Cooper D, Yoshimura M, Zhang ¥, Chiono M, and Mahey R. Capacitative Ca®™
entry regulates Ca™-sensitive AC. Biochem J 19941297: 437-440.

Crapo J. New concepts in the formation of pulmonary edema. Am Rev Respir Dis
1993:147: 790-792.

Demling R. The modern version of adult respiratory distress syndrome. Annu Rev
Med 1995:6: 193-202.



112

Chapter 6

11.

1z,

13.

14,

15.

16.

17,

18.

19.

20.

22,

Diwan H, Thompson W, Lee A, and Strada S. Cyclic GMP-dependent protein kinase
activity in rat pulmonary microvascular endothelial cells, Biochem Biophys Res
Comm 1994;202: 728-735.

Drake R, Gaar K, and Taylor A. Estimation of the filtration coefficient of pulmonary
exchange vessels. Am J Physiol 1978;234: H266-H274.

Fagan K, Mahey R, and Cooper D Regulation of transfected Ca* -stimulable AC by
[Ca™); rises; functional co-localization with capacitative Ca™ entry sites. J Biol
Chem 1996;271:12438-12444.

Farrukh I, Gurtner G, and Michael J. Pharmacological modification of pulmonary
vascular injury: possible role of cAMP. J Appl Physiol 1987,62: 47-54,

Garcia J, Davis H, and Patterson C. Regulation of endothelial cell gap formation and
barrier dysfunction: role of myosin light chain phosphorylation. J Cell Physiol.
1995;163:510-522.

Garcia J, and Schaphorst K. Regulation of endothelial cell gap formation and
paracellular permeability. J Invest Med 1995;43: 117-126.

Ghitescu L, Fixman A, Simionescu M, and Simionescu N. Specific binding sites for
albumin restricted to plasmalemmal vesicles of continuous capillary endothelium:
receptor-mediated transcytosis. J Cell Biol 1986;102: 1304-1311.

Goeckeler Z, and Wysolmerski R. Myosin light chain kinase-regulated endothelial
cell contraction: The relationship between isometric tension, actin polymerization,
and myosin phosphorylation. J Cell Biol 1995;130: 613627,

He P, and Curry P. Differential actions of ¢cAMP and endothelial [Ca®™}; and
permeability in microvessels exposed to ATP. Am J Physiol 1993;34: H1019-
H1023.

Langeler E, and Hinsbergh V. Norepinephrine and iloprost improve barrier function
of human endothelial cell monolayers: role of cAMP. Am J Physiol 1993;264:
H1798-H1809.

. Laposata M, Dovnarsky D), and Shin H. Thrombin-induced gap formation in

confluent endothelial cell monolayers in vitro. Blood 1983,62: 549-556.
Lum H, and Malik A. Regulation of vascular endothelial barrier function. Am J
Physiol 1994;267: L223-1.241.



Ca™.Inhibitable AC and Pulmonary Microvascular Permeability 113

23.

24,

25,

26.

28.

29,

30.

32

33.

Manolopoulos V, Liu J, Unsworth B, and Lelkes P. Diversity of adenylate cyclase
isoforms expressed in endothelial cells from various rat tissues. FASEB J 1994;8:
A38.

Minnear F, Johnson A, and Malik A. P-adrenergic modulation of pulmonary
transvascular fluid and protein exchange. J Appl Physiol 1986;60: 266-274.

Mons N, Harry A, Dubourg P, Premont R, Iyengar R, and Cooper D.
Immunchistochemical localization of AC in rat brain indicates a highly selective
concentrations at synapses. Proc Natl Acad Sci 1995;92: 8473-8477.

Moy A, Shasby S, Scott B, and Shasby D, The effect of histamine and cyclic
adenosine monophosphate on myosin light chain phospherylation in human

umbilical vein endothelial cells. J Clin Invest 1993;92: 1198-1206.

. Moy A, Van Engelenhoven J, Bodmer J, Kamath J, Keese C, Giaever I, Shasby S,

and Shasby D. Histamine and thrombin modulate endothelial focal adhesion through
centripetal and centrifugal forces. J Clin Invest 1996;97: 1020-1027.

Nicolaysen G. Increase in capillary filtration rate resulting from reduction in the
intravascular caleium jon-concentration. Acta Physiol Scand 1971;81: 517-527.
Patterson C, Davis H, Schaphorst K, and Garcia J. Mechanisms of cholera toxin
prevention of thrombin- and PMA-induced endothelial cell barrier dysfunction.
Microvase Res 1994;48:212-235.

Patterson C, Stasek J, Schaphorst K, Davis H, and Gareia J. Mechanisms of
pertussis toxin-induced barrier dysfunction in bovine artery endothelial cell
moenolayers. Am J Physiol 1995;268 (Lung Cell Mol Physiol 12): L926-1.934.

. Premont R, Chen J, Ma H-W, Pomnapalli M, and Iyengar R. Two members of a

widely expressed subfamily of hormone-stimulated AC. Proc Natl Acad Sci
1992;89: 9809-9813.

Schrittler H, Wilke A, Gress T, Suttorp N, and Drenckhan D. Role of actin and
myosin in the control of paracellular permeability in pig, rat and human vascular
endothelium. J Physiol 1990:431: 379-401.

Schnitzer J, Siflinger-Bimboim A, Del Vecchio P, and Malik A. Segmental
differentiation of permeability, protein glycosylation, and morphology of cultured
bovine lung vascular endothelivm. Biochem Biophys Res Comm 1994;199: 11-19.



114 Chapter 6

34,

35.

36.

40.

41.

42,

43.

43,

Shasby D, z;nd Shasby S. Effects of calcium on transendothelial albumin transfer and
electrical resistance. J Appl Physiol 1986:60: 71-79.

Shasby D, Shasby S, Sullivan J, and Peach M. Role of endothelial cell cytoskeleton
in control of endothelial permeability. Circ Res 1982;51: 657-661.

Sheldon R, Moy A, Lindsley K, Shasby S, and Shasby D. Role of myosin light-chain
phosphorylation in endothelial cell retraction. Am J Physiol 1993;265: L606-L612.

. Siebert A, Haynes J, and Taylor A. Ischemia-reperfusion injury in the isolated rat

lung. Role of flow and endogenous leukocytes. Am Rev Respir Dis 1993;147: 270-
275,

. Siflinger-Bimboim A, Bode D, and Malik A. Adenosine 3",5'-cyclic monophosphate

attenuates neutrophil-mediated increase in endothelial permeability. Am J Physiol
1993:264: H370-H375.

. Simionescu N, Simionescu M, and Palade G. Structural basis of permeability in

sequential segments of the microvasculature of the diaphragm. II. Pathways
followed by microperoxidase across the endothelium. Microvasc Res 1978;15: 17-
36.

Stelzner T, Weil ], and O'Brien R. Role of cyclic adenosine monophosphate in the
induction of endothelial barrier properties. J Cell Physiol 1989;139: 157-166.
Stevens T, Fouty B, Hepler L, Richardson D, Brough G, McMurtry I, and Rodman
D. Unique cytosolic Ca®* and AC responses in phenotypically distinct pulmonary
endothelial cells. Am J Physicl 1996;272 (Lung Cell Mol Physicl 16) L51-L59.
Stevens T, Nakahashi Y, Cornfield D, McMurtry I, Cooper D, and Rodman D,
Calcium inhibitable AC modulates pulmonary artery endothelial cell cAMP content
and barrier function. Proc Natl Acad Sci USA 1995;92: 2696-2700.

Suttorp N, Weber U, Welsch T, and Schudt C. Role of phosphodiesterases in the
regulation of endothelial permeability iz vitro. J Clin Invest 1993;91: 1421-1428.

. Taylor A, and Garr K. Estimation of equivalent pore radii of pulmonary capillary

and alveolar membranes. Am J Physiol 1970;218: 1133-1140.

Thastrup O, Cullen P, Drobak B, Hanley M, Dawson A, and Drbak B. Thapsigargin,
a tumor promoter, discharges intracellular Ca™ stores by specific inhibition of the
endoplasmic reticulum Ca®* ATPase. Proc Natl Acad Sci 1990:87: 2466-2470.



Ca*"-Tnhibitable AC and Pulmonary Microvascular Permeability 115

46. Wayman G, Hinds, and Storm D. Hormone stimulation of type I AC induces Ca™
oscillations in HEK-293 cells. J Biol Chem 1995;270:24108-24115.

47. Wayman G, Impey S, and Storm D. Ca* inhibition of type Il AC in vivo. ] Biol
Chem 1995;270: 21480-21486,

48. Wei J, Wayman G, and Storm D. Phosphorylation and inhibition of type Il AC by
calmodulin-dependent protein kinase I i vivo. J Biol Chem 1996;271:
24231-24235.

49. Wysolmerski R, and Lagunoff D. Involvement of myecsin light-chain kinase in
endothelial cell retraction. Proc Natl Acad 8ci USA 1990:87: 16-20.

50. Wysolmerski R, and Lagunoff D. Regulation of permeabilized endothelial cell
retraction by myosin phosphorylation. Am F Physiol 1991;261(Cell Physiol 30):
C32-C40.






7

GENERAL DISCUSSION



118 Chapter 7

7.1 General discussion

Both morphology and function of the developing pulmonary vasculature
have been widely researched.>'® In the neonatal period, new vessels form
while the existing vasculature undergoes aciaptation.2 A recent explosion in
newly discovered vascular growth factors (e.g. VEGF) has coincided with
increased knowledge of signal transdoction pathways involved in
pulmonary vascular development.”® These new findings demand re-
_evaluation of therapeutic efforts in pathological settings, against the
background of factors regulating blood vessel growth under normal
circumstances. The clinical syndrome of persistent pulmonary hypertension
of the newborn (PPHN) presents in approximately one in 1000 newborns.’®
Although new treatment modalities, such as nitric oxide (NO) inhalation,
mtra-tracheally administered prostacyclin (PGI;), high frequency
oscillation and extracorporeal membrane oxygenation (ECMO), have
decreased its morbidity and mortality, 20-50% of infants diagnosed with
PPHN are still likely to die'. PPHN thus continues to be a major problem in
neonatal and pediatric surgical intensive care units worldwide. Infants
dying with pulmonary hypertension exhibit structural abnormaalities of the
pulmonary vessels, including thickening of media and adventitia and
extension of smooth muscle into normally non-muscularized vessels.?

Although it seems difficult to understand the direct relationship between
morphological abnormalities and the deviant vascular reactivity so often
observed in these patients, the changes in vascular wall architecture are
particularly striking® when compared with vascular wall alterations in flow
derived forms of pulmonary hypertension such as the plexogenic
arteriopathies associated with congenital cardiac defects® and adult forms
of pulmonary hypertension.'™!® The studies described in this thesis were
undertaken to improve our knowledge of normal and abnormal pulmonary
vascular development. Once we understand the cellular mechanisms that
drive growth and differentiation of cells residing in the pulmonary vascular
wall, we could perhaps develop new treatment modalities acting
specifically on the abnormally developed pulmonary vasculature.
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It is hoped that these would also affect the excessive pulmonary vascular
remodeling in response to lung injury seen in critically il newborns,
especially those born prematurely or those with underdeveloped lungs, as
seen in congenital diaphragmatic hernia (CDH).

Research groups worldwide have greatly contributed to our knowledge of
the pulmonary vascular wall,”* but their in vitro approaches, although
helpful in studying celular events such as replication, changes in
phenotype and growth responses, do no justice to the intimate relationship
between medial smooth muscle cells and extracellular matrix (ECM)
observed under normal circurnstances. In this context, changes in
expression of several proteins (e.g. tropoelastin)’ during normal and
hypoxic conditions in initially normally developed pulmonary arteries were
revealed with immunohistochemistry and i situ hybridization techniques.
Cellular changes in animal models or human cases with abnormally
developed pulmonary wvascular bed prenatally have hardly been
documented, except for VEGF expression described in the CDH rat
(Nitrofen) model and in humans.® Even basic topics, such as
replication/apoptosis ratios, relating to processes of great importance in
(ab)normal growth and remodeling, have not been studied in detail in
abnormally developed pulmonary circulations.

ANGII

Figure 1. Signal transduction pathways in a smooth muscle cell.
Arrow demonstrates activation of protein

ET-1: Endothelin-I; ANG II: Angiotensin II: AC: Adenylyl Cyclase;

ATP: Adenosine Triphosphate; ¢cAMP: cyelic AMP; PKC: Protein kinase C;
PKA: Protein kinase A; P—CR’EB: Phosphorylared cyclic AMP Response
Element Binding Protein; Cd" "+ intracellular calcium



120 Chapter 7

Researchers have realized that in order to increase umderstanding of
abnormal vascular responses, they need to gain more knowledge of
biochemical pathways within the cell that will definitely reveal the
complex processes implicated in pulmonary vascular remodelling and
growth.

The overall aims of the described studies were as follows:

1. To investigate morphological, functiomal, and cell-biological

characteristics of both the normally and abnormally developing

pulmonary vasculature; and more specifically:

To describe pulmonary vascular distribution of adenylyl cyclase

1soforms;

3. To explore mechanisms of cyclic AMP mediated growth of
pulmonary artery smooth muscle cells;

4, To imvestigate the role of the transcription factor CREB in the
developing pulmonary vasculature; and

5. To evaluate pulmonary microvascular permeability.

[ ]

Animal models of chronic hypoxic pulmonary hypertension and CDH in
the newborn have been used to investigate the changes of the neonatal
circulation in reaction to certaip stimmli, such as hypoxia, hyperoxia, and
artificial ventilation. However, although the meorphological findings in
these models resemble the findings in human newborns with PPHN and/or
CDH, the models used show major limitations, which make it difficult to
understand the exact mechanisms of growth and development in the
"natural” environment. The mechanisms that control vascular cell
proliferation during lung development in vivo are not precisely known, but
in vitro studies of pulmonary vascular cells provide circumstantial evidence
suggesting that activation of second messenger pathways may underlie
particular growth patterns at various developmental stages.("ls '

Adenylyl cyclases (AC) catalyze the conversion of ATP to cvclic AMP
(cAMP). Contro]l of the pulmonary circulation by AC has been well
documented in clinical and experimental sem’ngs.ﬁ In recent years a
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substantial diversity of enzyme isoforms has been described, each with
different sensitivities to G; and G; proteins and with unique regulatory
pro;:w:rties.=4 Such diversity of enzymes suggests that cells govern finction
by regulating the complex of AC they express. While it is broadly
recognized that tissue distributions of AC isoforms differ, the cell-specific
expression of AC isoforms has not been clearly defined in any organ. The
diverse functions required of blood vessels include regulation of
permeability and vascular tone. In this context, in chapter 3, cell-specific
expression of AC in bovine Jung vasculature was examined. Pulmonary
artery and vein endothelial cells expressed AC types II-IX, though the
protein kinase C (PKC)-stimulated (type II) enzyme exhibited the greatest
immunoreactivity. This expression pattern was not conserved in capillaries,
where alveolar endothelial cells did not express ACII or VI but rather most
abundantly expressed the calcium (type VIII)- and calcineurin (type IX)-
stimulated isoforms. The medial layer of pulmonary arteries demonstrated
diffuse expression of AC II, IIT, and V/VI and focal expression of types IV,
VI, VIII and IX, whereas the adventitial layer expressed only AC IV and
VII. Heterogeneity of AC expression decreased in the media of smaller
vessels, suggesting that more distal vessel segments display homogeneity
of smooth muscle cell phenotypes.

We, therefore, concluded that:

1. The AC expression pattern differs between and among cell types in the
pulmonary circulation; and

This expression pattern may fundamentally regulate the cell's response
to its environment.

tJ

Expression of AC type II was predominantly seen in the main pulmonary
artery. AC type II is a PKC-stimulated isoform. PKC has been
demonstrated to be important in proliferation. Its precise role in
developmental and hypoxia-induced changes in growth of pulmonary
vascular cells has been subject of various research.*’® Ca®* influx has
shown to be an important early signal transduction mechanism in SMC
responses to hypoxia. Altered oxygen sensitivity within the vascular wall in
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the fetal sitwation may, therefore, determine possible differences in
expression of AC type VIII and IX in capillaries and veins.

Cyclic AMP is a second messenger that has been demonstrated to have a
controversial role in proliferation.'’**! Because intracellular signals
mediating enhanced growth responses are poorly understood, we
investigated whether in neonatal pulmonary artery (PA) SMCs, cAMP is
pro-proliferative and PKC activity, previously shown to be elevated in
these cells, Increases cAMP content via activation of AC. As described in
chapter 4, our findings indicate that cAMP agonists increase proliferation
in neonatal but not in adult PASMC. Furthermore, endogenous PKC
activators Endothelin-1 (ET-1) and Angiotensin-II (ANG IT) increased both
cAMP content and proliferation in neonatal but not in adult PASMC.
Inhibition of PKC and cAMP-dependent protein kinase nearly eliminated
the ET-1 and ANG I induced growth of neonatal PASMC. A PKC
stimulated isoform of AC (type II) was expressed in vitro and in vivo,
providing a putative mechanism through which PKC activators may
increase cAMP content. Thus, this study suggested that PASMC growth is
developmentally regulated via PKC stimulated AC and increased cAMP
(Figure 1).

Prostacyclin (PGI,) exerts its vasodilating effect through increasing cAMP
levels. Although often a successful therapy in older children and adults
with primary pulmonary hypertension, its efficacy in newborns with PPHN
is disappointing and unpredictable. Thus, it is suggestive that the effect of
PGI; on targeting AC isoforms may be developmentally regulated.

The design of the study is also interesting, notably for its application of
factors involved in vasoconstriction. Furthermore, it is relevant against the
background of not yet fully revealed ET-I pathway and the repeated
clinical observations of unpredictable responses to NO in CDH and PPHN.
Data on eNOS/INOS in experimental settings and after ECMO in humans
are available, and findings on ET-1 in CDH and circulating ET-1 in
newboms with PPHN, have shown enbanced levels.”® On protein level no
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data are available, but positive results of ET-A receptor biockade have
been seen in PPHN." Our data are valuable in that they could serve as
baseline data for the comparison of adult and neonatal responses. More
experiments need to be done to answer questions on:

- Hypoxic conditions in normal cells;
- Cells derived from hypoxic animals with already different function and
thus possible different responses to pathological stimuli,

Chapter 5 describes how we tested the hypothesis stating that elevated
levels of cAMP will activate protein kinase A (PKA), which influences
gene transcription through phosphorylation of cAMP response element
binding protein (CREB). CREB has been identified as a key transcription
factor in growth and differentiation of various cells. PKA activity was
present in neonatal but not in adult PASMC. Furthermore, serum
stimulated growth of both neonata] and adult PASMC resulted in
phosphorylation of CREB. In contrast to detectable phospho-CREB (P-
CREB} in serum-deprived neonatal PASMC, no (P-) CREB was noticed in
quiescent adult cells. Using immunohistochemistry we located (P-)CREB
throughout the pulmonary vasculature within endothelial and medial SMC.
Furthenmore, neonatal lungs showed enhanced expression of (phospho-)
CREB, compared with adult lungs. While immunolocalisation for CREB
was mainly in the cytosol, staining for phospho-CREB appeared nuclear,
suggesting translocation (Figure 1). We concluded that cAMP mediated
activation of CREB might well contribute to enhanced growth of neonatal
PASMC.

Although we investigated differences in growth between neonatal and adult
cells, the sensitive response of the neonatal pulmonary vascular bed cannot
be interpreted only as a result of ongoing proliferation or a defective
balance between cell replication and apoptosis. Morphology, as described
earlier on, revealed increased medial SMC in cases of CDH and/or
pulmonary hypertension. The question remains whether this is a result of
abnormal proliferation or diminished apoptosis. Both are developmentally
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regulated. This is especially intriguing, knowing that, the circumstances in
CDH are far more complicated than those in PPHN in normally developed
lungs. In CDH, the lungs are severely hypoplastic. This makes us wonder
whether the degree of underdevelopment of the pulmonary vasculature
compares with that of parenchymal underdevelopment or not. Questions
like these can only be answered through comparative amalysis of cells
derived from normal pre-natally harvested lungs and from different forms
of hypoplastic lungs, such as the ones presenting in oligohydramnios and
CDH. To our knowledge, no data are available on SMC harvested under
these conditions. This calls for further studies in these cells, combined with
BrDU labelling and apoptosis markers in normoxia and hypoxia.

Pulmonary edema is one of the initial features observed during artificial
ventilation. Endothelial cell disruption is known to play a central role in the
onset of this process. The intracellular mechanisms responsible for
endothelial cell disruption are unknown, although either elevated cytosolic
Ca®* ([Ca’™), or decreased cAMP promotes permeability. The recent
identification that Ca®"-inhibitable AC establishes an inverse relationship
between [Ca’"]; and cAMP in macrovascular endothelial cells provided a
possible mechanism of development of perrmea.bili‘cy.ﬁ However, this
finding derived from an in vitro model, which gave no evidence
supporting:

1. Expression of Ca**-inhibitable AC in pulmonary microvascular
endothelium; and

2. Ca® inhibition of AC and cAMP content as a paradigm for
inflammatory mediator-induced permeability in the intact circulation.

In chapter 6 these issues were addressed in microvascular endothelial cells
from rat lungs and in an isolated perfused rat lung preparation. We
demonstrated expression of a Ca”-inhibitable AC in microvascular
endothelial cells. Furthermore, the results suggested that Ca®* inhibition of
AC is necessary for development of microvascular permeability in the
intact circulation. We concluded therefore, that Ca®* inhibition of ¢cAMP
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represents a critical step in the genesis of microvascular permeability in the
intact pulmonary circulation.

This study refers to one of the earliest and most critical events involved in
lung injury. Although extensive research has focused on the expression of
numerous cytokines, endothelial cell disruption is still considered the prime
event under these circumstances. However, biochemical processes
underlying and preceding cellular changes have not been studied in great
detail. In comtrast to previously described experimenté, an organ perfusion
model was used in order to maintain tissue integrity. Once the pathway is
established under these conditions, it is possible to study vascular dynamics
enhancing or diminishing microvascular permeability. For obvious reasons,
hypoxia is considered the crucial trigger in situations which resemble the
clinical setting,

We consider this study a first step in our understanding of microvascular
responses in hypoxic and hyperoxic settings, as observed in daily clinical
practice in the intensive care unit. Here, the spectrum of respiratory injury
is diverse: idiopathic respiratory distress syndrome in the prematurely born,
respiratory insufficiency associated with different forms of pulmonary
hypoplasia, and acquired/adult respiratery distress syndromne (ARDS)
resulting from submersion or massive aspiration.

From a developmental point of view and against the background of our
own findings in chapter 3, 4, and 5, we need more detailed studies
extending our observations to clinical settings. Reviewing the different
models used to study the (developing) pulmonary vasculature, a major
discrepancy is observed between the amount of in vitro work using cell
cultures to understand "cell behaviour” and the biochemical processes
underlying enhanced or continued cell division.

A new field of investigation, i.e. the response of the abnormally developed
pulmonary vasculature under hypoxic circumstances, lies evidently open
for future investigation.
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8.1 Summary

The clinical syndrome of persistent pulmonary hypertension (PPHN) presents
approximately in one in 1000 newboms. Despite new treatment modalities,
such as nitric oxide (NO) inhalation, intra-tracheally administered
prostacyclin (PGI.), high frequency oscillation and extracorporeal membrane
oxygenation (ECMO), which have decreased its morbidity and mortality, 20-
50% of infants diagnosed with PPHN are still likely to die. PPHN thus
continues to be a major problem in neonatal and pediatric surgical intensive
care units worldwide.

Infants dying with pulmonary hypertension exhibit structural abnormalities of
the pulmonary vessels, including thickening of media and adventitia and
extension of smooth muscle into normally non-muscularized wvessels.
Although it seems difficult to understand the direct relationship between
morphological abnormalities and the deviant vascular reactivity so often
observed in these patients, the changes in vascular wall architecture are
particularly striking when compared with vascular wall alterations in flow
derived forms of pulmonary hypertension such as the plexogenic
arteriopathies associated with congenital cardiac defects and adult forms of
pulmonary hypertension.

The objectives of this thesis were:

1. To investigate morphological, functional, and cell-biological
characteristics of the developing pulmonary vasculature;

2. To explore mechanisms of developmental regulation of proliferation and
growth in pulmonary vascular cells; and

3. To determine celi-cell interactions within the vascular wall.

Chapter 2 comprises an initial discussion of (animal models of) chronic
hypoxic pulmonary hypertension and congenital diaphragmatic hernia in the
newborn. These models have been used to investigate the changes of the
neonatal circulation in reaction to certain stimuli, such as hypoxia, hyperoxia
and artificial ventilation. However, although the morphological findings
resemble those seen in human newborns with PPHN and/or CDH, the models
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used show major limitations, which make it difficult to understand the exact
mechanisms of growth and development in the "natural” environment.

The mechanisms that control vascular cell proliferation during lung
development in vive are not precisely known, but in vitre studies of
pulmonary vascular cells provide circumstantial evidence suggesting that
activation of second messenger pathways may underlie particular growth
patterns at various developmental stages.

Adenylyl cyclases (AC) catalyze the conversion of ATP to cAMP.
Although it is broadly recognized that tissue distributions of the various
AC isoforms differ, however the cell-specific expression of AC isoforms
has not been clearly defined in any organ. The diverse functions required of
blood vessels include regulation of permeability and vascular tone. In this
context, in chapter 3 the cell-specific expression of AC in bovine hmg
vasculature was examined. Pulmonary artery and vein endothelial cells
expressed AC types II-IX, though the protein kinase C-stimulated (type II)
enzyme exhibited the greatest immunoreactivity. This expression pattern
was not conserved in capillaries, where alveolar endothelial cells did not
express AC II or VI but rather most abundantly expressed the calcium
(type VIII)- and calcineurin (type IX)-stimulated isoforms. The medial
layer of pulmonary arteries demonstrated diffuse expression of AC II, I1I,
and V/VI and focal expression of types IV, VII, VIII and IX, whereas the
adventitial layer expressed only AC IV and VII. Heterogeneity of AC
expression decreased in the media of smaller vessels, suggesting that
homogeneity of smooth muscle cell phenotypes exists in more distal vessel
segments. It was therefore concluded that:

1. The pattern of AC expression differs between and among cell types in
the pulmonary circulation; and

2. This pattern of expression may fundamentally regulate the cell’s
response o its environment,

The enhanced growth capacity and increased growth responses to
mitogenic stimuli of neonatal vascular cells were investigated in chapter 4;
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bovine neonatal pulmonary artery smooth muscle cells (PASMC) were
compared with adult PASMC.

Cyclic AMP is a second messenger that has been demonstrated to have a
controversial role in proliferation. Since intracellular signals mediating
enhanced growth responses are poorly understood, we questioned whether
in neonatal PASMCs, cAMP is pro-proliferative and whether protein
kinase C (PKC) activity, previously shown to be elevated in these cells,
increases cAMP content via activation of AC. The findings indicated that
cAMP agonists increase proliferation in neonatal but not adult PASMC.
Furthermore, the endogenous PKC activators endothelin-1 and angiotensin
-II increased both ¢AMP content and proliferation in neonatal but not in
adult PASMC. Inhibition of PKC and protein kinase A (PKA) nearly
¢liminated the endothelin-1 and angiotensin-II induced growth of neonatal
PASMC. A PKC stimulated isoform of AC (type IT) was expressed in vitro
and in vive, providing a putative mechanism through which PKC activators
may increase cAMP content. Thus, this study suggested that PASMC
growth is developmentally regulated via PKC stimulated AC and increased
cAMP.

Chapter 5 describes how we tested the hypothesis stating that elevated
levels of cAMP will activate PKA, which influences gene transcription
through phosphorylation of cAMP response element binding protein
(CREB). CREB has been identified as a key transcription factor in growth
and differentiation of various cells. PKA activity was present in neonatal
but not in adult PASMC. Furthermore, serum stimulated growth of both
neonatal and adult PASMC resulted in phosphorylation of CREB. In
contrast to detectable phospho-CREB (P-CREB) in serum-deprived
neonatal PASMC, no (P-) CREB was noticed in quiescent adult cells.
Using immunchistochemistry we located (P-)CREB throughout the
pulmonary vasculature within endothelial and medial SMC. Furthermore,
neonatal lungs showed enhanced expression of (phospho-)CREB,
compared with adult lungs. While immunolocalisation for CREB was
mainly In the cytosol, staining for phospho-CREB appeared nuclear,
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suggesting translocation, We concluded that cAMP mediated activation of
CRER might well contribute to enhanced growth of neonatal PASMC.

Pulmonary edema is one of the injtial features observed during artificial
ventilation. Endothelial cell disruption is known to play a central role in the
onset of this process. The intracellular mechanisms responsible for
endothelial cell disruption are unknown, although either elevated cytosolic
Ca® ([Ca™]), or decreased cAMP promotes permeability. The recent
identification that Ca**-inhibitable AC establishes an inverse relationship
between [Ca™]; and ¢cAMP in macrovascular endothelial cells provided a
possible mechanism of development of permeability. However, this finding
derived from an iz vitro model; hence it gave no evidence supporting:

1. Expression of Ca’*-inhibitable AC in pulmognary microvascular
endothelium; and

2. Ca’'imhibition of AC and cAMP content as a paradigm for
inflammatory mediator-induced permeability in the intact circulation.

In chapter 6 these issues were addressed in microvascular endothelial cells
derived from rat lung and in an isolated perfused rat lung preparation. We
demonstrated expression of a Ca**-inhibitable AC in microvascular
endothelial cells. Furthermore, these results suggested that Ca®" inhibition
of AC is necessary for development of microvascular permeability in the
intact circulation. We concluded, therefore, that Ca®~ inhibition of cAMP
represents a critical step in the genesis of microvascular permeability in the
intact pulmonary circulation.

The studies described in this thesis were undertaken to improve our
knowledge of normal and abnormal pulmonary vascular development.
Once we understand the cellular mechanisms that drive growth and
differentiation of cells residing in the pulmonary vascular wall, we could
pethaps develop new treatment modalities acting specifically on the
excessive pulmonary vascular remodeling in response to lung injury seen
in some critically ill newbormns.
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8.2 Samenvatting

Persisterende hypertensie bij de neonaat (PPHN) is een klinisch beeld dat
bij ongeveer 1 op 1000 pasgeborenen voorkomt. Nieuwe therapievormen,
zoals inhalatie van het gas stikstofoxide, intratracheaal toegediende
prostacycline, hoogfrequente beademing en extracorporeie
membraanoxygenatie, hebben de morbiditeit en mortaliteit verminderd.
Desondanks overlijden 20-50% van de kinderen bij wie PPHN is
gediagnostiseerd. PPHN bliift dus wereldwijd een groot probleem op
neonatale- en kinderchirurgische intensive care afdelingen.

Pasgeborenen overleden met een klinisch beeld van pulmonale hypertensie
tonen structurele afwijkingen van de longvaten, bestaande uit een verdikte
media en adventitia en de aanwezigheid van spierweefsel in de wand van
kleine bloedvaten die normaliter geen spierweefsel bevatten. Het is
moeilijk om de directe relatie tussen morfologische afwijkingen en de
afwijkende reactiviteit van de bloedvaten, zoals vaak bij deze patiénten
wordt waargenomen, te begrijpen. De afwijkingen in de vaatwandopbouw
zijn echter zeer opvallend, zeker wanneer men die vergelijkt met
veranderingen van de vaatwand bij andere vormen van pulmonale
hypertensie, zoals de plexogene arteriopathie bij aangeboren
hartafwijkingen en idiopathische pulmenale hypertensie bij volwassenen.

De doelstellingen in dit proefschrift zijn drieledig, namelijk:

1. Het onderzoeken van morfologische, functionele en celbiologische
karakteristieken van de zich ontwikkelende longvaten;

2. Het verkennen van regulatiemechanismen van proliferatie en groei van
de cellen die de bloedvaten van de long vormen,

3. Het typeren van cellulaire interacties in de vaatwand.

In hoofdstuk 2 worden diermodellen met chronisch hypoxische pulmonale
hypertensie en congenitale hernia diafragmatica (CDH) besproken. Deze
modellen worden gebruikt om veranderingen in de neonatale circulatie als
reactie op verschillende stimuli, zoals hypoxie, hyperoxie en kunstmatige
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beademing, te onderzoeken. Hoewel de morfologische bevindingen sterk
lijken op de bevindingen bij pasgeborenen met PPHN en/of CDH, hebben
deze diermodellen grote beperkingen. Het is derhalve moeilijk om de
exacte mechanismen van groei en ontwikkeling in de "natuurlijke”
omgeving te begrijpen. De directe mechanismen, die de proliferatie van de
cellen in de vaatwand van de long tijdens de ontwikkeling bepalen, zijn
niet bekend. In vitro studies met deze cellen suggereren dat activatie van
zogenaamde "second messenger-routes” aanleiding geeft tot specificke
groeipatronen tijdens de diverse ontwikkelingsstadia.

Het enzym adenylaatcyclase (AC) katalyseert de omzetting van ATP in de
second messenger cyclisch AMP. In het algemeen wordt aangenomen dat
de weefseldistributie van de iso-enzymen van AC onderling verschilt; de
celspecificke expressie van AC iso-enzymen in de verschillende organen is
tot op heden niet in detail onderzocht. Bloedvaten hebben diverse functies,
zoals regulatic van de doorlaatbaarheid en de vaattonus. In deze context
wordt daarom in hoofdstuk 3 de celspecifieke expressie van AC in boviene
longvaten beschreven. Endotheelcellen van de arteria- en vena pulmonalis
iaten expressie van het AC types II-IX zien. Type II, de door proteine
kinase C (PKC) gestimuleerde vorm, is het duidelijkst aanwezig. Dit
expressiepatroon blijkt niet aanwezig in capillairen, want alveolaire
endotheelcellen bevatten geen AC type II of VI, maar wel overduidelijk
type VIII en type IX. Expressie van AC type IL, III, V en VI werd in alle
cellen van de media van de arteria pulmonalis waargenomen. Expressie
van AC type IV, VII, VIII en IX werd in enkele cellen waargenomen; de
adventitia daarentegen liet slechts expressie van type [V en VII zien. De
heterogeniteit in adenylaatcyclase expressie was minder duidelijk in de
media van de kleinere vaten, hetgeen suggereert dat in meer distaal gelegen
vaten de gladde spiercellen grotere overeenkomst vertonen. Daaruit
concludeerden wij:

1. Het patroon van adenylaatcyclase expressie verschilt in de diverse
cellen van de longeirculatie, en
2. Dit expressiepatroon bepaalt hoe de cel op zijn omgeving reageert.
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In hoofdstuk 4 worden de resultaten beschreven van studies naar het
vermogen tot groel en de groel als reactie op mitogene stimuli van
neonatale vaatwandeellen. Gladde spiercellen van de arteria pulmonalis
(PASMC) van pasgeboren kalveren werden vergeleken met dezelfde cellen
van volwassen dieren.

Cyclisch AMP (cAMP) heeft een controversiéle rol met betrekking tot
celgroel. De intracellulaire signalen die de groei bepalen zijn slechts
gedeeltelijk bekend. Wij onderzochten of cAMP in gladde spiercelien van
de arteria pulmonalis van pasgeboren kalveren groei bevordert en of de
activiteit van PKC, welke hoger is in deze cellen, cAMP stimuleert na
activatie van AC. Wij vonden dat cAMP-agonisten proliferatie stimuleren
in de neonatale cellen, maar nict in de volwassen cellen. Endotheline I
(ET-I) en Angiotensine Il (ANG II) stimuleerden de cAMP concentratie in
en groei van neonatale cellen, maar niet van volwassen cellen. Remming
van PKC en proteine kinase A (PKA) schakelde de door ET-I en ANG 11
geinduceerde groel van neonatale PASMC nagenoeg uit. Een door PXC
gestimuleerd iso-enzym van AC (type II) werd zowel in vitro als in vive in
PASMC aangetoond. Daarmee wordt aannemelijk dat activatie van PKC
de hoeveelheid cAMP in de cel verhoogt. Deze studie suggercert dat de
groei van gladde spiercellen in de artena pulmonalis tijdens de
ontwikkeling gereguleerd wordt door PKC gestimuleerde AC en door een
hoge concentratie cAMP.

In hoofdstuk 5 wordt de hypothese getoetst dat hoge spiegels van cAMP
PKA activeren en daardoor gentranscriptie door phosphorylering van het
cAMP response ¢lement binding protein (CREB) beinvioeden. CREB is
bekend als een zogenaamde sleuteltranscriptiefactor betrokken bij groei en
differentiatie van diverse cellen. PKA activiteit werd in gladde spiercellen
van de arteria pulmonalis van neonatale kalveren, maar niet in die van
volwassen dieren gevonden. De celgroei, welke was ontstaan na het
toevoegen van serum, resulteerde bij beide celtypen in phosphorylering van
CREB. In niet-delende neonatale cellen werden dezelfde bevindingen
gedaan. Niet-delende cellen van volwassen dieren toonden echter geen P-
CREB. Met behulp van immunohistochemische kleuringen werd
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{P-) CREB in de longvaten aangetoond, met name in endotheel- en gladde
spiercellen van de media. Op longen van pasgeboren kalveren waren de
kleuringen duidelijker dan op de volwassen longen. CREB werd in het
cytosol gelokaliseerd, P-CREB werd ook in de celkern gezien, hetgeen
translocatie suggereert. De conclusie van deze studie is, dat de activatie
van CREB door cAMP mogelitk bijdraagt aan de toegenomen
groeimogelijkheden van gladde spiercellen uit de arteria pulmonalis van
neonatale kalveren.

In tegenstelling tot eerder beschreven studies, wordt in de laatste studie
gebruik gemaakt van een proefopstelling waarmee het ontstaan van
weefseloedeem kan worden onderzocht. De ontwikkeling van longoedeem
is één van de eerste pathologische verschijnselen die tijdens kunstmatige
beademing optreedt. Het verlies van functie van endotheelcellen speelt een
centrale rol in de beginfase van dit proces. Het is niet precies bekend
welke intracellulaire mechanismen verantwoordelijk zijn voor dit verlies
van functie van endotheelcellen.  Wel is bekend dat een hoog
calciumgehalte of cen lage cAMP concentratic in het cytosol de
doorlaatbaarheid van de vaatwand bevordert. Adenylaatcyclase, dat
geremd wordt door calcium, veroorzaakt een omgekeerde evenredigheid
van het intracellulaire calciumgehalte en de cAMP concentratie in
endotheelcellen van grote bloedvaten. Dit mechanisme draagt mogelijk bij
aan het ontwikkelen van een verhoogde doorlaatbaarheid van de vaatwand.
Echter, deze bevinding is gedaan in een in vitro model en als zodémig geen
bewijs voor: '

1. Expressic van cen AC welke door calcium geremd wordt in het
endotheel van kleinere longvaten en

. Remming door calcium van AC en cAMP concentratie zoals wordt
waargenomen als uiting van verhoogde doorlaatbaarheid van
bloedvaten tijdens een infectie.

b

In hoofdstuk 6 werden deze processen nagebootst met behulp van
geisoleerde  endotheelcellen uit  kleinere bloedvaten en  een
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rattenlongperfusiemodel. Wij toonden aan dat het door calcium geremde
AC in endotheelcellen van Kleinere bloedvaten tot expressie komt. Verder
suggereerden wij, dat remming van AC door calcium nodig is voor het
ontstaan van verhoogde doorlaatbaarheid van deze vaten. De conclusie van
deze studies is, dat remming van ¢cAMP door calcium een kritische stap is
in de ontwikkeling van verhoogde doorlaatbaarheid van de kleinere vaten
van de long.

De studies, zoals beschreven in dit proefschrift, werden gedaan om onze
kennis aangaande groei en differentiatie van cellen in de longvaatwand te
vergroten. Aanvullende studies zijn nodig om effectieve nieuwe therapieén
te ontwikkelen, die specifiek gericht zijn op de excessieve remodellering
van de bloedvaten van de long bij pasgeborenen met pulmonale
hypertensie.
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Picture 1: chapter 2: page 13

A. Histology pulmonary arteriole in B. Cross section of pulmonary artery
PPHN EEL= external elastic lamina

Black: elastin fibers IEL= internal elastic lamina

20x WT= wall thiciness

AT = adventitial thickness
MT =medial thickness

Picture 2: chapter2: page17
Histology human congenital diaphragmatic hernia lung
Arteriole (arrow) with increased medial and adventitial
thickening, accompanying bronchiole.
Hematoxylin-eosin; 20 x
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Pictures

Picture 3:

chapter 3: pages 34, 36, 37

Adenylyl Cyclase (subtypes dencted by number in left lower
corner) expression in bovine main pulmonary artery. Endothelial
cell positivity (arrowhead) was the strongest for AC I and IV,
Smooth muscie cells in the media (M) showed diffuse positivity for
AC II and III, while other AC subtypes exhibited a focal pattern of
expression. Cells in adventitia (A} expressed AC IV and VII
Arrow identifies the medial-adventitial border.

Immunoperoxidase-aminoethyl carbazole [AEC); counterstained
with hematoxylin, 240 x.
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Picture 4:

chapter 3: pages 34, 36, 37

Adenylyl Cyclase (subtypes denoted by number in right lower
corner) expression in bovine pulmonary artery (100 umy).
Endothelial cell positivity (arrowhead) was the stromgest for
subtypes VIII and IX. Smooth muscle cells showed diffuse strong
positivity of AC II, Il and IX in the media (border determined by
arrow). AC IV was detected in the adventitial tissue.
Immunoperoxidase-ABC; hematoxylin; 240 x.
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Picture 5. chapter 3: page35

Adenylyl Cyclase (subtypes denoted by number in left lower
corner) expression in bovine lung capillaries. Alveolar epithelium
{arrowhead) showed positivity of ail excepr subtype VII. Capillary
endothelium (arrow) expressed subtypes IV, VII, VI and IX
Immunoperoxidase-AEC; hematoxylin; 480 x.
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Picture 6:

chapter 3: page 37

Adenylyl Cyclase (subtypes denoted by number in left lower
corner) expression in veins of bovine lung (100 um). Endothelial
cell positivity and smooth muscle cell expression is identified by
arrowhead and arrow, respectively. Impumoperoxidase-AEC;
hematoxylin; 240 x.
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Picture 7

chapter 4: page 57

PKC-stimulated adenylyl cyclase (type 1) Is expressed in
pulmonary arteries and arterivles. Diaminobenzadine staining of
neonatal and adult animals (brown) was used to determine
expression of type I adenylyl cyclase in the intact pulmonary
circulation. Antibody specificity was tested by blocking
diaminobenzadine staining with peptide inhibitors against primary
antibodies (A and C). Medial sections of small (B) and large (D)
neonatal pulmonary arteries stained positive with adenylyl cyclase
type II- specific polyclonal amibody. Most SMCs in the medial
layer of small and large pulmonary arteries stained brown (B and
D arrowheads), demonstraiing expression of adenylyl cyclase type
1. Data with pulmonary vessels from adult animals are not shown,
Hematoxylin was used to counterstain cell nuclei (purple).
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chapter 5: pages 80 and 81

(Phospho-)CREB is expressed in neonatal bovine lung.
Diaminobenzidine staining (brown) was used lo determine
expression (P-)CREB in the intact pulmonary circulation.
Antibody specificity was tested by blocking diaminobenzidine with
peptide inhibitors against primary antibody (a). Smooth muscle
cell cytosol stained positive with total (b) and cell nuclei with
phospho-CREB  specific (¢ and d) polyclonal antibody.
Hematoxylin was used as counterstain.

a: negative control (16x}

b: CRER (16x)

¢: P-CREB (16x)

d: P-CREB (100x)
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Picture 9:

chapter 6: page 99

Ca’” inhibitable adenylyl cyclase is expressed in endothelial

cells throughout the lung. Rat lungs were fixed and prepared for
immunohistochemistry as described in Methods. Adenylyl cyclase
type(s) V/VI stain brown due to incubation of tissue with a specific
polyclonal  antibody  and  streptavidin-biotin-horseradish
peroxidase developed with diaminobenzidine, Cell nuclei stain
purple due to counterstaining with hematoxylin. [A], {C], and [E]
represent peptide comtrols for the adenylyl cyclase typefs) V/VI
polvclonal antibody. [B], [D], and [F] demonstrate adenylyl
cyclase type V/VI expression in capillary endothelial cells and
intermediate and large vessel endothelial cells, respectively.



149

List of abbreviations

AC adenylyl cyclase

ANGII angiotensin I

ATP adenine triphosphate

cAMP cyclic AMP = 3°57-cyclic monophosphate
CDH congenital diaphragmatic hernia

CREB cAMP response element binding protein
ECMC extra corporeal membrane oxygenation
ERK extracellular signal regulated kinase
ET-1 endothelin I

FGF fibroblast growth factor

HIF-1 hypoxia inducible factor-1

IGF-1 insulin-Hke growth factor-1

MAPK mitogen-activated protein kinase

mRNA messenger RNA

NO nitric oxide

PA pulmonary artery

P, pulmonary artery pressure

P, pulmonary capillary pressure

PDGF platelet-derived growth factor

PGL prostacyclin

PMVEC pulmonary microvascular endothelial cell
PPHN persistent pulmonary hypertension of the newbom
PKA protein kinase A

PKC protein kinase C

P, pulmonary venous pressure

Ki capillary filtration coefficient

RT-PCR reverse transcxiptase-poiymeraée chain reaction
SMC smooth muscle cell

TGF-B transforming growth factor-

VEGF vascular endothelial growth factor
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