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Abstract

GTP-cyclohydrolase 1 (GTP-CHl) catalyses the first and rate limiting step for the 

biosynthesis of tetrahydrobiopterin (BH4), an essential cofactor for nitric oxide synthase 

(NOS). NOS, once active, generates nitric oxide (NO) an essential mediator of normal 

vascular tone and fiinction. Suboptimal levels of BH4 may render NOS inefficient and may 

additionally result in the generation of deleterious superoxide anions (O2 ). GTP-CHl is 

itself inhibited by BH4, an effect mediated via the protein GTP-CHl Feedback Regulatory 

Protein (GFRP).

There is mounting evidence correlating a dysfunction of the BH4/NOS pathway with the 

vascular endothelial dysfunction observed e.g. atherosclerosis, but little evidence exists 

associating a dysfunction of this pathway with pulmonary hypertension (PH).

I have shown that GTP-CHl protein expression is developmentally regulated in the porcine 

lung in the first few weeks of Hfe, correlating with functional effects of supplemented BH4 

on isolated pulmonary arteries. GTP-CHl protein expression is unchanged in animals 

exposed to hypobaric exposure (a model of persistent pulmonary hypertension of the 

newborn (PPHN)) when compared to their age matched controls and GTP-CHl 

localisation appeared unchanged both developmentally and in PPHN. Thus GTP-CHl 

levels do not appear to be implicated in the profound endothelial dysfunction observed in 

animals with PPHN.

However, studies performed on the GTP-CHl deficient mouse mutant {hph-1) indicate that 

these mice exhibit the structural characteristics of a pulmonary hypertensive phenotype 

when compared to the C57BL/6xCBA wild types.

Finally, GFRP over expression in isolated endothelial cells attenuates inducible NOS 

(iNOS) mediated NO generation following cytokine stimulation, an effect hkely to be 

mediated via direct inhibition of BH4 biosynthesis.



In summaty, these studies have demonstrated that regulation of BH4 via 

GTP-CHl or GFRP, affects the NOS pathway both in vitro and in vivo 

and that sub optimal levels of BH4 may contribute towards the development 

of PH.
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CHAPTER 1 

General Introduction
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Adult lung anatomy and physiology

The respiratory system in mammals is composed of airways that carry air from the 

atmosphere to the alveoli within the lungs, and a dual supply o f blood vessels, comprising 

the pulmonary circulation and the bronchial circulation, that allow gaseous exchange to 

occur and provides oxygen and nourishment to the lung, respectively. The bronchial 

circulation operates under the high pressure of the systemic circulation whilst the 

pulmonary circulation is a low-pressure system. The pulmonary circulation has developed as 

a high flow, low resistance vascular bed, to protect the thin blood gas barrier from high 

intravascular pressures that would otherwise promote oedema formation (Morrell and 

Wilkins, 2001). Inspired air reaches the alveolar surface by passing though a series of 

branching airways that stem from the main airways (bronchi) and become progressively 

more numerous and narrower in diameter, a branching pattern which provides a large 

surface area within a small volume, increasing the efficiency of gas exchange. The bronchi 

are so called based on their size and the presence of cartilage within the wall. In humans, as 

the bronchi divide and narrow into progressively smaller airways, the walls no longer 

contain cartilage, and are termed bronchioli (Figure 1.01). AU airways have a smooth muscle 

layer beneath the epithelium thereby aUowing the airways to change diameter and length, 

and the amount of this muscularisation decreases as the airways become smaUer in diameter 

(Stocks and Hislop, 2002). Accompanying the airways and branching along side them are 

the pulmonary arteries, carrying blood from the right heart to the capiUaries for gaseous 

exchange. Blood returns to the left atrium via pulmonary veins.
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Trachea
Crescent of cartilage,
Band of smooth muscle and 
Columnar epithelium

Intrapulmonary main bronchus 
Cartilage plates, Bronchial 
smooth muscle (BSM),
Submucosal glands 
Epithelium of ciliated goblet and 
basal cells

/ ,V
Bronchiolus
BSM, ciliated epithelium with Clara 
cells

Respiratory bronchiolus
BSM, ciliated epithelium and 
alveolar epithelium

Alveolar duct
Alveolar epithelium. Type I and 
Type II pneumocytes.

P eura

Trachea
1.7cm diameter

Extrapulmonary main bronchus
1-1.5cm diameter

Bronchi
8-13 generations
2-8mm diameter

Bronchioli
3-10 generations 
0.5-2mm diameter

Terminal bronchiolus
1 generation 
0.6mm diameter 
Respiratory bronchioli 
3-5 generations 
0.5mm diameter 
Alveolar ducts 
2-3 generations 
Alveoli
300-600 million 
250-300pm diameter-^

V  Acinus

‘'Figure 1.01 Number and dim ensions of airways in the human adult lung 
and structure of the airway wall

' Taken from Stocks and Hislop Chapter 3 in Drug Delivery to the Lung, Ed. Visgaard H; Smaldone GC and 
O ’Callaghan C. Vol. 162 in Lung Biology in Health and Disease series. Exec. Ed. Claude Lenfant. Marcel Dekker, 
Inc.

21



structure of arteries

The walls of an artery are composed of three distinct layers: the tunica intima, tunica media 

and tunica adventitia (Figure 1.02). The tunica intima is the innermost layer and is made up 

of a layer of endothelial cells adhering to a connective tissue basement membrane with 

elastic fibres. It has been demonstrated that the endothehum is an important regulator of 

vascular tone as it is involved in the release of a variety o f vasoactive mediators (see figure 

1.03).

The next layer, the tunica media, is primarily composed of spindle shaped smooth muscle 

cells embedded in a matrix of elastin and collagen, providing support for the vessel in 

addition to changing the lumen diameter to regulate blood flow and pressure. Finally, the 

tunica adventitia forms the outermost layer acting as a connective tissue sheath. This layer is 

composed of varying amounts of elastin and collagen and furthermore contains cell types 

including fibroblasts and tissue macrophages (Figure 1.02).

Pulmonary arteries run alongside the bronchial airway, subdividing into terminal branches, 

which lead to a vast capillary network enveloping the alveoh, where gaseous exchange 

occurs. Structurally, these arteries consist of an endothehal cell layer, a medial layer 

containing elastic laminae and smooth muscle cells and an adventitial layer. All arteries 

conduct blood throughout the body but depending on the size and composition of the 

vessel, serve differing roles. Elastic arteries have the greatest lumen diameters (e.g. lobar 

pulmonary artery) and, as the name suggests, are rich in parallel elastic laminae, allowing the 

vessels to expand and accommodate large volumes of blood.
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Adventitial fibroblasts

External elastic 
laminae

Endothelial cells

Tunica adventitia
(connective tissue sheath)

Lumen

Tunica Media
(Smooth muscle layer)

Internal elastic 
laminae

Tunica intima
(endothelium and 
subendothelium)

^Figure 1.02 Schem atic  representation of blood v e s se l structure showing the  
three distinct layers.

Progressing peripherally along the arterial pathway, as the external diameter decreases, the 

elastic laminae within the media decrease in number and gradually the proportion of 

smooth muscle cells increase (muscular arteries). Finally the elastic laminae further decrease 

in the smallest of arteries and the media is almost entirely composed of smooth muscle 

(resistance arteries), these vessels have a relatively thick wall in relation to their diameter and 

provide the chief resistance to blood flow.

Doug Simmonds, Modified from Pulmonary Circulation; Basic Mechanisms to Clinical Practice, Imperial College 
Press 2001
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Within the subgroup of resistance arteries the entirely muscular wall (fuUy muscular 

resistance arteries) gets progressively thinner until the muscle becomes incomplete around 

the circumference and exists as a spiral which, in cross section, appears as a crescent. The 

artery is then termed a partially muscular artery. Further to the periphery in the smallest 

arteries, the muscle disappears leaving only a single elastic lamina outside the endothelium 

(non muscular). Overall the pulmonary arterial system is a low resistance system consisting 

of comparatively thin walled vessels that have larger internal diameters compared with the 

systemic circulation. This structural difference provides relatively low resistance to flow 

allowing handling of the large blood volume at perfusion pressures that are low compared 

with the systemic circulation.

Development of the pulmonary vasculature

The intra-uterine (fetal) pulmonary circulation is very different from the extrauterine “adult” 

pulmonary circulation. Major alterations of the circulation occur at birth to allow a change 

from an entirely placental to an entirely pulmonary dependent system of gaseous exchange. 

In the fetus, aU nutritional and oxygen requirements are met by the placenta and the lungs 

are largely bypassed. Oxygenated blood from the maternal circulation enters the fetus via 

the umbilical vein, entering the inferior vena cava and then the right atrium of the heart. 

This oxygenated blood is then directed through a fetal channel, the foramen ovale 

(communication between right and left atria), to the left side of the heart from where it is 

pumped through the aorta into the fetal systemic circulation. Some of the placental blood 

passes into the pulmonary arteries via the right ventricle. However as the lungs are not used 

for gaseous exchange in the fetus (and only require a small blood supply for growth,
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oxygenation and metabolic functions), approximately 90% of this blood is diverted into the 

aorta via the ductus arteriosus (vessel connecting pulmonary artery and aorta) (Rudolph, 

1979). Overall, the fetal pulmonary arterial system exists in a high resistance state and the 

arteries have comparatively thick walls and small lumen diameters compared to that seen 

after birth.

After birth, the placental circulation is no longer required and the fetal channels close. 

Furthermore there is a substantial increase in blood flow through the lungs and the 

pulmonary circulation changes from a high resistance system to a low resistance system as a 

result of the lung expansion following air breathing. This fall in pulmonary vascular 

resistance (PVR) allows for up to a ten-fold rise in pulmonary blood flow, which ensures 

that the lung can assume its postnatal role in gas exchange (Ghanayem and Gordon 2001). 

This dramatic fall in PVR is additionally associated with the establishment of a gas liquid 

interface in the lung, increased oxygen tension, rhythmic distension of the lung (respiration), 

shear stress and the production of vasoactive products including nitric oxide (NO) and 

prostacyclin (PGI2) (potent vasodilators) (Abman, 1999).

The first breath results in the pulmonary alveoli opening up and blood from the right heart 

fills the pulmonary vasculature within the lungs, thereby reducing the pressure on the right 

hand side of the heart. Conversely, the pressure in the left hand side of the heart increases 

as more blood is returned from the well vascularised pulmonary tissue via the pulmonary 

veins, to the left atrium leading to a high blood pressure in the aorta. The right ventricular 

wall, which is about as thick as the left ventricular wall in utero, gradually becomes relatively
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thinner due to the decreased pressure and does not increase in thickness as rapidly as the 

left ventricle. At birth, a considerable amount of structural reorganisation occurs within the 

pulmonary vasculature, with the PVR falling and blood flow increasing. This is achieved by 

an increase in the endothelial and smooth muscle cell surface volume, and as cells spread in 

the vessel wall, the lumen diameter increases and resistance falls (Haworth and Hislop 

1981). In the pig model, by 24 hours after birth, the rapid decrease in total PVR diminishes 

to 50-60% of the systemic vascular resistance, reaching adult values within 2-4 week of age 

(Haworth and Hislop 1981),

1.04 Persistent Pulmonary Hypertension of the Newborn

In cases where the normal adaptation of the pulmonary vasculature does not occur and 

neonates fail to achieve or sustain the normal decrease in PVR, persistent pulmonary 

hypertension of the newborn (PPHN) may occur (Gersony, 1984). PPHN is the result of an 

elevated pulmonary vascular resistance usually caused by hypoxia. Venous blood can be 

diverted to some degree through persistent fetal channels (i. e, the ductus arteriosus and 

foramen ovale) into the systemic circulation (right to left shunting), bypassing the lungs 

thereby increasing the severity of systemic arterial hypoxemia (Abman, 1999). Increased 

muscularisation and luminal narrowing potentiate the pulmonary vascular obstruction 

thereby further contributing to the pulmonary hypertension. PPHN is a problem in 

neonatal intensive care and contributes to morbidity and mortahty in both term and preterm 

neonates.
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One consistent finding in both neonates with PPHN and in cases of adult pulmonary 

hypertension, is that a number of structural and functional changes occur in the pulmonary 

vascular wall including abnormal vasoreactivity and prohferadon of vascular smooth muscle 

cells and hypertrophy, and it is beheved that the pulmonary vascular remodelling and the 

abnormal pulmonary vasoconstriction contribute to the elevations in pressure and 

resistance (Jeffery and Wanstall 2001).

1.05 Animal models of pulmonary hypertension

The pulmonary vascular remodelling observed in pulmonary hypertension has been 

characterised in a variety of animal models. This includes the adult rat model of hypoxia 

induced pulmonary hypertension, in which adult rats are placed in a hypobaric chamber 

maintained at a pressure of 380 mmHg and develop hypobaric induced pulmonary 

hypertension (Hislop and Reid 1976; Hislop and Reid 1977). These animals show an 

increase in the thickness of all three layers of the pulmonary vessels occurring as a result of 

hypertrophy (growth) and hyperplasia (prohferation) of the predominant cell types within 

each layer (fibroblasts, smooth muscle cells and endothehal cells) (Hislop and Reid 1976; 

Hislop and Reid 1977; Jeffery and Wanstall 2001). Furthermore there is an observed 

increase in medial thickness of the smooth muscle layer in the pulmonary arteries at aU 

levels of the pulmonary arterial tree and extension of muscle into the small pulmonary 

arteries (resistance arteries), which normally do not contain any smooth muscle cells, by 

light microscopy. The mechanisms leading to increased muscularisation are not entirely 

clear, although it has been suggested that the muscle arises from the differentiation of
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pericytes or intermediate cells (intermediate between smooth muscle and pericytes) into 

smooth muscle cells (Reid and Meyrick 1980).

In terms of studying the effects of hypoxia induced pulmonary hypertension in the newborn 

period, the rat model is perhaps not the best experimental animal to use for elucidating the 

nature of the pulmonary remodelling in human pulmonary hypertension as there are 

important structural differences between the human and rat lung and pathological reactions 

to hypoxia differ significantly to those found iu human disease (Heath 1992). A better 

model is the porcine model of PPHN. PPHN can be mimicked in the porcine lung by 

placing newborn piglets in a hypobaric chamber which is essentially a chamber attached to a 

vacuum pump, resulting in an internal atmospheric pressure of 50.4kPa. The use of chronic 

hypobaric hypoxia enables the study of pathophysiological functional and structural 

changes, which are in keeping with human PPHN (Haworth and Hislop 1982). These 

piglets develop right ventricular hypertrophy and have a reduced arterial oxygen saturation 

compared with normoxic control piglets because they continue to shunt right to left 

through the foramen ovale and ductus arteriosus (TuUoh et ai, 1997). This model wiU be 

discussed in greater detail in the following chapters.

1.06 Pulmonary vascular remodelling in the neonatai period

A variety of physical and chemical stimuli influence the pulmonary vascular remodelling 

that occurs after birth and in PPHN. The physical stimuH include stretch and shear stress 

(due to increased blood flow), which in turn may activate stretch sensitive ion channels or 

act upon shear stress response elements thereby potentially regulating protein synthesis
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(Jeffery and Wanstall 2001). In addition to physical stimuli, a variety o f vasoactive mediators 

may play a role in the failure of the PVR to fall after birth in PPHN. Broadly speaking, 

either there is 1.) a failure to release or to sustain release endogenous vasodilators including 

nitric oxide, prostacyclin, endothelium derived hyperpolarizing factor and adenosine or 2.) 

there is an increase in the release of vasoconstrictors including endothelin and leukotrienes 

(Abman 1999) most of which are released from the endothehum or 3.) both factors are 

operative suggesting that the endothehum may be dysfunctional in cases o f PPHN.

1.07 The functional role of the endothelium

Initially thought to be a layer of inert cells lining the lumen of blood vessels, the endothehal 

ceU layer has since been proven to be a dynamic, heterogeneous multifunctional organ 

playing a variety of roles including the regulation of vascular tone via the generation of 

potent vasoconstrictors and vasodilators and maintenance of the patency of the vessels via 

the release of anti-platelet and anti-thrombotic agents. The vascular endothehum forms the 

permeabihty barrier between circulating blood ceUs and the underlying vascular tissue and is 

thus in a unique position to respond to circulating factors, blood elements or environmental 

stresses and then serve as a signal integrator and transducer to modulate events in the 

vasculature via paracrine effects (Vane et al., 1990).

The seminal study performed by Furchgott and Zawadski in 1980 estabhshed the 

importance of the endothehum. They observed that denuding the endothehal lining of the 

rabbit aorta resulted in the loss of acetylchohne (ACh) induced relaxation, whilst the dilator
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effects of glyceryl trinitrate and contractile effects of noradrenaline remained intact. It was 

thus concluded that the endothehal cell layer needed to be intact in order for ACh to exert 

its effect. It was subsequently shown that this ACh-induced relaxation was mediated by the 

presence of a diffusible factor released from endothehal ceUs, termed endothehum derived 

relaxing factor (EDRF) which had a biological half hfe o f a few seconds (Furchgott, 1984).

The identity of EDRF was not estabhshed until 1987 when it was shown to be 

indistinguishable from nitric oxide (NO) (Palmer et al. 1987). Furthermore, in man, 

inhibitors o f NO synthesis such as L-NG monomethylarginine (L-NMMA) have been 

shown to partially reduce the vasochlatory response to ACh in blood vessels as weU as 

causing a reduction in local blood flow (Vallance et a t .1989). The importance of NO is now 

weU estabhshed and wül be discussed further.

In addition to NO, a second vasoactive mediator released from endothehal ceUs that 

appears to be especiaUy important in the vasoregulation of the perinatal lung is endothehn 

(ET-1) (Yanagisawa et al 1988). ET-1 is derived from preproendothehn-1, which undergoes 

proteolysis within the endothehal cell resulting in the generation of big endothehn, which is 

subsequently cleaved by the action of ET converting enzyme (ECE) forming the vasoactive 

product ET-1. The contractile effects of ET-1 are mediated through the E T a and ET b 

receptors located on the smooth muscle ceU, whilst dilatory effects are mediated via 

activation of the E T b locahsed to the endothehal cell. As far as the effects of ET-1 on the 

pulmonary circulation are concerned, the largest body of evidence suggests that ET-1 serves 

primarily as a potent vasoconstrictor (Wang and Coceani, 1992). The two substances NO
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and ET-1 appear to be particularly important in the vasoregulation of the perinatal lung, but 

endothehal cells release a number of other mediators which are summarised in Figure 1.03 

below.
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^Figure 1.03 Endothelium derived factors
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Endothelium  derived contractile and relaxant v a so a c tiv e  su b sta n c es:  Big ET, 
Big endothelin; Thr, thrombin; T, thrombin receptor; TGFpi, transform ing growth 

factor; ECE, endothelin  converting en zym e; All, an g io ten sin  II; Al, an g io ten sin  I; 

ACE, an g io ten sin  converting en zym e; AT-1, an g io ten sin  receptor; ET-1, 
endothelin  I; ETa and ETb endothelin  recep tors A and B; 5-HT, 5- 

hydroxytryptam ine; Si, 5HT receptor; ACh, acetylcholine; M, m uscarinic  

receptor; PGI2 , prostacyclin; PGH2, prostaglandin H2; TXA2; T h rom boxane  

(*mainly derived from p latelets) TX, throm boxan e receptor; ADP, a d e n o s in e  

d iphosphate; ATP, a d e n o s in e  triphosphate; P, purine receptor; BK, bradykinin; 

02, bradykinin receptor; EDHF, endothelium  derived hyperpolarizing factor; 

NOS, nitric ox id e  syn th ase; L-Arg, L-arginine; NO, nitric oxide; cAMP, cyclic  
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 ̂ Modified from The Endothelium in Cardiovascular Disease, Chapter 1; ed Luscher, T.F. Springer and Vascular 
Endothelium in Human Physiology and Pathophysiology, Ed. Vallance and Webb; Harwood Academic Publishers.
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1.08 Nitric oxide and the endothelium

NO is synthesised from L-Arginine (Palmer et al.̂  1988) utilizing molecular oxygen to 

generate NO and L-citrulUne as a co product (Palmer and Moncada, 1989). It is now well 

established that NO can be produced from a number of cell types other than endothelial 

cells and the enzyme responsible for catalysing this reaction is nitric oxide synthase (NOS), 

of which three isoforms have been identified, neuronal NOS (nNOS or NOS I), endothelial 

NOS (eNOS or NOS III), and inducible NOS (iNOS or NOS II). eNOS and nNOS are 

constitutively active enzymes, thus responding to fluxes in intracellular calcium (Ca2+), 

whilst iNOS has the Ca^+ / calmodulin tighdy bound within its structure with such high 

affinity that it is bound over the entire physiological range of intracellular Ca^  ̂ levels and 

the activity of iNOS is therefore independent of Ca^+ fluxes (Cho et aL, 1992).

1.09 Neuronal NOS (nNOS)

nNOS was the first NOS isoform to be purified and cloned (Bredt et al, 1991). Although 

initially thought to be released by brain cells, it has also been shown to be present in many 

different parts of the body including areas of the spinal cord, peripheral vasomotor nerves, 

skeletal muscle and in epithelial cells of the lung and uterus (Fostermann et ai, 1994). nNOS 

has also been shown to be present in non-adrenergic-non-cholinergic (NANC) inhibitory 

neurones purified from rat anococcygeus muscle (Mitchell et al. 1991). NO produced from 

nNOS mainly serves as a neuromodulator although other functions including neurotoxic 

effects (which may be implicated in neurogenerative diseases such as Parkinson’s disease) 

have been demonstrated (Canals et at., 2001).
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1.10 Inducible NOS (INOS)

iNOS was first purified and cloned from an immunoactivated murine macrophage cell line 

(Lowenstein et al, 1992). iNOS has been detected in all nucleated cells in the cardiovascular 

system including vascular endothelial and smooth muscle cells as well as in inflammatory 

cells such as mast cells and fibroblasts (Papapetropoulos et al. 1999). Unlike the other two 

NOS isoforms, iNOS does not require calcium to bind in order for the enzyme to become 

active but iNOS expression is transcriptionally regulated following cytokine or bacterial 

Upopolysaccharide stimulation and this expression can be induced in a variety of cell types 

including cardiac myocytes and endocardial cells (Schulz et al., 1992, Smith et al, 1993). On 

the whole, cells derived from rodents tend to produce more NO from iNOS following 

cytokine stimulation compared to human cells (Nathan and Xie 1994).

1.11 Endothelial NOS (eNOS)

eNOS protein was originally purified and cloned from bovine vascular endothehal cells 

(Nishida et al, 1992) and is the isoform responsible for producing endothehum derived 

relaxing factor (NO) and thus plays an essential role in the cardiovascular system. eNOS has 

also been shown to be present in cardiac myocytes and platelets (Balhgand et ai, 1993, Sase 

and Michel 1995). Most importantly, eNOS displays a constitutive activity responsible for 

generating low levels of NO in the basal state providing a continuous supply of NO to the 

vascular smooth muscle cells hence aiding the maintenance of normal vascular tone and 

systemic blood pressure (Rees et al, 1989).
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1.12 NO and PPHN

There is a large amount o f evidence to suggest that NO is a key player in both the structural 

remodelling and in the abnormal vasoconstriction seen in pulmonary hypertension. Indeed 

neonates suffering from PPHN can be successfully treated with NO inhalation therapy 

(KtnseUa et al.̂  1992), although there are inherent risks associated with inhalation of NO as 

it is typically administered in combination with oxygen, leading to the generation of harmful 

NO oxides and/or free radicals. NO provides both anti thrombotic and anti constrictive 

effects as it is released into the lumen of vessels (where it prevents platelet aggregation) and 

into the smooth muscle layer where it relaxes vascular smooth muscle (Moncada et al̂

1991). Thus NO can modulate pulmonary vascular tone and impaired NO production may 

contribute towards the development of pulmonary hypertension. Additionally NO inhibits 

the mitogenesis and proliferation of vascular smooth muscle in cultured rat vascular smooth 

muscle cells (Garg and Hassid 1989).

Studies performed on a porcine model of PPHN have shown decreased expression of 

eNOS protein and immunostaining and a reduction in the proportion o f constitutive NOS 

activity compared with age matched controls, alongside an absence of endothelium 

dependent vasodilatation to ACh (Hislop et al., 1997; Arrigoni et al., 2002, TuUoh et al.,

1997). Other studies using a porcine model have shown that newborn piglets exposed to a 

different model of chronic hypoxia (normobaric, 10% O 2) developed pulmonary 

hypertension and exhibited reduced responses to agents that stimulated or reduced the 

release of NO (Fike and Kaplowitz 1994; Berkenbosch et al., 2000; Fike and Kaplowitz 

1996) and furthermore have demonstrated a significant decrease in exhaled NO output.
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plasma concentrations of nitrite and eNOS protein from chronically hypoxic newborn 

piglets (Turley et al^ 2003; Fike et al.̂  1998). eNOS protein expression and mRNA 

expression have also been shown to be decreased in different animal models of PPHN 

including prenatal ligation of the ductus arteriosus in the lamb and congenital diaphragmatic 

hernia in the rat (Shaul et al̂  1997; North et al.̂  1995).

However, species differences appear to exist regarding the role o f N O  in the regulation of 

pulmonary vascular tone and must be taken into account when interpreting data (Adnot et 

al.̂  1995) as other animal models of hypoxia, in particular rodents, have shown increased 

eNOS expression activity and/or increased release of NO to endothehum dependent 

vasodilators following hypoxic exposure (Isaacson et al.̂  1994; Muramatsu et al.̂  1996; Resta 

and Walker, 1996; Sato et al̂  1999). The majority o f the rodent studies were conducted in 

adult animals and it has been suggested that the effects of hypoxia may be different between 

adult and newborn, in so far as the contribution of NO to the regulation of pulmonary 

vasomotor tone changes with postnatal age (Shaul et al., 1993; Zellers and Vanhoutte 1991).

Possible mechanisms explaining the loss of endothehum dependent relaxation observed in 

hypobaric induced pulmonary hypertension includes either the inabihty of the vascular 

smooth muscle to relax in response to NO or impaired synthesis or release of NO from the 

endothehal ceU layer. However, NO donors such as SNP ehcit similar concentration 

dependent vasodilation in lungs from both normal and pulmonary hypertensive (hypoxic) 

rats, suggesting the response of the smooth muscle is unaltered by chronic hypoxia (Adnot 

et al.y 1991; Carvihe et al.̂  1993; Eddahibi et al̂  1992). It is therefore more hkely that
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impaired synthesis or release of NO results in endothelial dysfunction seen following 

hypoxic/hypobaric exposure.

NO biosynthesis and NOS activity are therefore important targets for treatment of PPHN 

and one possible approach would be to investigate the regulation o f NOS cofactors as these 

may have direct influences upon NO generation and hence manipulation of cofactors may 

lead to alternative therapies.
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1.13 Structure of NOS

NOS isoforms, once active, exist as a homodimer consisting of two identical monomeric 

subunits, which can be functionally and structurally divided into two major domains, the C- 

terminal reductase domain and the N-terminal oxygenase domain (Knowles and Moncada 

1994). NOS catalyses the formation of NO from L-arginine and molecular oxygen, with 

nicotinamide adenine dinucleotide phosphate (NADPH) behaving as an electron donor in a 

reaction involving the five electron oxidation of the terminal guanidine nitrogen of arginine. 

Both monomeric subunits of NOS also contain tightly bound cofactors (6R)-5,6,7,8- 

tetrahydrobiopterin (BH4), flavin adenine dinucleotide (FAD), flavin mononeucleotide 

(FMN) and iron protoporphyrin IX (haem) (Figure 1.04).

NADPH

OXYGENASE

mmi
V

NADR^

L- Arginine 
+ O2

N 0  + 
L-citrulline

Figure 1.04 Schem atic  representation of a NO S m onom er showing cofactors 
and electron transfer.
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1.14 6/?-L-erythro-5,6,7,8-tetrahydrobiopterin

6R-L-erythro-5,6,7,8-tetfahydrobiopterin (BH4) was first identified as an electron donating 

co-factor for the aromatic amino acid hydroxylases (AAAH), including phenylalanine 

hydroxylase, tyrosine hydroxylase and tryptophan hydroxylase involved in the synthesis of 

the neurotransmitters L-Dopa, noradrenaline and 5-hydroxytryptamine (Kaufman 1963 and 

Hoshiga et al.̂  1993). However Kwon et al.̂  1989 and Tayeh and Marietta, 1989, 

demonstrated that BH4 is also an essential co-factor for NOS activity, with aU three 

isoforms of NOS requiring BH4 as a crucial cofactor for full activity, and hence BH4 has 

important biological implications within the cardiovascular system (Tayah and Marietta 

1989; Kwon et < /̂,1989; Wemer-Felmeyer et al.̂  1990; Schmidt et al.̂  1992). The Km of BH4 

for NOS is several orders of magnitude lower than that for the AAAH’s (100-600)iM for 

AAAH’s and 0.03-0.1 |iM for NOS) (Katusic 2001).

BH4 biosynthesis proceeds primarily via the de novo pathway in a Mg^+-, Zn̂ '*’-, and 

NADPH-dependent reaction from GTP via two intermediates, 7,8-dihydroneopterin 

triphosphate and 6-pyruvoyl-5,6,7,8-tetrahydropterin (Figure 1.05). The first and rate 

limiting enzyme in the de novo pathway is GTP cyclohydrolase 1 (GTP-CHl) (Nichol et al., 

1985). In addition to the de novo pathway for BH4 synthesis from GTP, mammalian cells also 

have the capacity to regenerate BH4 from pre-existing dihydropterins. BH4 is unstable and is 

readily oxidised to form dihydropterin, and it is beheved that the salvage pathway allows 

recycling of these excess dihydropterins (Figure 1.05). The pterin salvage pathway comprises 

the two enzymes sepiapterin reductase and dihydrofolate reductase and exogenously added 

sepiapterin can also be converted by sepiapterin reductase to 7,8-dihydrobiopterin, which is
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further reduced to BH4 by the action of dihydrofolate reductase. Additionally, endogenous 

sepiapterin and 7,8-dihydrobiopterin are detectable in tissue and cell homogenates, arising 

via the degradation of tetrahydrobiopterin intermediates from the de novo BH4 synthetic 

pathway e.g. 6 -lactoyl tetrahydropterin. (Nichol et al.̂  1985).

L-Sepiapterin is a light sensitive compound, which when administered exogenously, is 

incorporated into cells where it is intracellularly reduced to BH4 via the salvage pathway 

(Nichol et al.̂  1985, Tsutsui et al., 1996). Unlike BH4 itself, sepiapterin is less sensitive to 

oxidation and hence is superior to direct application of BH4 as a means of increasing 

intracellular concentrations of the cofactor (Werner-Feknayer et al., 1993). Sepiapterin is 

now a commonly used pharmacological tool to study the effects of BH4 supplementation in 

a number of systems. Exogenous administration of sepiapterin to cytokine treated brain 

endothelial cells and rat aortic smooth muscle cells almost doubles NO synthesis, an effect 

arising from conversion of sepiapterin to BH4 via the salvage pathway and not by 

sepiapterin acting directly as a NOS co factor (Gross et al., 1991; Gross and Levi, 1992). 

Diaminohydropyridine (DAHP) a GTP-CHl inhibitor has been shown to decrease the 

production of Nitrite in cells following cytokine stimulation and sepiapterin administration 

has been shown to prevent this effect in murine fibroblasts and brain endothehal cells 

(Wemer-Felmeyer et al, 1990; Gross et al, 1991). Functionally, addition of sepiapterin to 

intact canine middle cerebral arteries, resulted in 300 fold increase in the levels of 

intracellular BH4, demonstrating that sepiapterin is able to be taken up into vascular 

endothehal cehs and utihzed in the salvage pathway to generate BH4 in an in vitro system. 

The endothehum also contained almost 80% of the total amount of BH4 in arteries
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incubated with sepiapterin suggesting that, at least in cerebral arteries, endothelial cells have 

a high capacity to synthesize BH4. However, this study also demonstrated that sepiapterin 

alone (24 hour treatment) actually attenuated calcium ionophore (A23187) mediated 

endothelium dependent relaxation of the arteries but improved the relaxations when 

administered in conjunction with superoxide dismutase (SOD), and concluded that auto 

oxidation of BH4 and subsequent formation of superoxide anions (O2 ) explained these 

findings (Tsutsui et al, 1996). Vasquez-Vivar et al, (2002a) performed studies on aortas from 

hypercholesterolaemic (HL) rabbits and found that although sepiapterin supplementation 

restored BH4 levels to normal in the aortas from HL rabbits whilst having no effect in 

control animals, long term sepiapterin administration worsened the endothehum dependent 

relaxations of the HL aortas an effect resulting again from enhanced Oz" generation, 

consistent with the findings by Tsutsui et al, (1996). Endothehal function has, however, 

been improved foUowing acute administration of sepiapterin to vessels in a number of 

studies (Tiefenbacher et al, 2000; Bagi and KoUer 2003, Marinos et al, 2001).

The importance of BH4 in relation to NO synthesis has been demonstrated in a variety of 

xell Lines. Selective inhibitors of enzymes in the BH4 biosynthetic pathway abohsh NO 

generation in cytokine treated endothehal cehs (Gross et al, 1991) vascular smooth muscle 

cehs (Gross and Levi 1992) and fibroblasts (Werner et al, 1991). Repletion of BH4 reverses 

this inhibition and increases the rate of NO synthesis in endothehal cehs (Rosenkranz-Weiss 

et al, 1994). Functionahy, Kinoshita et al, (1997) showed that inhibiting BH4 biosynthesis, 

using the GTP-CHl inhibitor 2,4-diamino-6-hydroxypyrimidine, impaired endothehum- 

dependent relaxation of cerebral blood vessels. It was concluded that decreased intracehular
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levels of BH4, reduced endothelium-dependent relaxations and that superoxide (O2" ) 

production (resulting from activation of dysfunctional eNOS), was responsible for the 

impairment of endothelial function. NO generation can therefore be impaired by reduced 

BH4 cofactor availability either by impaired synthesis of any of the enzymes required in the 

de novo or salvage pathways or by accelerated oxidation under conditions o f oxidative stress.

OE/VOl/0 PATHWAY S a lv a g e  P a th w a y
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Figure 1 .05 T he d e  novo and sa lv a g e  pathways for tetrahydrobiopterin 
biosynthesis.
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1.15 Tetrahydrobiopterin, reactive oxygen species and endotheiiai 
dysfunction

NO is released immediately on synthesis and the bioavailability of NO is determined by the 

balance between the activity of NOS and the catabolism of NO. The in vivo half-life of NO 

is mainly determined by its reaction with oxyhaemoglobin and O 2 (Beckman and Koppenol 

1996). Catabolism of NO by its reaction with O 2 is an important mechanism underlying 

endothehal dysfunction and oxidative vascular injury, described in many vascular diseases 

and the O 2 anion is able to rapidly react with NO to produce peroxynitrite (ONOO ), high 

concentrations of which are highly toxic (Beckman et al.̂  1990). Cyclooxygenase, NADH 

oxidoreductase and xanthine oxidase are thought to also be sources of O 2 production in the 

dysfunctional endothehum and may lead to the production o f peroxynitrite (ONOO ) via a 

rapid reaction between NO and 02" (Cosentino et al.̂  1994; Mohazzab et al.̂  1994; 

Griendhng et al.̂  2000; Sanders et ai, 1997). Indeed, human studies have shown that reduced 

NO mediated vasorelaxations in arteries and veins from patients with vascular disease risk 

factors, is associated with increased O 2 formation (Guzik et al.̂  2000). Cosentino and 

Luscher (1999), suggested that decreased BH4 availabihty might be responsible for the 

dysfunction o f NOS, causing a shift in the balance between the production of protective 

NO and deleterious reactive oxygen species. Various studies have demonstrated that a close 

relationship exists between the availabihty of BH4 and NO synthesis in both endothehal and 

vascular smooth muscle cehs, indeed intracehular levels of BH4 have been shown to be 

controhed by the generation of both NO and O 2 (Schmidt et al, 1996). Partiahy oxidised 

analogues o f BH4 have been shown to enhance the rates o f O 2 formation from purified 

eNOS in the presence of saturating L-arginine concentrations, implying that the ratio of
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reduced and oxidised biopterin may be physiologically important in determining the rates of 

NO production versus uncoupled Oz' formation from eNOS (Vasquez Vivar et al.̂  2002 

(b)). Furthermore, purified nNOS has also been shown to act as a source of O 2 (Pou et al.,

1992).

There are several possible reasons as to why the availabihty of BH4 may be decreased in 

endothehal dysfunction, including reduced expression of GTP-CHl as demonstrated in 

coronary vessels o f diabetic rats (Meininger et al, 2000). AdditionaUy BH4 can be rapidly 

oxidised by ONOO implying that the associated increase of NOS dependent Oz" and 

ONOO generation would further deplete BH4 levels (Müstein and Katusic 1999). FinaUy 

Vasquez-Vivar et al, 2000, demonstrated that 7,8,dihydrobiopterin, an oxidized BH4 

derivative, can enhance O 2 formation from eNOS. In vivo studies have been conducted to 

estabhsh the effects of BH4 supplementation in both clinical and experimental models, to 

investigate whether endothehal function can be restored, BH4 supplementation using either 

sepiapterin or BH4 directly, restored endothehal dysfunction in long term smokers (Ueda et 

al, 2000), hypercholesterolemics (Stroes et al, 1997, Fukuda et al, 2002) and atherosclerosis 

(Tiefenbacher et al, 2000),

44



1.16 NOS as a generator of Oa'and the role of BH4

Mechanisms of the precise action of BH4 have been proposed, including stabilisation of the 

structure of the active NOS dimer (Giovanelli et ai, 1991, Wever et a/, 1997) and, at high 

concentrations, inducing aUosteric modification of NOS increasing the affinity for L- 

Arginine (Liu and Gross 1996). Furthermore, it has been demonstrated that binding of the 

first molecule of BH4 to a NOS dimer has an anticooperative effect on the binding of the 

second molecule o f BH4 (Gorren et al.̂  1996).

However the largest body of evidence points towards BH4 behaving as an electron donor in 

the synthetic reaction (Wei et al.̂  2001, Wei et al̂  2002), and sub optimal concentrations of 

BH4 (or the presence of BH2) have been shown to reduce the formation of nitric oxide, 

favouring the ‘uncoupling’ of NOS leading to NOS mediated reduction of oxygen and 

formation of O2 .(Katusic 2001, Cosentino and Luscher 1999, Vasquez Vivar 1999).

The proposed mechanism by which NOS generates O 2 is explained by considering the 

reactions within the NOS dimer. A flow of NADPH derived electrons from the reductase 

domain to the oxygenase domain follows the formation and binding of a 

calcium/calmodulin complex (for eNOS and nNOS). Once the electrons reach the 

oxygenase domain, the iron group of heme is reduced from Fe(III) to Fe (II) and this 

facilitates molecular oxygen (substrate) binding to the heme Fe(II) group (Fig 1.06 Part A) 

forming a transient ferrous-dioxygen complex (Figure 1.06 Part B), which is further 

reduced to form a hydroxylating heme iron (IV)-0 x0  species which hydroxylates the
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guanidine nitrogen of the second substrate, L-Arginine (Figure 1.06 Part C), forming N- 

hydroxy-L-arginine (NOHA) which in turn is oxidised to produce NO and L-citrulline 

(Figure 1.06 Part D) (Wei et al. 2002). The proposed mechanism via which Oz" may be 

generated lies in the fact that the ferrous dioxygen complex may dissociate in the absence of 

BH4 thereby forming O ï and regenerating heme iron (III) (Vasquez Vivar et 1998) 

(Figure 1.06 Part E).

Thus, one of the main mechanisms by which BH4 works is to aid electron transfer from the 

ferrous dioxygen complex to reduce it to the hydroxylating heme iron (IV)-oxo species, 

which subsequently reacts with L-Arginine. However if there is insufficient BH4 available, 

this reaction may not be able to take place and hence the O 2' group can dissociate from the 

ferrous dioxygen complex (Figure 1.06 Part E).
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NADPH
REDUCTASE
DOMAIN

NADP+ 
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F igure 1 .06 Schem atic illustrating role of BH4 in NOS activation.
A flow  of e lectron s from th e red u cta se  dom ain  en ter  the o x y g e n a se  dom ain (A)

reducing H aem  bound F e (III) to (F e II), oxygen  binds to the F e (II) com p lex

form ing a transient ferrous d ioxygen  com p lex  (B). BH4 is b e lieved  to aid electron

transfer from this com p lex  producing F e (IV) which is e s se n tia l for hydroxylation

of th e  guanid ine nitrogen of L-Arginine (C). This resu lts  in NO and L-citrulline

gen eration  (D). Lack of BH4 m ay c a u s e  0 2 -  to d isso c ia te  from the ferrous

d ioxygen  com p lex  (E).
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1.17 Structure of GTP- cyclohydrolase 1

GTP-cyclohydrolase 1 (GTP-CHl) is the first and rate-limiting enzyme in the biosynthesis 

of BH4 in vertebrates and insects (Nichol et al, 1985) and BH4 levels in mammalian cells are 

mainly determined by GTP-CHl activity (Auerbach et ai, 2000). 'Hie crystal structure of 

GTP-CHl from lisherichia colt was elucidated by Nar et ai, 1995. The enzyme exists as a 

decamer formed by face-to-face association of two pentamers, with the legs (formed by N- 

terminal pairs of monomers) of one pentamer clasping the ‘body’ of the other. The decamer 

is a toroid of subunits, with 10 equivalent active sites being located at the periphery of the 

toroid and each catalytic site being located at the interface of three adjacent subunits (see 

Figure 1.07).

Figure 1.07 Crystal structure of GTP-CH1 elucidated by Nar et al., 1995
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1.18 Diseases arising from BH4 deficiency and mutations in GTP-CHl

As mentioned earlier, BH 4 serves as an electron donating cofactor for the AAAH’s, hence 

insufficiency o f BH4 can result in the inability of L-phenylalanine to be converted to L- 

tyrosine and L-tyrosine to L-Dopa. Homozygous mutations o f the GTP-CHl gene have 

been recognised as a rare cause of hyperphenylalanaemia and the resulting deficiency of 

BH4 (and hence decreased activities of phenylalanine, tyrosine and tryptophan hydroxylase) 

gives rise to a progressively deteriorating neurological disorder including severe movement 

and muscle disorders, mental retardation, hypersalivation and hyperthermia (Thony, 2000; 

Muller et al.̂  2002).

Heterozygous mutations in the GTP-CHl gene have been shown to be closely associated 

with dopa responsive dystonia (DRD) and certain cases o f mild hyperphenylalanemia or 

atypical phenylketonurea (PKU) (Muller et al., 2002; OzeUus and Breakefield 1994 and 

Thony et ai, 2000). Mild forms of PKU (i.e. atypical PKU) have been shown to be 

responsive to phenylalanine-BH4 loading, i.e. BH4 lowered blood phenylalanine levels and 

significantly enhanced phenylalanine oxidation whereas in the same study patients with 

severe PKU (where there are mutations in the gene encoding phenyalanine hydroxylase 

(PAH)) remained unresponsive to BH4 (Lindner et al, 2001). However it has been suggested 

that BH4 responsiveness is determined by the specific mutation in the PAH gene and that 

the effectiveness of BH4 therapy is dependent upon the type o f mutation (Lindner et al., 

2001; Muntau et al, 2002).
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In terms of the localisation of GTP-CHl, immunohistochemical staining performed on 

brain sections revealed that it is predominantly localised to tyrosine hydroxylase expressing 

cells within specific brain regions, consistent with it’s role in BH4 biosynthesis (Hwang et al.̂  

1998). GTP-CHl mRNA and protein expression were not pronounced in neurons or 

endothehal cells that constitutively expressed NOS, but two possible explanations could 

account for this. Firstly there may be low levels of BH4 utilised by NOS in these cells 

compared with the high levels required by AAAH’s (and hence less detectable by 

immunohistochernistry) and secondly it may be possible that BH4 is transported into NOS 

containing cells from AAAH cells (Hwang et al., 1998).

The majority of the literature regarding GTP-CHl has focused on its role in 

neurodegenerative disorders and in PKU and less has been documented upon the direct link 

between GTP-CHl availability and BH4 biosynthesis in terms of endothelial function, 

although the importance of BH4 in terms of NOS activation and endothelial function is 

becoming increasingly more evident.

1.19 GTP-CHl and endothelial dysfunction

Several studies have shown a correlation between GTP-CHl levels and BH4 availability in 

various models of endothelial dysfunction including the spontaneously diabetic BB rat 

(Meininger et al^ 2000) and in atherosclerosis, where it has been proposed that decreased 

expression of GTP-CHl may be involved in the pathology of the reduced BH4 generation 

seen in atherosclerosis, as sepiapterin (a generator of BH4 independent of GTP-CHl) 

significantly improved endothelium dependent relaxations to different agonists in
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athefosclerotic vessels o f both human and porcine origin (Tiefenbacher et al.̂  2000). A 

variety of investigations o f GTP-CHl in intact endothelial cells have also been conducted. 

Gene transfer of GTP-CHl has been shown to augment intracellular BH4 in human 

endothehal cells and furthermore enhanced NO generation in an eNOS-specific manner 

with the most sahent finding being that GTP-CHl gene transfer appeared to increase eNOS 

homodimerisation (Cai et al., 2002). Other studies have shown that in human umbihcal vein 

endothehal ceUs (HUVECs) cytokine stimulate the production of tetrahydrobiopterin with 

subsequent elevation of eNOS activity (Rosenkranz-Weiss et al, 1994; Werner-Felmeyer et 

al, 1993). A further study demonstrated that cytokines could induce functionaUy significant 

venous hyporesponsiveness to vasoconstrictors in humans via the release of NO generated 

by eNOS and not iNOS (Bhagat et al, 1999a). These studies concluded that this stimulatory 

effect was mediated by increased enzymatic activity of GTP-CHl (thereby increasing BH4 

avahabihty for eNOS). This cytokine induced increase in GTP-CHl in human umbilical 

vein endothehal ceUs (HUVECs) has been shown to result from increased levels of GTP- 

CHl mRNA and it may be possible that cytokines also affect GTP-CHl mRNA stabhity 

(Katusic et al, 1998).

1.20 GTP-CHl deficient mouse model

Knockout of the BH4-dependent enzyme tyrosine hydroxylase is embryonicaUy lethal in 

mice and hence it is hkely that inactivation of all BH4 dependent enzymes would be similarly 

lethal. However, a mouse model of GTP-CHl and BH4 deficiency has been created by 

chemical mutagenesis (induced by N-ethyl-N’-nitrosourea) of spermatological stem ceUs in a 

breeding scheme that selected for recessive mutations giving rise to hyperphenylalanemia
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(McDonald and Bode 1988). This mutation does not alter the sequence within the reading 

frame of GTP-CHl but appears to reduce steady state levels of GTP-CHl mRNA and it is 

likely that the defect resides in the regulatory region of the GTP-CHl gene (Gutlich et al.̂  

1994).

The hyperphenylalanaemic {hph-T) mouse shows a 90% reduction in enzymatic activity of 

GTP-CHl and a 50% BH4 deficiency in the brain (Hyland and Bola 1989 and Hyland et al., 

1996). Phenotypically these animals suffer from hyperphenylalanemia due to deceased 

activity of GTP-CHl, in the first few weeks of life and are unable to metabolise 

phenylalanine in response to a phenylalanine challenge in adult life (Maeda et al., 2000). It is 

unusual that the hph-1 mice do not experience the severe pathology usually associated with 

GTP-CHl deficiency, although hph-1 mice and patients with Dopa responsive dystonia 

(DRD) are very similar, neurochemically (Gross et al., 2000), DRD is a rare autosomal 

dominant dystonia caused by mutations in the GTP-CHl gene in about 50% of cases and 

clinically patients suffer from mild movement disorders (this may explain the slight 

movement disorders in the hph-1 mice) and involuntary sustained muscle contractions or 

abnormal postures to much more serious movement disorders or rigor. In most cases 

however, there is a dramatic therapeutic response of symptoms to treatment with L-Dopa 

(Muller et al., 2002). Hph-1 mice additionally have an apparent impakment of brain NOS 

activity, which can be corrected by peripheral administration of BH 4 resulting in an increase 

in the activity of the cGM P/NO pathway (Canevari et al., 1999). Work has been published 

on the neurological phenotype but relatively little is known about the consequences of this 

mutation on the cardiovascular system of hph-1 mice, although a study performed by
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Cosentino et al.y (2001) demonstrated significandy elevated systolic blood pressure and 

significantiy lower intracellular levels of BH4 in isolated aortas in the hph-1 mice compared 

to the wild types.

1.21 GTP-CHl Feedback Regulatory Protein

It has been known for a number of years that GTP-CHl is inhibited by BH4, but a study 

performed by Harada et al.̂  (1993) demonstrated that BH4 was unable to inhibit the activity 

of pure recombinant GTP-CHl in vitro and that another protein present in rat liver extracts, 

conferred BH4 dependent inhibitory sensitivity to GTP-CHl. Following purification and 

cloning, this protein was found to consist of 9.5kDa subunits with the cDNA containing an 

open reading frame encoding 84 amino acids (Milstien et al.̂  1996) and more recent 

purification and cloning studies revealed that the protein was made up of five identical 

subunits forming a pentamer of 52kDa (Yoneyama et a/, 1997). This protein was termed 

GTP-CHl feedback regulatory protein (GFRP) and in the presence of bacterially expressed 

rat GFRP, BH4 was found to ehcit a concentration dependent and complete inhibition of 

recombinant GTP-CHl (Milstien et al., 1996). It is believed that 2 molecules of the 

pentamer GFRP bind to 1 molecule of the decamer GTP-CHl to form a complex 

(Yoneyama and Hatakayama 1998).

GFRP functions as both a positive and negative regulator o f GTP-CHl and this tight 

regulation o f GTP-CHl ensures that intracellular BH4 levels are maintained at and below 

those needed by BH4 requiring enzymes (Harada et al̂  1993). BH4 induces the formation of 

the inhibitory GTP-CHl /  GFRP complex and it is thought that GFRP and BH4 inhibit the
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enzyme activity of GTP-CHl by decreasing its maximum velocity whilst having little effect 

on the affinity of GTP, indicating non-competitive inhibition (Yoneyama and Hatakayama

1998) (Figure 1.08).

BH4 is the first enzyme for the biosynthesis of phenylalanine hydroxylase, the main enzyme 

of phenylalanine metabolism. To ensure efficient degradation of phenylalanine by 

phenylalanine hydroxylase, GTP-CHl activity and hence BH4 biosynthesis is stimulated by 

phenylalanine, but not by the other substrates of BH4 dependent enzymes, and it is believed 

that the presence of phenylalanine is responsible for the formation of a stimulatory protein 

complex between GFRP and GTP-CHl, reversing the inhibitory effects of GFRP (Harada 

et al.̂  1993) (Figure 1.08).

BH4 binds to the G TP-CHl/ GFRP complex with a IQ of 4 ± 0.8 pM and furthermore, 

binding is enhanced by dGTP, whereas phenylalanine binds with a IQ of 94 ±8pM and 

does not require any additional cofactor for binding (Yoneyama and Hatakeyama, 2001). In 

addition BH4 binds weakly to GTP-CHl but not to GFRP whilst phenylalanine binds 

weakly to GFRP and not GTP-CHl, indicating that the binding sites of BH4 and 

phenylalanine may be composed of residues on GTP-CHl and GFRP respectively 

(Yoneyama and Hatakeyama, 2001). Studies on the crystal structure of GTP-CHl and 

GFRP have shown that the pentamer, GFRP, forms five phenylalanine-binding cavities to 

accommodate the phenyl group whereas GTP-CHl has no such cavity for phenylalanine 

binding (Maita et al^ 2002). BH4 on the other hand is able to bind to free GTP- 

cyclohydrolase 1 but not to free GFRP (Yoneyama and Hatakeyama, 2001).
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Studies have consistently shown that under the influence o f proinflammatory stimuli such 

as hpopolysaccharide or interferon gamma, GTP-CHl mRNA expression is upregulated 

whilst GFRP mRNA expression is downregulated (the cytokine specific effect altering 

depending on cell type studied), thereby favouring BH4 synthesis (Wemer et al.̂  2002 and 

Gesierich et al^ 2003).

Recombinant human GFRP stimulates recombinant human GTP-CHl in the presence of 

phenylalanine and mediates feedback inhibition by BH4 consistent with previous findings 

using rat enzymes (Wemer et al., 2002, Harada et at., 1993). Cell studies have shown LPS 

down regulated GFRP expression whilst GTP-CHl was upregulated, rendering the GTP- 

CHl activity in the cells independent of metabolic control by phenylalanine, again 

consistent with the role of providing enough BH4 for optimal iNOS activation following 

cytokine treatment (Wemer et al., 2002). In hepatocytes, pre-treatment of cells with the NO 

donor S-nitroso-JV-acetyl-D-L-peniciUamine (SNAP) resulted in increased NO production 

following cytokine treatment, without changing iNOS expression. This effect which was 

thought to occur as a result of suppressed GFRP and increased GTP-CHl activity, resulting 

in an elevated cellular BH4 leading to the promotion of iNOS activation (Park et al, 2002). 

However, apart from these studies, relatively little has been pubhshed on the functional role 

of GFRP on NO production. It would therefore be interesting to investigate whether 

changes in the expression of GFRP can influence BH4 production and hence NO 

production in vitro or in vivo.
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"Figure 1.08 The GFRP/GTP-CH1 com plex. BH4 m ediates feedback  inhibition 
through the formation of an inhibitory com plex of GFRP and G TP-C H l. 
L-Phenylalanine can form a stimulatory com plex betw een GFRP and GTP-CHl 
thereby promoting BH4 synthesis. B H 4is  an essen tia l cofactor for Phenylalanine  
hydroxylase, L-phenylalanine build up will thus require increased levels of BH4 to 
promote conversion to L-tyrosine. The inactive com plex inhibits formation of 
BH4, active com plex prom otes formation of BH4

" M odified from Gross et al., 2000. Tetrahydrobiopterin: An essential cofactor o f  Nitric oxide synthase with an 
elusive role. In: Nitric Oxide B iology and Pathobiology. San D iego, CA: Academic, 2000 p. 167-187
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AIMS OF THESIS

It is becoming increasingly apparent that the NO pathway is a key component in normal 

endothehal function, and that a dysfunctional endothehum, as observed in a number of 

pathological conditions including hypertension, may be associated with a dysfunction in the 

activity of NOS and subsequent biosynthesis of NO. BH4 levels and excess O r  may 

contribute towards this dysfunction. The overall objective of the studies within this thesis 

was to investigate how the regulation of the BH4 pathway (Figure 1.09) affects NOS activity 

with particular reference to its role in the control of pulmonary vascular tone and PPHN. 

BH4 concentration seems to be crucial in deterrnining whether or not NOS generates O 2 

and hence the effects of SOD were also investigated.

• The first model to be investigated will be the developing porcine pulmonary 

vasculature over the neonatal period, and the null hypothesis of the study: 

Regulation of the GTP-CHI/BH4 pathway and O 2 generation affects 

pulm onary endothelial responses in the neonatal period.

• The second model is the porcine model of PPHN. This model has been well 

characterised and demonstrates markedly impaired endothelium dependent 

relaxations when compared to the age matched healthy control.

Regulation of the G TP-C H l BH4 pathway and O 2 generation affect 

endothelial responses in hypobaric induced pulm onary hypertension and
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failure of the pterin pathway contributes towards the failed adaptation that 

characterises PPH N.

• The third study will utilise a mouse model of GTP-CHl and BH4 deficiency {hph-1) 

to determine whether an inborn deficiency of GTP-CHl and BH4 can contribute 

towards the progression of pulmonary hypertension in these mice.

• Hph-1 mice display the structural characteristics of a pulmonary hypertensive 

phenotype.

• Finally, the role o f GFRP in determining BH4 bioavailability for NOS fimction will 

be investigated using an endothehal cell hne.

• GFRP overexpression will reduce intracellular BH4 and nitrite production 

from sEndl cells both pre and post cytokine+LPS treatment.

GTP: Guanosine triphosphate
GTP-CH1 : GTP cyclohydrolase 1
6-PTS: 6-Pyrovoyl tetrahydropterin synthase
SR : Sepiapterin reductase
GFRP: GTP cyclohydrolase 1 feedback
regulatory protein
PAH: Phenylalanine hydroxylase
TH : Tyrosine hydroxylase

GTP

Dihydroneopterin triphosphate

6-pyrovoyl tetrahydropterin

f
Tetrahydrobiopterin

i

L-Dhenvlalanine

L-tyrosine

NOS activation
L-Dooa

F igure 1 .09  C om ponents of the BH4 pathway
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CHAPTER 2 

Materials and Methods
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Section 2.1 Functional studies on porcine pulmonary arteries

2.1.01 Acquisition of porcine lung tissue

Lungs were obtained from Large White piglets and studied by age in the following groups: 

fetal (usually one week preterm), newborn 12-24 hour, 3 day old, 14 day old and adult. Pigs 

were killed with an overdose of pentobarbitone (100 mg/kg) with the exception of adult 

pigs, which were killed with captive bolt. Fetal piglets were delivered by Caesarian section 

one-week preterm and were prevented from air breathing by placing a rubber sheath over 

their snouts, and killed immediately. The fetal piglets along with the 12-24 hours, 3 day and 

14 day old piglets were obtained from Boltons Park Farm, Potters Bar. Newborn animals 

were obtained from the Royal Veterinary College, Camden and adult tissue was obtained 

from Fresh Tissue Supplies, Surrey. AU lung/heart blocks were removed as soon as possible 

after death and immersed in chiUed Krebs-Henseleit solution (NaCl 119mM, KCl 4.7mM, 

NaHCOs 25mM, MgSO# , KH 2PO 4 1.2mM and glucose llm M  plus CaCb 2.5mM) until 

subsequent use.

AU animals received humane care in compUance with the British Home Office Regulations 

and with the Principles of Lahoratoiy A.nimal Care formulated by the National Society of 

Medical Research and the “Guide for the Care and Use of Laboratory animals” pubhshed 

by the National Institutes of Health [DHEW Pubhcation No. (NTH) 80-23, Revised 1996, 

Office of Science and Health reports, DRR/NIH, Betheseda, MD 20892]. These studies 

were carried out under a Home Office License.
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2.1.02 Organ chamber pharmacology

The axial intrapulmonary arteries were dissected under a microscope, from one upper lobe 

per animal. The adventitia was carefully removed ensuring that the endothehum was still 

intact. Arterial rings each of approximately 2-3mm in length were cut from the axial vessel 

distal to the first branch.

Each ring was suspended between 2 tungsten wire stirrups, and mounted in a 5ml organ 

chamber containing Krebs-Henseleit solution plus calcium, maintained at 37°C and gentiy 

gassed with 95% O 2, 5% CO2. Recordings were made via an isometric force transducer 

linked to a PC data acquisition system (Figure 2.1.01). Once suspended in the organ 

chamber, arterial rings were taken up to 1 gram of tension (based on previous length 

tension study data) and allowed to equihbrate for 1 hour with approximately 3 washes of 

Krebs-Henseleit. Following the equihbration period, K125 (125mM potassium chloride in 

Krebs-Henseleit) was added to all vessels to test the viabhity of the arterial rings. If vessels 

did not contract to K125 or if their response was poor compared to the remaining vessels 

from the same animal, they were not used. The K125 was subsequently washed out and 

replaced with Krebs-Henseleit solution and the tissues allowed to return to their resting 

basehne tension.

Functional studies investigating the effect of sepiapterin (BH4 precursor) and Mn(III) 

tetrakis (l-methyl-4-pyridyl)porphyrin pentachloride (MnTMPyP) (SOD mimetic) were 

subsequentiy performed as described in the protocol sections of Chapter 4.
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2.1.03 Preparation of reagents

Although sepiapterin is a better means of supplementing BH4 in experimental systems due 

to the unstable nature of BH4, it is still relatively unstable, reacting rapidly with oxygen 

(especially in solution). Sepiapterin was therefore made up in the dark, in oxygen free water 

at room temperature (soluble at 0.17g per lOOg water at 22®C) and stored at —20°C with 

fresh aliquots being used in each experiment. MnTMPyP was made up in water at a stock 

concentration of lOmM, aliquoted and stored at -20°C until use, with a fresh aliquot being 

used for each experiment. All other pharmacological reagents used in the functional studies 

were cumulatively diluted in fresh calcium free Krebs Henseleit on the day of 

experimentation from frozen stocks (10'  ̂ M stock for ACh and SNP, 10^ stock for 

U46619). Diluted reagents were kept on ice and in the dark throughout the experiment as, 

in general, coloured compounds such as sepiapterin, MnTMPyP and SNP tend to be light 

sensitive.

Force Transducer

37°C water 
blanket ►

Krebs-Henseleit
buffer

95% O2  / 5% CO2

Pharmacological 
Reagents 
(e.g. ACh, SNP)

Pulmonary arterial 
ring

OUTLET

Figure 2.1.01 Standard organ cham ber se t up
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2.1.04 Pharmacological reagents 

Sepiapterin

A detailed account of the published effects of sepiapterin is given in Chapter 1. The main 

points of note are that a number of studies have been conducted using sepiapterin as a tool 

for upregulating BH4 and increased BH4 levels have been measured in isolated vessels 

treated with sepiapterin (Tsutsui et <2/.,! 996). However, long term (~24 hours) exposure of 

isolated vessels to sepiapterin resulted in a deterioration o f endothehum dependent 

relaxations (Tsutsui et al, 1996; Vasquez Vivar et al, 2002) whilst acute administration 

restored endothehal dysfunction seen in a number of disease states (Tiefenbacher et al, 

2000, Bagi and KoUer 2003; Marinos et al, 2001). It was postulated that the deleterious 

effects of sepiapterin were due to auto oxidation of BH4 resulting in O 2 generation.

MnTMPyP

Mn(III) tetrakis (l-methyl-4-pyridyl)porphyrin pentachloride or MnTMPyP is a SOD 

mimetic. Three isoforms of SOD have been identified in eukaryotic ceUs, intraceUular 

Cu/Zn SOD, Mn SOD, bound to the mitochondrial matrix, and extraceUular Cu/Zn SOD, 

locahsed on the ceU surface, (Kira et al, 2002, Fridovich, 1983). Endogenous levels of 

Cu/Zn SOD have been shown to be criticaUy important in protecting N O  from destruction 

by O 2 anions in a variety of isolated blood vessels (MacKenzie and Martin 1998). The 

reason as to why a SOD mimetic rather than native SOD should be used in experimental 

studies is due to the shear size of SOD, rendering it too large to penetrate ceUular 

membranes. A variety of low molecular weight, cell permeable SOD mimetics have
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therefore been developed including a class of metal-based SOD mimetics such as the 

metalloporphyrins. MnTMPyP is one such metaUoporphyrin and has been shown to be 

stable, active and non-toxic in vivo (Patel and Day 1999) and furthermore is cell permeable. 

The manganese moiety functions in the dismutation reaction by being reduced from 

Mn(III)TPy to Mn(II)TPy by cellular reductants with a subsequent reductive scavenging of 

O 2 (Gardner et al, 1996). In a thorough study performed by MacKenzie and Martin (1998) 

a variety of SOD mimetics were assessed to determine their effectiveness in restoring NO 

dependent vasodilator function in isolated rabbit aortic strips following exposure to oxidant 

stress. O f the seven compounds tested, MnTMPyP was the only SOD mimetic that restored 

the NO dependent relaxation in conditions of both intracellular and extracellular oxidant 

stress. However, a more recent study suggested that MnTMPyP might also produce 

superoxide anions that scavenge NO (MacKenzie et al, 1999) and effect which may be 

dependent on the prevailing MnTMPyP oxidation-reduction pathways (Gardner et al .,\99G). 

There is therefore compelling data both supporting and opposing the beneficial effects of 

sepiapterin and MnTMPyP on endothehal function. This study would allow us to determine 

the effects of acute administration of both sepiapterin and MnTMPyP on porcine 

pulmonary arteries over the age range fetal through to adult.
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Section 2.2 Determination of protein expression and iocalisation using 

antibodies.

2.2.01 General principles of SDS-poiyacryiamide gel electrophoresis

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) is a standard technique for separating 

polypeptides by size to enable them to be probed with an antibody by Western blotting. It 

works on the principle that a protein sample heated to 100°C for 10 minutes in loading 

buffer (see appendix) containing sodium dodecyl sulphate (SDS) (strong anionic detergent) 

and (3-mercaptoethanol (a strong reducing agent) results in dissociation of the protein into 

denatured polypeptides which bind to the SDS, forming SDS-polypeptide complexes. These 

complexes are loaded into a pre-cast gel, which consists of a stacking gel (pH 6.8) set over a 

resolving gel (pH 8.8). The gel, containing the SDS-polypeptide complexes is submerged 

into an electrophoresis tank (Biorad) containing an ionic running buffer (see appendix) and 

voltage passed through (200V), resulting in the size separation of the SDS-polypeptide 

complexes on the resolving gel.
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2.2.02 General principles of Western blotting

Western blotting is the standard technique for establishing the expression of a protein 

within cell lysates or tissue. Once polypeptides have been separated using SDS-PAGE, the 

polypeptides are electrophoredcally transferred onto a methanol presoaked nitrocellulose 

membrane (Hybond P, Amersham) using six sheets of Whatmann paper per gel, presoaked 

in blotting solution (see appendix) in a semi-dry blotter. Once transferred, the membrane 

is blocked in 5% non fat milk (w/v) made up in phosphate buffered saline solution 

containing 1% polyoxyethylene-sorbitan monolaurate (Tween 20, Sigma) (PBST) to 

minimise non-specific binding and subsequently exposed to a primary antibody specific for 

the protein of interest, diluted in PBST or PBST containing 5% ntilk powder (as specified) 

for either 1-2 hours at room temperature and pressure (RTP) or overnight at 4°C. 

Following this incubation period the membrane is thoroughly washed in 6 x 15 minute 

washes in PBST and incubated with a secondary antibody linked to horseradish peroxidase 

(HRP) diluted in PBST for 1-2 hours RTP, which binds to the primary antibody. Following 

incubation with the secondary antibody, the membrane is again thoroughly washed in 6 x 15 

minute washes of PBST after which immunoreactivity is visuahsed using a 

chemiluminescent substrate that detects HRP (ECL Plus - Amersham) (Figure 2.2.01).
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In order to correct for protein concentration in experiments, a standard colorimetric assay 

based on the Bradford assay (Bradford, 1976) was carried out on cell and tissue extracts, A 

standard curve of bovine serum albumin (BSA, Promega), made up by serial dilution in 

distilled water (or appropriate solution where specified) in the range Ipg/m l to 25pg/ml, 

was loaded with a blank, in duplicate on a clear 96 well plate. Protein samples (from ceU or 

tissue samples) were diluted sufficiently to ensure they were in the range o f the standard 

curve and loaded in quadruplicate into separate wells. Bradford reagent (Biorad) was added 

in a 1:5 dilution to each of the samples including the standard curve and pipetted up and 

down to ensure the two solutions were thoroughly mixed. Absorbance was measured at
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ODs95 on a SoftMax platereader and protein concentration of samples calculated against the 

standard curve, by firstly subtracting the blank, and finally multiplying by the dilution factor.

2.2.04 General principles of Immunohistochernistry

Immunohistochernistry is a well-established technique using antibodies specific for a 

protein of interest to detect antigens within tissues or cells thereby establishing the 

localisation of the protein o f interest. Using a similar principle to Western blotting, a 

secondary antibody with a biotinylated tag binds to the primary antibody and a streptavidin- 

biotin-HRP complex binds to the tag on the secondary antibody. Immunoreactive staining 

is visuahsed using an agent that recognises the avidin-biotinyated HRP (Figure 2.2.02). 

There are however a number of constraints associated with this type o f experiment. Firstly, 

cells or tissues must be fixed for this technique and fixation processes are often highly 

damaging to the antigenic structure. Ideally, perfect fixation would immobilize the antigens 

within the tissue whilst retaining the authentic cellular and subcellular architecture resulting 

in no change in epitope structure. However, no fixation methods are perfect and hence 

many epitopes are often masked or altered by certain fixatives. One example is the effects 

of formaldehyde or paraformaldehyde, which may block the ability o f an antibody to bind 

to an antigen by modifying amino acid side chains. If these chains are part of an epitope, the 

antibodies will not be able to interact. Formaldehyde and paraformaldehyde react with the 

primary amines of lysine establishing a cross link that stabilizes the antigen display, however 

this fixation often denatures the antigen thereby causing the loss of dénaturation sensitive 

epitopes.
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Additionally, unlike Western blotting where the identity o f an immunoreactive band can be 

confirmed by its size, immunohistochernistry tells you nothing about the identity of the 

protein, and hence it is vital that a well-characterised specific antibody is used. Other factors 

which influence the strength of the signal obtained include how the antigen is displayed in 

its local environment. In general antigens that are easy to detect present a large number of 

identical antibody binding sites in a small local environment, thereby allowing multiple 

antibody-antigen interactions to take place and hence making detection more simple. 

Furthermore, how easily an antibody can get to the antigen wiU determine the strength of 

the signal, thus it is vital that the tissue is treated in a suitable manner to optimise this. It is 

also essential that suitable negative controls be used to correct for background and non­

specific staining.

The immunohistochemical techniques used in these studies have been optimised to ensure 

that many of these constraints can be overcome. Two different techniques have been used, 

immunohistochemistry of frozen and wax sections. The detailed protocols of these two 

methods wiU be described in more detail in Chapters 4 and 5.
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Figure 2.2.02 Schematic representation of interactions leading to detectable 
staining in immunohistochemistry.

2.2.05 Preparation of lung tissue fractions for SDS-PAGE and Western 

blotting.

The cardiac lobes from porcine lungs were snap frozen in liquid nitrogen as soon as 

possible after death. The lobes were then homogenised using a polytron grinder, in cold 

assay buffer 1 (50mM Tris HCl, pH 7.4 containing 0.1 mM EDTA, 0.1 EGTA, 0.1% |3- 

mercaptoethanol and the protease inhibitors IpM Pepstatin A, 2pM Leupeptin and ImM 

phenylmathanesulfonyl fluoride) in a ratio of 1 gram tissue: 5ml buffer. The homogenate 

was centrifuged at 150 x g at 4°C for 10 minutes to remove larger particles and then
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ultracentrifuged at 100,000x g for 60 minutes at 4®C. The supernatant (soluble fraction) was 

then removed, the protein concentration determined using a standard protein assay, 

aliquoted and stored at -80°C until required.

In order to obtain the particulate (membrane bound) fraction, the pellet obtained following 

untracentrifugation was homogenised in buffer 1 containing IM KCl, to remove associated 

cytosolic proteins from ‘true’ membrane bound proteins. The homogenate was 

ultracentrifuged at 100,000 x g for 30 minutes at 4°C, the supèmatent discarded and the 

pellet rehomogenised in buffer 1 containing lOmM 3-3 [(3-cholamidopropyl) 

dimethylammonio]-!-propanesulphonate (CHAPS). CHAPS buffer solubilises membrane 

bound proteins. The homogenate was mixed gendy at 4°C for 30 minutes and centrifuged 

for a further 30 minutes at 100,000 x g. Samples were then centrifuged at 100,000 x g for 30 

minutes and the supernatant removed, the protein concentration determined using a 

standard protein assay, aliquoted and stored at -80®C until required.

2.2.06 Tissue preparation of frozen sections for immunohistochemistry

Immunostaining studies on mammalian tissues are often carried out on frozen sections as 

this is the gentlest method of sample preparation and tends to preserve tissue structure and 

antigens. Blocks of lung tissue and extrapuhnonary arteries, together with aorta, main 

bronchus and atrium were surrounded by embedding compound (OCT Brights, Cambridge, 

U.K.) on cork disks and snap frozen in isopentane cooled in Hquid nitrogen. The blocks 

were then stored at -80°C. Subsequently, serial 10-pm cryostat sections were cut from each
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block and thaw mounted on glass slides coated with Vectabond (Vector Laboratories, 

Peterborough, UK). Slides were kept frozen at -80°C until further use.

2.2.07 Immunohistochemical staining of porcine lung frozen sections

For immunohistochemical staining, shdes were removed from -80°C storage and 

maintained at 20-25°C, for 2-3 minutes until no moisture droplets were visible. Slides were 

then immersed for 20 minutes in cooled acetone for fixing. Following the acetone 

incubation, slides were dried and then washed in PBS for 2 x 5  min washes on a rotating 

platform. After washing, slides were immersed in 0.3% H 2O 2 in 100% methanol for 30 

minutes at room temperature and pressure (RTP) (this step blocks endogenous peroxide 

activity which is essential, as the final method of detection is peroxidase based). Shdes were 

subsequently washed with PBS for 3 x 5min washes. Each section was outlined using a 

waterproof pen (PAP pen) and sections on each shde were then blocked for non specific 

binding using protein blocker (DAKO) for 30 minutes RTP. The DAKO blocker was 

washed off with 3x5min washes of PBS after which sections were incubated with the 

primary antibody diluted in PBS, overnight at 4 °C. After overnight incubation, the primary 

antibody was washed off in 3x5min washes of PBS and shdes subsequently incubated for 

30minutes at RTP with a biotinylated secondary antibody (DAKO) diluted in PBS. Excess 

secondary antibody was washed 3x5 min washes of PBS. Streptavidin biotinylated 

horseradish peroxidase complex (ABC - Amersham) was added to ah sections in a 1:200 

dilution. This was then foUowed by a stringent 3 x 10 min wash in PBS. Shdes were then 

stained with Diaminodenzidine (DAB) tablets (Sigma) made up to manufacturers 

instruction, and brown staining observed under a hght microscope. DAB is a reagent.
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which, in the presence of horseradish peroxidase, yields an intense brown product that is 

insoluble in both water and alcohol. Once stained, slides were immersed in distilled water to 

stop the DAB reaction. Shdes were not left for any longer than 1 minute with DAB. 

Negative controls were treated in the same way with the exception that the primary 

antibody was omitted.

2.2.08 Counterstaining

Counterstaining is performed on shdes foUowing immunostaining for the protein of interest 

to help differentiate the various cell types or subcellular structures seen foUowing 

irnmunostaining. Shdes were immersed in Ehrhch’s hemotoxyhn (BDH) for 1 minute after 

which they were quickly washed in water and then soaked briefly in acid alcohol. The shdes 

were then washed continuously under running water for 10 minutes after which they were 

placed in 70% alcohol for 1 min x 2; absolute alcohol 3-5 minutes x 2; and 10 minutes 

histoclear x 2. Shdes were finaUy dried and fixed in DPX for hght microscopy.
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Section 2.3 GTP-CH1 activity measurements

2.3.01 GTP-CHl activity assay

The activity of GTP-CHl can be assayed in a relatively straightforward manner and the 

principle of GTP-CHl activity measurement is as follows. Formation of 7,8- 

chhydroneopterin triphosphate (7,8-NH2-TP), the product o f GTP-CHl is oxidised to 

neopterin triphosphate a fluorescent compound detectable on a 96 well plate reader 

(excitation 360nm, emission 465nm). The phosphate group of neopterin triphosphate is 

then cleaved by alkaline phosphatase resulting in the generation of neopterin, a second 

fluorescent compound that is readily detectable by HPLC. The levels of neopterin and 

neopterin triphosphate fluorescence directly correlate with GTP-CHl activity (Figure 

2.3.01). As the next enzyme down stream of GTP-CHl requires Mg^+, assays of GTP-CHl 

activity are performed in the presence of EDTA and 7,8-dihydroneopterin triphosphate will 

accumulate even in the presence of high 6-pyrovoyl tetrahydropterin synthase activity. It is 

also essential that a highly purified alkaline phosphatase is used to cleave the neopterin 

triphosphate as crude phosphatase preparations sometimes containing substantial GTP- 

CHl activity (Figure 2.3.01).
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2.3.02 Preparation of lung homogenates for GTP-CH1 activity 

measurements

Porcine cardiac lobes from all age groups (F, NB, 12-24 hr, 3d, 14d, A and 3H) were snap 

frozen as soon as possible after death, crushed under liquid nitrogen and homogenised in 

250|il Tris Buffer (50 mM, pH 8.0) containing 2.5mM EDTA by mechanical stirring (80^ 

in a tissue grinder (Braun, Melsungen, Germany) and centrifuged (13,000 rpm, 10 minutes). 

Protein concentrations were determined by Bradford assay (Bio-Rad Laboratories, Munich, 

Germany) according to manufacturer’s instructions. The detailed protocol of the GTP-CHl 

activity measurements in porcine lung homogenates are described in the following results 

chapters.
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Figure 2.3.01 Reaction mechanism for GTP-CHl activity assay
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Section 2.4 

Development of a GFRP over expressing cell line and standard molecular 
biological techniques 

2.4.01 Reverse transcription

Reverse transcription (RT) was performed using Ready-To-Go™ You-Prime first-Strand 

Beads (Amersham) which utilize Moloney Murine Leukemia Virus (M-MuLV) reverse 

transcriptase to generate first strand cDNA. Typically, Ipl RNA was heated with 29[d of 

diethyl pyrocarbonate (DEPC, Sigma) treated water (RNAse free water), to 65°C for 10 

minutes and chilled on ice for 2 minutes. The reaction mixture was transferred to a fresh 

RT-PCR tube containing the RT-beads and 0.2|j l1 of reverse oligonucleotide primer added. 

After incubation at RTP for 1 minute, tubes were mixed by gentle vortex followed by 

centrifugation and incubated at 37°C for 1 hour.

2.4.02 Polymerase Chain Reactions

DNA sequences were amplified by Polymerase Chain Reaction (PGR). Typically, PGR 

reactions contained oligonucleotide primers at lpmol/[xL (Sigma-Genosys), 0.1 mM dNTPs, 

l.SmM MgGb, Taq DNA polymerase 0.025U/pL and 10 X PGR buffer (all from 

Invitrogen) in a final volume of 25pL. Amplification conditions were typically 94°G for 5 

minutes; 30 cycles of 94°G (10s), *60°G (10s), 72°G (30s); and 72°G for 5 min, unless 

otherwise stated, and carried out in a Techne Genius automated thermocycler. In certain 

cases, PGR reactions were performed using Expand High Fidelity PGR system (Roche) 

according to manufacturer’s instructions. This kit consists of an optimised PGR system.
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which increases the overall efficiency and yield of the reaction whilst mmiinising the risk of 

introducing a sequence error.

* Annealing temperature chosen was typically 4®C lower than oligonucleotide primer 

melting temperature.

2.4.03 Agarose gel electrophoresis

Products of PCR or restriction digests were analysed by agarose gel electrophoresis. 

Agarose (0.6-2% w/v) (Invitrogen) was made up in IX  TBE (lOX TBE stock diluted in 

distilled water - Invitrogen) and melted by heating to >60°C. Ethidium bromide (Sigma) 

was added to a final concentration of 0.2mg/mL. Gel loading solution (6X) (Sigma) was 

added to DNA samples and loaded onto a gel along with a IkB plus DNA ladder 

(Invitrogen). Samples were electrophoresed in IX  TBE buffer at lOOV for ~30 min or until 

bands were sufficiently separated to visualise fragment of interest. DNA fragments were 

visualised using a UV transiUuminator.

2.4.04 Purification of DNA bands from agarose gels

PCR products or restriction enzyme digestion products were excised and purified from 

agarose gels using a Qiaquick gel extraction kit (Quiagen) according to manufacturer’s 

instructions. DNA fragments were excised from gels with a scalpel and incubated for 10 

min at 50°C in SOOpL/lOOmg gel o f buffer QG to solubilize the agarose. One volume of 

isopropanol was then added to the sample and mixed to increase the yield of DNA 

fragments <500bp and >4Kb. Samples were then appUed to Qiaquick columns and
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centrifuged for 1 min to bind DNA. Columns were then washed with 0.5mL buffer QG to 

remove traces of agarose and 0.75mL of ethanol-containing buffer PE to remove salt. 

DNA was eluted with 30[xL of distilled water.

2.4.05 TOPO TA cloning

PCR products amplified by Taq DNA polymerase (and therefore containing A overhangs) 

were direcdy inserted into pCR2.1—TOPO using a TOPO TA Cloning kit (Invitrogen). 

The linearised vector has single overhanging T  residues and ligation with Taq polymerase 

PCR products using topoisomerase occurs efficiently within 5 minutes at room temperature. 

2[i.L of gel-extracted PCR product was added to IpL vector and 2pL sterile water. The 

reaction was incubated for 5 minutes at room temperature before transformation into 

TOP 10 One Shot competent cells (Invitrogen). 2pL of the TOPO-cloning reaction was 

transferred to a vial of One Shot cells and mixed gendy. The cells were incubated on ice for 

30 minutes prior to heat-shocking for 30s at 42°C. Tubes were then transferred 

immediately to ice for 2 minutes and shaken horizontally for 30 minutes at 37°C after 

addition of 250pL SOC medium. I SOpL of each transformation was spread on LB plates 

(Müleds Luria Broth - Sigma) treated with 40pL 40mg/mL X-gal (5-Bromo-4-chloro-3- 

indolyl |3-D-galactoside - Sigma) for blue/white screening. Plates were incubated overnight 

at 37°C.
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2.4.06 Restriction enzyme digests

Restriction enzyme digests were incubated for l-2h at 37°C in a lOjiL reaction volume 

containing plasmid DNA, lOU of the restriction enzyme (Roche or Promega) and the 

corresponding enzyme reaction buffer.

2.4.07 Ligation reactions

Digested vector DNA was incubated with insert DNA in a 1:3 molar ratio. Reactions 

contained IX Hgase buffer (50mM Tris-HCl, lOmM MgCb, ImM ATP, ImM dithiothreitol 

(DTT), 5% (w/v) polyethylene glycol-8000) and lU  of T4 DNA ligase (Invitrogen) giving a 

final volume o f lOpL. Reactions were incubated at 4°C overnight. 5(iL or lOjiL of the 

reaction was then used to transform 50^L or lOOpL, respectively, of competent DH5a 

S.coli cells (Invitrogen).

2.4.08 Transformation of competent E.co//cells

DH5 a competent cells (Invitrogen) were transformed according to instructions. Cells were 

slowly thawed on ice and ahquoted into pre-chilled l.SmL eppendorf tubes. Ligation 

reactions were then added to the cells and gendy mixed before returning to ice for 30 min. 

Cells were then heat-shocked by incubation at 42°C for 1 min and immediately returned to 

ice for a further 2 min. 450[xL or 900|iL of LB medium was then added to 50[rL or 10G{rL 

of cells, respectively. Cells were then shaken horizontally at 37°C for 30 min and then 

collected by centrifugation at 13,000 rpm for ~30s in a bench top microfiige. The cells were
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then resuspended in lOOpL and spread on LB agar plates containing lOOpg/mL ampiciUin 

and finally incubated overnight at 37°C.

2.4.09 Preparation of plasmid DNA -  miniprep

Colonies of transformed DH5a cells were picked from agar plates and inoculated into 3mL 

of LB medium containing lOOpg/mL ampiciUin. Cultures were incubated at 37°C 

overnight, shaking. Plasmid DNA was then isolated from 2.5mL of overnight culture using 

a Qiaprep Spin Miniprep Kit (Qiagen). The remaining 0.5mL was mixed with O.SmL of 

sterile 50% (v/v) glycerol and stored at —80°C, In brief, the protocol for plasmid 

purification was as follows. Bacterial cells were pelleted by centrifugation at 13,000 rpm for 

~30s and resuspended in 250[xL of resuspension buffer. The cells were then lysed under 

alkaline conditions by mixing with 250pL lysis buffer until the solution was slightly clear. 

Denatured proteins, chromosomal DNA and cell debris were precipitated by mixing the 

lysate with 350[xL neutrahsation buffer and removed by centrifugation at 13,000 rpm for 10 

min. The supernatants were then apphed to Qiaprep spin columns and centrifuged for 30- 

60s to allow binding of plasmid DNA to the sihca-gel membrane of the column under the 

high-salt conditions of the neutrahsation buffer. Columns were washed with buffer PB to 

remove trace endonucleases and buffer PE to remove salts. DNA was eluted in low salt 

conditions with SOpL of buffer EB (lOmM Tris-CL, pH8.5).
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2.4.10 Larger scale preparation of plasmid DNA -  Midiprep

Larger preparations of ulttapure DNA (up to lOOpg) were obtained from 50mL or lOOmL 

cultures of transformed E.co/i cells using a Qiafilter Plasmid Midi Kit (Quiagen) according 

to manufacturer’s instructions. The principles of the purification procedure are essentially 

the same as those for the Qiaprep Spin Miniprep Kit but clearing of lysates was achieved by 

filtration through a Qiafilter cartridge instead of centrifugation. Plasmid DNA was purified 

using a Qiagen tip packed with Qiagen resin and precipitated with isopropanol to obtain an 

ultrapure preparation suitable for use in transfection and sequencing. DNA concentrations 

in midipreps were determined by measuring absorbance at 260nm in a CECIL 2020 UV 

spectrophotometer. One unit of absorbance at 260nm is equivalent to SOpg/mL of double­

stranded DNA.

2.4.11 Ethanol precipitation

In order to prepare DNA samples for sequencing, ethanol precipitation was carried out as 

follows. To the total DNA extract, one tenth of the volume of 3M NaAcetate pH 5.2 and 

two and a half times the volume of 100% ethanol were added (i.e. for 20|xl DNA sample, 

2[xl NaAcetate and 50 pi ethanol were used). Subsequently, incubation on dry ice for 10 

minutes followed by centrifugation at 14,000rpm for 15 minutes at 4°C resulted in a pellet. 

The supematent was discarded and the pellet washed with 70% ethanol followed by a 

second spin at 14,000rpm for 15 minutes. Finally the supematent was removed and the 

pellet allowed to air dry before being sent off for sequencing.
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2.4.12 Cloning and expression of human kidney GFRP cDNA

First strand cDNA synthesis of GFRP was performed using human kidney poly A+ RNA as 

a template (Clontech) and was primed using an ohgonucleotide complementary to the 3’ 

UTR of human GFRP [GGT GCC CCG TCT GCA AATC] with reverse transcription 

beads (Amersham). Subsequently, PCR amplification of the cDNA was performed using 

oligonuceotide primers complementary to residues 3-17 downstream of an inserted E c o R l  

site [GATC GAA T T C  CGC TAC CTG CTC ATC] and residues 255-236 downstream of 

an inserted Sal 1 restriction site [CTGA G TC  GAG  TCA CTC CTT GTG CAG ACA 

CCAC] (94°C 10 secs; 55°C 10 secs and 72°C 30 secs 30x cycles) giving rise to a 0.25 kB 

product. The GFRP human sequence was analysed beforehand to confirm that Eco R1 and 

Sal 1 restriction sites did not exist in the coding region.

The 0.25kB product was gel purified (Quiagen) and Topo A cloned into pCR TOPO 2.1 

(Invitrogen). Successfully cloned colonies were picked, cultured and the DNA extracted 

using a miniprep kit (Quiagen). The DNA samples were then restriction digested with Eco 

R1 and Sal 1 for 2 hours after which they were run out on a 1.5% agarose DNA gel. This 

gave rise to two bands (2.IkB and 0.25kB) corresponding to the TOPO vector and insert 

respectively (Figure 2.4.01). These DNA samples were ethanol precipitated and sequenced 

using the T7 forward primer (MWG Biotech) to confirm that no mutations had been 

introduced during amphfication. Sequencing results showed a 99.6 % ahgnment with human 

GFRP.
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Figure 2.4.01 G el im age  of G FR P/T O PO  d ig ested  with E co R1 and Sa! 1 

GFRP-pcDNA 3.1 Hygro co n s tru c t developm ent

Two oligonucletide primers (GFRP 4 and 5) complementary to residues 98-118 

downstream of an inserted iT /nr////restriction site and N-Myc tag [AAG C T T AAC ATG 

GCC GAA C/\A AAA CPC ATC TCA Gv̂ VA GAG GAT CTG GGC GGC CCC TAG 

CTG CTC ATC AGC ACC] and residues 349-328 downstream of an inserted X ho 1 

restriction site [CTGA CTC GAG TCA CTC CTT GTG CAG ACA CCA C ] were 

produced. Using GFRP/TOPO as a template, and the primers GFRP 4 and GFRP 5, 

PCR amplification using Expand Taq (Boeringer) (94°C 10 secs; 40°C 10 secs; 72°C 30 secs 

X 20 cycles) gave rise to a band approximately 310kB in size. The 310kB band was 

subsequently gel purified, digested with Xho 1 and Hind III (Promega) and ligated with 

pcDNA 3.1 Hygro (pre cut with Xhol and Hindlll). The ligation was transformed into 

DH5a cells, colonies cultured in 3ml LB Amp and DNA extracted using the Quiagen 

miniprep kit. The products were later digested with Xho 1 and Hind III and run out on a 

1.5% agarose gel with each giving rise to two bands one at 5.6kb and one at 310kb,
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corresponding to the pcDNA 3.1 Hygro vector band and Myc tagged GFRP insert 

respectively (Figure 2.4.02).

Figure 2 .4 .02  Gel im age of GFRP/pcDNA 3.1 Hygro miniprep d igests  
using X ho 1 and Hind III

The sample corresponding to the brightest band on the gel was then ethanol precipitated 

and sequenced (MWG Biotech) using the BGH reverse and T7 forward primers to confirm 

that no mutations had been introduced during amphfication. Both sequencing results 

showed a 100% ahgnment with human GFRP (Figure 2.4.03a and b).

2 0 2  g a g a a g a g c c t t g g g a a a c a a c t t t t a t g a a t a c t a c g t c g a t g a c c c t c  

1 0 1  G A G A A G A G C C T T G G G A A A C A A C T T T T A T G A A T A C T A C G T C G A T G A C C C T C  

252 c c c g c a t a g t c c t g g a c a a g c t g g a a c g c a g g g g c t t c c g t g t g c t g a g c  

5 1  C C C G C A T A G T C C TG G A C A A G C TG G A A C G C A G G G G C TT C C G TG T G C TG A G C

F igure 2 .4 .0 3 a  Alignment of seq u en ced  GFRP Myc/poDNA 3.1 Hygro, using the 
BGH reverse primer, versu s derived human GFRP nucleotide seq u en ce .

85



98 ccctacctgctcatcagcacccagatccgcatggaggtgggccccactat 147

61 CCCTACCTGCTCATCAGCACCCAGATCCGCATGGAGGTGGGCCCCACTAT 110

14 8ggtgggcgatgaacagtcggatccagagctgatgcagcatctgggggctt 197

11IGGTGGGCGATGAACAGTCGGATCCAGAGCTGATGCAGCATCTGGGGGCTT 160

198caaagagaagagccttgggaaacaacttttatgaatactacgtcgatgac 24 7

161CAAAGAGAAGAGCCTTGGGAAACAACTTTTATGAATACTACGTCGATGAC 210

24 8cctccccgcatagtcctggacaagctggaacgcaggggcttccgtgtgct 2 97

21ICCTCCCCGCATAGTCCTGGACAAGCTGGAACGCAGGGGCTTCCGTGTGCT 2 60

Figure 2.4.03b Alignment of sequenced GFRP Myc/pcDNA 3.1 Hygro, using the 
T7 forward primer, versus derived human GFRP nucleotide sequence.
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2.4.13 sEndl cells

sEnd 1 cells (skin endothelioma cells) were originally isolated from murine hemangiomas 

(benign tumours) induced by developing tumour forming mice using a neomycin resistant 

retroviral vector expressing the middle T oncogene (Williams et al̂  1988). When a retrovirus 

infects a cell, it injects its RNA into the cytoplasm of that cell along with the reverse 

transcriptase enzyme. The cDNA produced from the RNA template contains the vitally 

derived genetic instructions and allows infection of the host cell to proceed. Once isolated 

and cultured, these endothelioma cells have been shown to retain endothelial cell 

morphology and express specific endotheUal cell markers (Williams et al.̂  1988). Under 

normal conditions, in culture, sEnd 1 cells express eNOS and make low but detectable 

levels of NO (nitrite levels measured by Greiss assay), and following cytokine (interferon 

gamma - IFN y, tumour necrosis factor alpha -TNF a) + Upopolysaccharide (LPS) 

treatment for 24 hours, express iNOS and produce higher levels o f NO (Leiper et ai, 2002). 

Furthermore, stable cell lines overexpressing different proteins have been successfully 

created, using a similar methodology to that described for the generation of GFRP over 

expressing cells, in sEnd 1 cells (Leiper et Achan et al.̂  2002).
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2.4.14 Myc Tag

Epitope tags are useful for labeUmg proteins for detection using immunoblotting. The tags 

are usually small and tend not to affect the protein’s biochemical properties. The Myc tag is 

perhaps the most widely used epitope tag system. The monoclonal antibody specific for the 

Myc tag is the 9E10 antibody, raised against a synthetic peptide derived from the carboxyl 

terminus of the human c-myc protein. Myc tagging is now widely used in vector/expression 

systems.

2.4.15 Cell culture

Standard ceU culture techniques were used for maintenance of cell lines. In general, sEnd 1 

cells were cultured grown in 75cm^ flasks in Dulbecco’s Modified Eagle Medium (DMEM, 

Invitrogen) supplemented with 10% (v/v) Heat inactivated Fetal Bovine serum (Invitrogen), 

2mM L-glutamine (Invitrogen) and 100 units penicdhn G sodium and lOOg streptomycin 

sulphate (Invitrogen) in a humidified incubator maintained at 37°C, 5% CO2 . Cells 

containing the pcDNA 3.1 Hygro plasmid were cultured in the same medium as above but 

with an additional 500pg/ml Hygromycin (Roche) to select for cells only containing the 

plasmid.

Cells were passaged by washing twice with PBS followed by incubation with l.OmL of a 

solution of trypsin-EDTA (Invitrogen) for 5 min at 37°C. Trypsin was then inhibited by 

the addition of 9.5mL of complete DMEM (with pipetting to give an even cell suspension) 

and cells were spht by adding 0.5ml of resuspended cells to lOmls o f fresh medium, giving a 

1:20 spht.



2.4.16 RNA extraction

Total RNA was isolated from tissue culture cells using TRIZOL Reagent (Gibco BRL) 

according to manufacturers instructions. The reagent is a mono-phasic solution of phenol 

and guanidine isothiocyanate and maintains the integrity of RNA while disrupting cells and 

dissolving cell components. Cells were grown to confluence in 6 well plates (3,5cm^ wells) 

and subsequendy lysed and harvested using ImL of TRIZOL reagent per well, 0,2mL of 

chloroform was then added and the tubes shaken vigorously for 15 seconds before 

centrifugation at 14,000 rpm for 15 min at 2-8°C to separate the organic and aqueous 

phases. This extraction method results in RNA remaining exclusively in the upper aqueous 

phase. The aqueous phase \^as carefully removed and transferred to fresh eppendorf tubes 

and precipitated by mixing with 0,5mL isopropanol followed by centrifugation at 14,000 

rpm for 10 min at 2-8°C, After washing with 75% ethanol and a final centrifugation at 7500 

rpm for 5 minutes at 2-8°C, RNA pellets were resuspended in lOpL DEPC (Sigma) -treated 

water and heated in a 55°C water bath for 10 minutes before being stored at -20°C until 

required.
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2.4.17 Stable transfection of sEnd 1 cells

Approximately 5pg per well of DNA is needed for successful transfection of a 6 well plate. 

The concentrations of double-stranded DNA, for both the N-Myc-GFRP-pcDNA 3,1 

Hygro construct and the empty vector (pcDNA 3.1 Hygro) were determined from 

Midiprepped cultures as described earlier.

sEnd 1 cells were grown to 60-80% confluence in 6 well plates and GFRP-pcDNA 3.1 or 

the pcDNA 3.1 Hygro construct was transfected into sEnd 1 cells using TFX 20 Transfast 

transfection reagent (Promega) according to manufacturers instructions.

Briefly, 5pg DNA (GFRP-pcDNA 3.1 or pcDNA 3.1 alone) was mixed by vortexing with 

1ml of media after which 22.5pil Trans fast was added and the reaction mixture vortexed and 

incubated at RTP for 15 minutes. Media was aspirated from each of the wells of the 6 well 

plate and replaced with 1ml of the transfection mixture for 1 hour at 37°C. After this 

incubation period, 5ml o f media was added to each of the wells, giving a total volume of 

6mls in each well. Plates were subsequently returned to the incubator. In total, 3 wells were 

transfected with N-Myc GFRP-pcDNA 3.1 construct, 2 with pcDNA 3.1 empty vector and 

the remaining well left untransfected.

48 hours post transfection, media was replaced with media containing SOOmg/ml 

hygromycin (Roche) to select for transfected cells. Following five days of culture in the 

selective medium, individual hygromycin colonies were isolated and transferred to 96 wells 

plates for expansion to T75 flasks.
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2.4.18 Preparation of cell extracts for SDS PAGE and Western blotting

Four GFRP overexpressing and two pcDNA 3.1 mock transfected cell lines were grown to 

confluence in lOcm^petri dishes. Cells were washed with PBS and subsequently harvested 

into 1ml of PBS using a rubber cell scraper. Cell suspensions were centrifuged on a 

benchtop centrifuge to pellet the cells at 14000rpm at 4®C. Cell pellets were resuspended in 

RIPA buffer (see appendix) and a standard protein assay carried out to correct for protein 

loading, (RIPA buffer was included in the blank and standard curve at the same 

concentration as in the cell samples).

2.4.19 Greiss Assay

Nitrite content (used as a correlate of NO) of cell media plus/minus cytokine + LPS 

treatment was measured colormetricaUy using the Greiss Assay. 5Oui of Greiss reagent A 

(1% sulphanilamide (w/v), 5% phosphoric acid (v/v)) and 5Oui o f reagent B (0.1% N-(l- 

naphthyl) ethylenediamine (w/v)) all from Sigma-Aldrich, were added to lOOul of media. 

Samples were plated in quadmpHcate on a 96 well plate format alongside a blank (media 

alone) and a standard nitrite curve (sodium nitrite serially diluted in media in the range 10- 

lOOpM). Absorbance was read at 565 nm. The concentration of nitrite in the samples was 

determined by extrapolating the absorbance values from the standard curve and values 

corrected for protein concentration for each well.
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2.4.20 Electrochemical detection of tetrahydrobiopterin

Intracellular BH4 was measured using HPLC and electrochemical detection (Heales and 

Hyland 1989 and Howells and Hyland, 1987). Electrochemistry involves the study of the 

effect of an electric potential on a chemical compound. At a specific potential a compound 

can be oxidised or reduced. In an electrochemical cell, a pair of inert electrodes are placed in 

a solution with an electrolyte containing an analyte. A potential is applied across the 

electrodes resulting in either oxidation or reduction of the analyte of interest. The 

magnitude of the current is then related to the concentration of the analyte as means of 

quantification. Briefly, samples were injected onto an isocratic HPLC system with multi­

channel electrochemical CoulArray detection with a 100 mm C-18 column with a running 

mobile phase, (50 mM sodium acetate, 5 mM citric acid, 48 pM EDTA and 0.3 mM DTE, 

pH 5.2) at a flow of 0.75 ml/min. The optimum potential for detection o f BH4 is +125mV. 

Two other sequential electrodes were set at —350mV and +700mV to reduce the BH4 and 

oxidize all o f the pterin within the sample respectively, allowing further selectivity and 

conformation of BH4 presence. Essentially, as the analyte passes through the first electrode, 

the entire sample is oxidised, the analyte then passes through electrode 2, where the redox 

active BH4 is reduced. The reduction leads to a loss of electrons (which can be flipped by 

reverse polarity and hence measureable as a current). Furthermore tetrahydrobiopterin 

standards were run on the HPLC to allow quantification of the peaks.
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Section 2.5 

Structural characterisation of lungs from hph~1 and wild type mice

2.5.01 Structural characterisation of pulmonary hypertension

Pulmonary hypertension is characterised by structural and morphological changes to the 

lung vasculature and right ventricle of the heart. Structural remodelling resulting from e.g. 

hypoxia induced pulmonary hypertension, has been investigated in a number of clinical 

cases and animal models, demonstrating structural alterations that extend to the periphery 

of the vascular tree. Such alterations include thickening of the smooth muscle layer down 

the precapillary resistance vessels, with both hypertrophy (increased cell size) and 

hyperplasia (increased cell number) of smooth muscle cells in the blood vessel wall; 

prohferation, differentiation and migration of smooth muscle precursor cells (e.g pericytes 

and fibroblasts) into normally non muscular vessels and deposition of extracellular matrix 

components such as collagen and elastin (Jones and Reid 1995, Jeffery and Wanstall 2001). 

Furthermore, this increased muscularisation of resistance arteries and decreased compliance 

of the vessels leads to the development of right ventricular hypertrophy as the right heart 

has to work against an increased pulmonary vascular resistance.
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2.5.02 Perfusion and fixing of tissues for paraffin sectioning

In order to carry out structural analysis of the pulmonary vasculature of the hph-1 and W /T  

mice, airway perfusion with 10% buffered formol saline (see appendix) was performed to 

fix and inflate the lungs thereby maintaining cell architecture and preserving the tissue. 

Lungs (still attached to the heart) were perfused with 10% buffered formol saline via a 

cannula, as follows. Formol saline was added to a 5ml syringe attached to a clamp stand at a 

height of 20cm (giving a perfusion pressure o f 20cm H 2O) a tube was attached to the 

mouth of the syringe with a tap being attached to the top to control flow (Fig 2,5.01)

Each lung was individually kept moist in PBS in a dissecting dish and subsequently a piece 

of suture was tied in a loose knot around the trachea. The cannula was then carefully 

inserted into the trachea as far as it would go without causing damage to the tissue and the 

suture tightened around the tube and trachea, ensuring the knot did not block the cannula. 

The flow control tap was opened and formal saline allowed to enter the lungs at a pressure 

of 20cmH2O for a period of 5 minutes. Expansion of the lungs was viewed under a 

dissecting microscope. Once inflated, the tube was removed and the suture tied into a 

secure knot to prevent any formal saline leakage from the lungs. Perfused lungs (plus hearts) 

were subsequently stored in formol sahne overnight.
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Figure 2.5.01 Set up for lung perfusion

2.5.03 Lung t is s u e  p ro c e ss in g

Heart lung blocs were removed from formol saline and adherent fat and excess tissue cut 

away. The hearts were detached from the lungs and each weighed separately. The heart was 

subsequently stored in 70% ethanol overnight. Lungs were dissected into the 5 constituent 

lobes and each lobe cut into 2-3 slices. Lung slices were stored in plastic cassettes and 

dehydrated in 70% ethanol for 2 hours before being processed in a Hypercentre XP 

enclosed tissue processor. The tissue processor gradually dehydrates the tissue by bathing it 

in increasing concentrations o f ethanol and once dehydrated replaces the alcohol with wax 

via a histoclear step.
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2.5.04 Embedding

Cassettes containing processed lung sections were placed alongside plastic trays of molten 

paraffin wax on a hot plate. Lung sections were carefully removed from the cassettes using 

heated forceps (to prevent wax setting) and immersed into the trays of molten wax with the 

cut surface facing downwards. The wax was allowed to set by placing the trays on ice blocks 

after which the solid paraffin wax, containing the tissue sections was removed from the 

plastic tray. Each wax block only contained lung sections from one animal.

2.5.05 Sectioning

Wax blocks were placed on wet ice for approximately 20 minutes before sectioning. Blocks 

were subsequently attached to a microtome stand and 4|jim thick serial sections cut and 

floated on a water bath (37®C) to remove folds and finally mounted on süane coated glass 

slides and left to dry for at least 24 hours before immunohistochemical staining.
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2.5.06 Immunohistochemistry for wax sections

Slides were placed on a hotplate at 56®C for 20-30 minutes to ensure complete adherance of 

tissues and subsequently dewaxed in histoclear for 5 minutes and 1 minute followed by 

rehydration through a descending alcohol series (100% and 70% ethanol for 2 x 30 seconds 

each) tap water and finally 5 minutes in 3% hydrogen peroxide solution (made up in 

distilled water). Slides were then autoclaved in citrate buffer (lOmM citric acid (BDH) pH 6) 

to expose antigenic sites, cooled and washed in distilled water followed by PBS and circles 

drawn round the sections with a PAP waterproof pen and blocked in serum free protein 

blocker (DAKO) for 30 minutes. Sections were then incubated with mouse alpha smooth 

muscle actin monoclonal antibody (DAKO, UPQ for 1 hour at RTP, washed in PBS and 

then treated with biotinylated goat anti mouse/rabbit antibody (DAKO Ltd.) for 30 

minutes at RTP. After further washing in PBS, sections were treated with streptavidin- 

biotinylated horseradish peroxidase complex (Amersham, U.K.) for 30 minutes at RTP. To 

visualise alpha smooth muscle actin, sections were treated with 3,3'-diaminobenzinine 

(DAB, Sigma, U.K.) and viewed under a light microscope. The DAB reaction was stopped 

by immersing the shdes in distilled water. Negative controls were treated in the same way 

with the exception that the primary antibody was omitted. Sections were counterstained 

with Ehrhch’s haematoxyhn, as described earher.
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CHAPTER 3

Design and Development of a GTP-CH1 antibody
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3.01 Introduction

GTP-cyclohydtolase 1 is the first and rate-limiting enzyme in the biosynthesis of BH4 in 

vertebrates and insects (Nichol et al, 1985) and BH4 levels in mammalian cells are mainly 

determined by GTP-CHl activity (Auerbach et al 2000). The crystal structure of GTP-CHl 

from B.sherichia coli was elucidated by Nar et al, 1995, demonstrating that the enzyme exists 

as a decamer formed by face-to-face association of two pentamers, with the legs (formed by 

N-terminal pairs of monomers) of one pentamer clasping the ‘body’ of the other. The 

decamer is a toroid of subunits, with 10 equivalent active sites being located at the periphery 

of the toroid and each catalytic site being located at the interface of three adjacent subunits 

(see Figure 3.01).

There was no good specific GTP-CHl antibody commercially available and as a result a 

GTP-CHl antipeptide antibody was developed in order to provide us with tool for 

investigating GTP-CHl protein expression and localisation in the porcine models described 

in Chapter 2.

3.02 Methods and Protocols

A new GTP-CHl and peptide antibody was designed by studying the crystal structure of 

GTP-CHl in E.Coh elucidated by Nar f/^/1995 (Fig 3.01) using RasMol 3.1, a package that 

enables the study of the macromolecular structure of proteins from a wide database. By 

orientating the structure, various surface exposed polypeptide chains were identified and of 

these, those that had a greater proportion of hydrophilic residues were selected and checked 

to ensure they had good cross species homology. O f all possible sequences short-listed, the
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most suitable pol}^eptidc sequence was selected and the corresponding human peptide 

sequence was determined on the HGMP database.

Figure 3.01 Crystal structure of GTP-CH1 with 1 m onom er highlighted in red 
and the peptide se q u e n c e  against which antibody w as raised, highlighted in 
blue.

An N-terminal sequence CSNGFPERDPPRPGPSRPAEKPPRPEAK (amino acids 18-45) 

was selected, and the antigenicity of this pohq^eptide chain predicted by the algorithm of 

Hopp and Woods (1981) (Figure 3.02). The peptide was developed by Sigma Aldrich and 

conjugated with keyhole limpet hemocyanin (KI.H), via the terminal cysteine residue. 

Ciysteine groups on the end of the peptide form covalent bonds with the large number of 

cysteine residue on KI.H. Pre-immune serum from 2 rabbits was collected, after which both 

rabbits were immunised with the conjugated peptide. Four immunisations and four bleeds
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were carried out in total over a period of approximately two and a half months. During this 

time, the rabbit would be expected to generate specific antibodies against the GTP-CHl 

peptide+KLH. The specificity of the antipeptide antibody for GTP-CHl was tested 

(western blotting) after each bleed, on recombinantely expressed positive controls (kindly 

donated by D r Christian Hesslinger) Two sets of serum from the two animals were 

obtained, 9597 and 9598 of which 9598 appeared to give rise to the lowest number of non­

specific bands.

.5) 0.5 -

-0.5 -

Figure 3.02 Antigenicity plot for selected amino acid sequence for GTP-CH1 
antibody development. The chart displays the variation of the antigenic index as 
function of amino acid position. The higher the antigenic index, the more likely that 
the antibodies will 'see ' those groups of residues
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3.03 Anti peptide antibody purification

In order to improve the specificity for the GTP-CHl antipeptide antibody 9598, Smgs of 

Sigma-Aldrich produced peptide corresponding to the GTP-CHl peptide sequence (18-45 

on human sequence) was bound to 0.35g of activated thiol sepharose. Dry resin was swelled 

in water and washed 3 times with lOOmM Tris pH 8,0, ImM EDTA, 0.3mM NaCL 1ml of 

the 5mg peptide in the same buffer was added to the resin and incubated at 4°C overnight 

with shaking. This process allowed the cysteine group on the peptide to disulphide bond to 

the thiol group on the beads. Unbound peptide solution was then removed and the resin 

washed once in Tris lOmM buffer and once in lOOmM citric acid pH 4,5, The wash 

solutions were then removed and any free thiol groups remaining on the beads were 

blocked using lOmls lOOmM citric acid pH 4,5 containing ImM mercaptomethanol at room 

temperature for 2 hours.

Finally the resin was washed 3 times with phosphate buffered saline buffer pH 7,0, The 

resin was poured into an affinity column and 6mls of sera (9598) against the GTP-CHl 

peptide was added to the affinity column and incubated at 4°C overnight with mixing. The 

resin was subsequently spun down and the supernatant removed. Resin was washed 

extensively in 6 changes of PBS buffer after which 20ul of resin (50% slurry) was removed 

for analysis by SDS page for the presence of bound antibody.

The mercaptoethanol in the protein-loading buffer reduces the disulphide bond between 

the peptide and the sepharose bead. The SDS page should separate the 2 heavy chains 

(50kDa each) and the 2 light chains (25kDa) of the antibody complex giving one band at

102



lOOkDa and one at 50kDa. Resin was poured into a column and the bound antibody eluted 

with 10 ml of glycine pH 2.0. 1ml fractions were collected into tubes containing 20ul of IM 

Tris HCl pH 8.0 to neutralise it immediately. Neutral pH was confirmed by spotting onto 

universal indicator paper. The column was washed extensively with PBS to bring the pH 

back to neutral and stored in PBS containing 0.02% sodium azide at 4°C until further use. 

The OD 280 of the fractions was read on a UV spectophotometer and fractions containing 

protein were pooled, concentrated and washed into PBS using Centricon-30 concentrators 

(Mdlipore).

3.04 Determination of the immunoreactivity of the purified antibody

The specificity of the purified antipeptide antibody for GTP-CHl was tested on the 

recombinantely expressed positive controls and on particulate and soluble porcine lung 

homogenates from fetal, 3 day, 3H hypoxic and 14 day old animals. Briefly, BOpg of both 

the particulate and the soluble lung fractions were loaded along side a marker 

(Benchmark^^ — Invitrogen) and separated by SDS-PAGE using a 12% gel. Subsequently, 

standard Western blotting was performed on the blot using a 1:1000 dilution of the purified 

antibody 9598, made up in PB ST containing 5% milk (w/v) incubated overnight at 4°C and 

a 2 hour incubation, at RTP, o f a 1:3000 dilution in PBST of HRP linked donkey-anti rabbit 

secondary antibody (Amersham). Immunoreactive bands were visuahsed using the ECL- 

Plus detection system (Amersham) following manufacturers instructions.
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3 .0 5  R e s u lt s

Figure 3.03 shows an immunoblot showing an immunoreactive band for GTP-CHl in all 4 

recombinantely espressed positive controls using the purified antipeptide antibody 9598. 

Non specific bands were not present on the blot, demonstrating the specificity for the 

newly developed and purified antibody. Furthermore, immunoreactive bands were 

detectable in soluble porcine lung homogenates but not in the particulate fraction (Figure 

3.04).

A

# 9 '

B C D

SOkDa

F igure 3 .03  Immunoblot show ing im m unoreactive bands just
below the SOkDa marker on 4  recombinantly ex p ressed  positive controls.

30kD a

14d Shyp 3d F 14d 3 hyp 3d F

<--------- SOLUBLE---- ► "4—PARTICULATE “►

+ve

F igure 3 .04  Immunoblot show ing im m unoreactive bands just 
below SOkDa in soluble fraction and but not in the particulate fraction of lung 
hom ogenates obtained from fetal (F), 3 day (3d), 3 day hypoxic (3 hyp) and 14 day 
old (14d) piglets.
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3.06 Summary

The newly developed anti-peptide antibody for GTP-CHl, once purified, detects an 

immunoreactive band at the expected size of approximately 28-30kDa in both 

recombinantly expressed rat positive control and in soluble porcine lung homogenates. 

Unpurified GTP-CHl antibody often gave rise to an extra ~60-70kDa band, is likely to 

correspond to the GTP-CHl dimer. In order to niinirnise this dimérisation, samples should 

be placed on ice immediately after boiling in loading buffer. No immunoreactive bands are 

detectable in the particulate lung fractions, suggesting that GTP-CHl is not membrane 

bound. This antibody is therefore suitable for probing for GTP-CHl protein expression 

and localisation.
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CHAPTER 4

Developmental regulation of tetrahydrobiopterin 
biosynthesis by GTP-cyclohydrolase 1 in the porcine

lung
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4.01 Introduction

Pulmonary vascular resistance falls rapidly after birth as the pulmonary vasculature adapts to 

extra-uterine hfe. Structural remodelling and the maturation o f relaxant mechanisms are 

triggered by factors related to parturition and inhalation of oxygen (Haworth and Hislop 

1981, Heymann 1999). Failure to adapt leads to persistent pulmonary hypertension of the 

newborn (PPHN) (Haworth and Hislop 1982, Gersony, 1984).

The vascular endothelium plays an important role in regulating vascular smooth muscle 

tone via the release of several vasoactive products, one of which is nitric oxide (NO) 

(Palmer et al.̂  1987). Endothelial NO is produced from L-arginine and molecular oxygen by 

the catalytic activity of endothelial nitric oxide synthase (eNOS). There is increasing 

evidence that the NO pathway is dysfunctional in cases of PPHN, and neonates suffering 

from PPHN can be treated successfully with NO inhalation therapy (Kinsella et al, 1992). 

However, the regulation of NO generation during normal adaptation and the mechanisms 

underlying maladaptation are unclear, particularly as eNOS itself seems to be present but its 

activity and functional effects are reduced. NO generation can be limited by a deficiency of 

an essential cofactor for NOS, tetrahydrobiopterin (BH4), and sub optimal levels of BH4 are 

likely to make NOS generate harmful superoxide radicals (O2 ) (Cosentino et ai, 1998). The 

expression and activity o f the enzyme GTP-cyclohydrolase 1 (GTP-CHl) is rate limiting for 

the generation of BH4 (Nichol et ai, 1985) and the aim of the current study was to test the 

hypothesis that developmental regulation of GTP-CHl and generation of BH4 affect 

endothelial responses during development and that failure of the pterin pathway contributes 

to the failed adaptation that characterises PPHN.
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Hypothesis 1 ;

Regulation of the GTP-CHI/BH4 pathway and O i  generation affects endothelial 

responses in the neonatal period.

Hypothesis 2

Regulation of the GTP-CHI/BH4 pathway and O i  generation affects endothelial 

responses in hypobaric induced pulmonary hypertension and failure of the pterin 

pathway contributes to the failed adaptation that characterises PPHN.

The primary aim of both studies was to try to improve the endothelium dependent 

relaxations in porcine pulmonary arteries (normal development and in PPHN) by 

supplementing isolated pulmonary arteries with BH4 and quenching O 2* using a SOD 

mimetic. Firstly, the effects of supplementation of BH4 and SOD on the porcine pulmonary 

vasculature needed to be determined to elucidate whether or not these factors played a role 

in the vascular reactivity of the pulmonary arteries and also to determine whether there were 

any developmental variations or changes in the PPHN model, in response to these factors 

(Figure 4.01).

The second study investigated whether there was a direct correlation between any functional 

effects observed with BH4 supplementation and GTP-CHl protein levels, activity and 

localisation. In order to determine temporal protein expression and localisation of GTP-
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CHI in porcine lung samples, a polyclonal antibody raised against a peptide sequence of 

human GTP-CHl was developed as described in chapter 3.

Sepiapterin

L-Citrulline

O2 + L-Arginlne

BH4 iTetrahydrobippterin 
ONOO : Peroxynitrite

: Superoxide anion 
H2 O2  : Hydrogen peroxide 
NOS ; Nitric oxide synthase
NO ; Nitric oxide

Other
sources

SOD

(M nlM PyP)

ONOO

O2 + H2O2

Figure 4.01 Schematic representation of study.

If GTP-CHl expression and activity are reduced, there may be insufficient BH4 

available for efficient conversion of L-Arginine to NO and L-Citrulline, and may 

cause NOS to the generate O2". Furthermore, hypobaric hypoxic exposure may lead 

to an increase in the generation of O2" from other sources as well as NOS. 

Supplementation of BH4 (sepiapterin) and quenching of O2' (MnTMPyP) may 

reverse this effect and improve vascular reactivity.
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4.02 Protocols

The functional effects of the BH4 precursor, sepiapterin and/or the SOD mimetic, Mn(III) 

tetrakis (l-methyl-4-pyridyl)porphyrin pentachloride (MnTMPyP) in isolated porcine 

pulmonary arteries and GTP-CHl protein expression, activity and immunolocalisation in 

porcine lung samples were investigated in both normal development and in a 3 day old 

model of PPHN. Functional studies were performed on isolated intrapulmonary arteries 

using standard organ chamber pharmacology. Extracted protein samples were analysed for 

GTP-CHl protein expression by western blotting and activity (as described in Chapter 2). 

GTP-CHl localisation was determined by immunohistochemistry using frozen sections.

Model of persistent pulmonary hypertension of the newborn

In order to mimic PPHN, newborn piglets were placed in a hypobaric chamber maintained 

at 50.8kPa for 3 days. The newborn piglets were dehvered naturally at Camden Royal 

veterinary college and placed in the chamber within 20 minutes of birth. The chamber 

contained a heating lamp and straw bedding. The internal temperature of the chamber was 

29°C. The chamber was cleaned daily for a maximum of twenty minutes. The piglets were 

gavage fed on modified cows milk. These piglets develop hypobaric hypoxia induced 

pulmonary hypertension, with right ventricular hypertrophy. Persistent right to left shunting 

across the foramen ovale and ductus arteriosus leads to a systemic arterial oxygen saturation 

of 71± 5% (Tulloh et ai, 1997). In the present study, right ventricular hypertrophy was 

confirmed by determining the ratio of left ventricle plus septum (LV + S) weight to the 

weight of the right ventricle (RV). In healthy 3 day old animals the ratio of LV+S/RV
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approximates to 1.81 ± 0.09 whereas in the 0-3 day pulmonary hypertensive animals this is 

reduced to 1.37 ± 0.08. (Tulloh et al.̂  1997). After 3 days in the chamber, piglets were 

killed with an overdose o f pentobarbitone lOOmgs/kg and the lungs removed and 

immersed in cold Krebs-Henseleit solution until use.

Functional studies

A minimum of five animals per age group, were studied. One or two animals of the same 

age were studied on each experimental day. Pulmonary arteries were carefully dissected 

from lung blocs and suspended in organ chambers as described in Chapter 2. The animals 

used were fetal (F), newborn (NB), 12-24 hours (12-24h), 3 day old (3d), 14 days old (14d), 

adult (approximately 3 months old) (A) and 3 day pulmonary hypertensive (3H).

Following the equilibration period and K125 challenge, a cumulative concentration 

response curve to 9,11-dideoxy—lla ,9 a  epoxymethanoprostaglandin p 2a (U46619, Sigma), 

a thromboxane analogue, was constructed at the beginning of each experiment on one 

arterial ring, to determine the EC80 for U46619 for that particular animal’s artery. Once 

determined, the EC80 of U46619 was administered to the remaining vessels and the tissues 

allowed to contract until a plateau had been reached. The remaining 4 vessels were then 

incubated for 30 minutes with the following reagents; 30pM sepiapterin (Schirks 

Laboratories, Switzerland), lOpM Mn(III) tetrakis (1 -methyl-4-pyridyl)porphyrin 

pentachloride (MnTMPyP) (Calbiochem, U.K.), sepiapterin plus MnTMPyP and finally 

vehicle (Krebs-Henseleit alone).
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Following the incubation period, a cumulative concentration response curve to 

acetylcholine (ACh, Sigma) was constructed in the concentration range of InM - 0.3mM. 

The ACh was then washed out for 10-15 minutes with Krebs-Henseleit and vessels allowed 

to return to baseline, after which the same vessels were reincubated with sepiapterin, 

MnTMPyP, both or neither. After the second 30-minute incubation, the EC80 for U46619 

was readministered and a cumulative concentration response curve to the NO donor, 

sodium nitroprusside (SNP, Sigma), constructed in the range of InM - 3p.M. Finally 10p.M 

papaverine (phosphodiesterase inhibitor) was added to all vessels for a period of 2 0  minutes 

to allow the tissue to relax fully back down to baseline. A schematic of this protocol is 

shown in Fig. 4.02.
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Figure 4.02 Schematic representation of organ chamber protocol
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Data analysis

For all functional studies, vessels were initially contracted up to an EC80 for U46619 before 

constructing the appropriate concentration response curves to ACh or SNP. At the end of 

each experiment vessels were relaxed fuUy with the phosphodiesterise inhibitor, papaverine, 

resulting in maximal relaxation of the tissue down to baseline. For the purposes of data 

quantification for the relaxation studies, the precontractile U46619 response was taken to be 

0% relaxation whilst the papaverine response was taken as 100%. AH ACh and SNP 

induced relaxations mean ± SEM were calculated as a percentage of the response to 

papaverine. Statistical significance in concentration response curves to both ACh and SNP 

were determined using a Two Way ANOVA with Bonferonni post hoc test for multiple 

comparisons, yielding p<0.05 for statistically significant data sets (drug treated vs. vehicle).

As a minimum of 5 experiments were conducted on 7 different groups, each group having 4 

different treatments (i.e. sepiapterin, MnTMPyP, sepiapterin plus MnTMPyP and vehicle) 

the data have been pooled and represented as percentage maximum relaxation to ACh 

versus age, with the four different treatment groups.

The maximum relaxation to ACh for each experiment within each group was used and 

statistical significance for vehicle vs. drug treated was determined using a Two tailed paired 

T-test. The groups in which the concentration response curve to ACh showed statistically 

significant differences between vehicle and drug treatment, also showed statistical 

significance in maximum relaxation to ACh in the pooled data, as would be expected.
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Determination of GTP-CH1 protein expression in porcine lung 

homogenates

In order to determine the temporal expression of GTP-CHl protein in the healthy 

developing porcine lung and in hypobaric induced pulmonary hypertension, SDS-PAGE 

and Western blotting were carried out on porcine lung samples from F, NB, 12-24h, 3d, 

14d, A and 3H, A primary GTP-CHl anti peptide antibody (9598) was designed and 

developed, as described in chapter 3. Initial studies showed that GTP-CHl was 

undetectable in particulate porcine lung homogenates but detectable in the soluble 

(cytosohc) fraction (chapter 3).

Briefly, protein samples (BOpg/well) covering the entire range were resolved by 

electrophoresis through 12% SDS-PAGE gels, electroblotted onto PVDF membranes 

which were subsequently probed overnight at 4°C with a 1:1000 dilution of a primary rabbit 

anti GTP-CHl antipeptide antibody followed by a secondary anti rabbit HRP conjugated 

antibody (Amersham). Signals were developed using ECL reagents (Amersham) and 

quantitated by densitometry.
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Determination of GTP-CH1 locaiisation in porcine lung frozen sections

For immunohistochemical staining, slides covering the entire age range (F, NB, 12-24hr, 3d, 

3H, 14d and A) were stained with a 1:500 dilution o f the GTP-CHl primary antibody 9598 

and subsequently exposed to a 1:3000 dilution of biotinylated antirabbit secondary antibody 

(DAKO) and the streptavidin biotinylated horseradish peroxidase complex (ABC — 

Amersham). Immunoreactive staining was observed using DAB tablets (Sigma) and slides 

were subsequently counterstained and fixed in DPX for light microscopy.

GTP-CHl activity measurements in porcine lung homogenates

GTP-CHl activity was assayed by incubating lung extracts covering the entire age range (F, 

NB, 12-24hr, 3d, 3H, 14d and A) with GTP (0.75mM final concentration) at 37°C for 90 

minutes in the dark. The reaction product was oxidised to neopterin triphosphate by acidic 

iodine (1 %). After reduction of excessive iodine by ascorbic acid (3 %), reaction product 

(neopterin triphosphate) was monitored on a plate reader with fluorescence detection. 

Dephosphorylation of the neopterin triphosphate by alkaline phosphatase (0.8U/200pl), 

and identification of neopterin by reverse HPLC was subsequendy performed (Kerler et al.̂  

1989, Kerler et al.y 1990). Neopterin triphosphate levels correlated with neopterin levels in 

aU cases and GTP-CHl activities were expressed as pmol/mg/min. Dr Christian 

Hesslinger, University o f Frankfurt, performed these studies in a blinded fashion.
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4.03 Data analysis

Western blotting data for porcine lung samples

Semi-quantitative densitometric analysis of immunoreactive bands on immunoblots, was 

carried out using the Syngene Gene Tools data analysis package (SLS). Values obtained on 

each immunoblot for each age group were calculated as a percentage o f 3 day values (3 day 

values being taken as 1 0 0 %) due to the variations in absolute values between different 

immunoblots. One Way ANOVA was used to determine if there were any statistically 

significant differences between aU age groups and a Bonferroni's Multiple Comparison post 

hoc test was used to assess for statistically significant differences between each group.

GTP-cm immunohistochemical staining

This technique is non-quantifiable. Localisation of protein staining was assessed visually and 

any obvious changes in protein locahsation between different groups were noted. Nerve 

staining was used as a positive control and slides with poor or absent nerve staining were 

not analysed.

GTP-CH1 activity assays

Due to reasons discussed in the results and discussion section of this chapter, it was not 

feasible to perform any statistical analysis of this data.
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4.04 Results 

Normal development

Contractile and relaxant effects in normal porcine pulmonary arteries

Pharmacological studies performed on conduit pulmonary arteries obtained from healthy 

pigs, revealed an age-dependent variation in endothelium dependent relaxations to ACh, 

(Figures 4,04-4.06; white bars) with no significant differences in the responses to SNP 

(Figure 4.08a). As reported previously, responses to ACh were small at birth and increased 

at 3 and 14 days o f age (Arrigoni et al., 1999).

In vitro effects of L-sepiapterin and MnTMPyP 

Contractile response

Addition of U46619 to conduit pulmonary arteries from all age groups and in 3H, caused a 

sustained and stable contractile response in all vessels that was unaltered by the incubation 

of L-sepiapterin and/or MnTMPyP (Figure 4.03).
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Figure 4.03 Trace of contractile response to U46619 (EC80) in a porcine 

pulmonary artery obtained from a 3 day old animal. Addition of sepiapterin 

and/or MnTMPyP had no effect on the response in all ag e  groups studied.
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Relaxant response in normal development

Neither L-sepiapterin, MnTMPyP nor a combination of the two, had any effect on the 

maximum endothehum dependent relaxations to ACh in F, NB, 12-24h and A vessels 

compared with the vehicle. However at 3 and 14 days of age, both L-sepiapterin and/or 

MnTMPyP, significantiy enhanced the maximum endothelium dependent relaxations to 

ACh compared to vehicle (Figures 4.04-4.07). Results show that there is no significant 

difference between vessels treated with sepiapterin or MnTMPyP alone and those co 

incubated with sepiapterin and MnTMPyP, suggesting that these agents are working 

through the same mechanism. Endothelium independent relaxations to SNP reminaed 

unchanged between aU age groups and in 3H and furthermore remained unchanged 

between all treated and untreated vessels from aU age groups (Figures 4.08a and b).
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40-1

fetal newborn 12-24 hour 3 day 14 day adult

Age group

Figure 4.04 Maximum relaxation to ACh in porcine pulmonary arteries treated 
with sepiapterin (30pM) (■) compared to vehicle (Krebs) (□) 
n>5 values represent m ean ± SEM *p<0.05 (paired t-test).
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Figure 4.05 Maximum relaxation to ACh in porcine pulmonary arteries treated 
with MnTMPyP (10pM) (■) compared to vehicle (Krebs) (□) 
n>5; values represent m ean ± SEM *p <0.05 (paired t-test)
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fetal newborn 12-24 hour 3 day 14 day adult
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Figure 4.06 Maximum relaxation to ACh in porcine pulmonary arteries treated 
with a combination of sepiapterin (30pM) plus MnTMPyP (10pM) (■) compared 
to vehicle (Krebs) (□)
n>5; values represent m ean ± SEM *p <0.05 (paired t-test).
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Figure 4.07 Concentration response curve to ACh in 14 day porcine pulmonary 
arteries treated with sepiapterin (30pM) (T), MnTMPyP (lOpM) (♦) or 
sepiapterin plus MnTMPyP (A) compared to vehicle (Krebs) (■)
Values represent m ean ± SEM *p <0.05 (Two way AN OVA + Bonferroni post

test) n=6
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Figure 4.08 a Maximum relaxation to SNP in porcine pulmonary arteries treated 
with vehicle (Krebs). p=ns One Way AN OVA (with Bonferroni post hoc test) n>5
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Figure 4.08b Concentration response curve to SNP in 14 day porcine 
pulmonary arteries treated with sepiapterin (30^M) (A), MnTMPyP (lOpM) (♦) 
or sepiapterin plus MnTMPyP (T) compared to vehicle (Krebs) (■) 
n=6; Values represent m ean ± SEM p =ns (Two way ANOVA + Bonferroni post

test).
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GTP-CH1 protein expression in normai deveiopment

The anti peptide antibody raised against a human GTP-CHl peptide sequence 9598, 

gave rise to a distinct immunoreactive band of the expected size and GTP-CHl protein was 

detectable in soluble lung homogenates from all groups studied with none being detectable 

in particulate lung homogenates (chapter 3). In some lanes, the ~28-30 kDa band appears 

to be running as a doublet, which may indicate post translational modification, although 

further studies would be required to test this. Figures 4.09a and b show the developmental 

change in protein expression of GTP-CHl. GTP-CHl expression was low in the fetus and 

rose immediately after birth. It remained highly expressed until 12-24 hours of age after 

which there was a decline at 3 and 14 day of age and finally a rise in the adult. There was no 

significant difference between fetal, 3 day and 14 day levels, whilst the remaining age groups 

were significantly higher than fetal values.

Relationship between functional data and GTP-CH1 expression in normal 

development

Figure 4.10 shows the percentage change versus vehicle, in the relaxation to ACh following 

BH4 supplementation in porcine pulmonary arteries. By comparing this figure with Fig 4.08 

it can be seen that the ages groups where GTP-CHl expression is lowest are the same 

groups in which BH4 supplementation improved the ACh relaxation i.e. 3 and 14 days of 

age, with the exception of fetal values. Conversely where GTP-CHl protein expression was 

higher, there do not appear to be any functional effects of BH4 supplementation.
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Figure 4.09a Immunoblot showing immunoreactive band below 30kDa for GTP- 
CHl in all age groups F(fetal); NB (newborn); 12-24h (12-24 hours), 3d (3 day), 14d 
(14 day); A (Adult).

Figure 4.09b Densitometric analysis of immunoblots all values 
calculated as a percentage of 3-day values.
Values represent mean ± SEM. * p < 0.05 GTP-CHl expression significantly 
different from 3 day values. One Way ANOVA with Bonferroni post hoc test.
(n = 5)

Figure 4.10 Graph illustrating developmental change in percentage 
enhancement of maximum relaxation to ACh over control values in sepiapterin 
treated vessels, (n > 5) *p<0.05 vs. vehicle, paired Two tailed T-test.

127



GTP-CH1 activity in normal development

GTP-CHl activity results show GTP-CHl activity (pmol/mg/min) in fetal (0.072±0.02) 

and newborn (0.115±0.043) vessels with very low levels detected at 12-24 hours, 3 and 14 

and adult tissues. Unfortunately, the activity levels in the 12-24 hour, 3 day and 14 day and 

adult tissues were so close to the limit of detection, that it was not possible perform any 

statistical analysis of this data. The rehabihty of these data will be discussed later.

Immunolocaiisation of GTP-CHl in normal development

Immunohistochemical staining using the GTP-CHl anti peptide antibody revealed that 

GTP-CHl was primarily locahsed to the nerves, bronchial epithehal and smooth muscle 

cells and to the pulmonary arterial and venous smooth muscle and in some cases to the 

endotheUal cells of the pulmonary arteries and veins. ImmunolocaUsation did not appear to 

alter with age (Figure 4.11)
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F igure 4.11 Im m unohistochem ical staining of porcine lung sectio n s with the GTP- 

CH l anti peptide antibody and haem otoxylin counterstaining. A: 12-24 hour old 

piglet conduit pulmonary artery endothelial cell layer (1) (x40 mag); B: 12-24 hour 

old piglet conduit pulmonary artery negative control (x40 mag); 0: Newborn airway 

epithelium  (2) and nerve (3) staining (x 10 mag); D: Newborn airway sm ooth m uscle  

staining (4) (xIO m ag). Counterstained with haem otoxylin.
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4.06 Porcine model of PPHN

Effects of hypobarlc exposure on ventricular weights

Figure 4.12 shows the RV:LV+S ratio obtained from newborn (NB), 3 day old and 3 day 

piglets exposed to hypobaric conditions from birth (3H). The RV:LV+S ratio is significantly 

higher in the 3H compared with the 3 day control, indicating right ventricular hypertrophy. 

The RV:LV+S ratio is not significantly different between NB and 3H, suggesting that 

hypobaric exposure has prevented the normal adaptation ( i.e. a drop in the RV:LV+S ratio) 

observed in the first few days of extrauterine life. These results suggest that the animals 

exposed to hypobaric conditions from birth until 3 days have developed pulmonary 

hypertension.

Effects of hypobaric hypoxia on vascular relaxation

Pulmonary arteries from 3H piglets did not relax to the endothelium dependent vasodilator 

ACh when compared to the age matched control (Figure 4.13) and furthermore ACh 

relaxations in the 3H were not significantly different to those seen in NB animals (Figure 

4.13). Vessels from NB, 3 day and 3H all relaxed fuUy to SNP, with no significant difference 

in relaxation between groups (Figure 4.14).
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Effects of sepiapterin and/or MnTMPyP on vascular reactivity following 

hypobaric exposure

Endothelium dependent relaxations were not improved in vessels from 3H piglets after the 

addition of L-sepiapterin or MnTMPyP, when administered individually. However, in 3H 

vessels treated with L-sepiapterin plus MnTMPyP a statistically significant improvement in 

the relaxation to ACh was observed (Figure 4.15). Endothehum independent relaxations to 

SNP remained equal in all vessels regardless of treatment suggesting the effects of L- 

sepiapterin and MnTMPyP were endothelium dependent (Figures 4.08a and 4.16).
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F igu re 4 .1 2  RV:LV+S ratio in NB, 3 day and 3H piglets. 
* p < 0 .05  O n e W ay  ANOVA ; 3  d ay  v s . 3H and NB; n=5.
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F igure 4 .1 3  Concentration resp on se  curve to ACh in pulm onary arteries 
obtained from NB (# ) , 3 day control (■ ) and 3H (A).
*p < 0 .0 5  3H v s . 3  d a y  control and NB v s . 3  d a y  control, T w o W ay  ANOVA with 
Bonferroni p o st h o c  test; n=5.
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F igure 4 .1 4  Concentration resp on se  curve to SN P  in pulm onary arteries
obtained from NB (# ) , 3 day control (■ ) and 3H (A).
p = n s Tw o W a y  AN O V A with Bonferroni p o st h o c  test; n=5.
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F igure 4 .1 5  Concentration resp on se  curves to ACh in pulm onary arteries 
obtained from 3H piglets following treatm ent with 30pM  sepiapterin (▼), 10pM 
MnTMPyP ( ♦ )  sepiapterin plus MnTMPyP (A) or Krebs H enseleit (vehicle) (■ ). 
*p< 0.0001  n=5 T w o W ay ANOVA with Bonferroni p o st h o c  te s t  n=5
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F igure 4 .1 6  Concentration resp on se  curves to SN P  in pulmonary arteries 
obtained from 3H following treatment with 30pM  sepiapterin (T), 10pM  
MnTMPyP ( ♦ )  sepiapterin plus MnTMPyP (A) or Krebs H en seleit (vehicle) (■ ). 
p = n s  Tw o W ay  ANOVA with Bonferroni p o st h o c  test; n=5.
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GTP-CHl protein expression

There was no significant difference in GTP-CHl protein expression between 3 day control 

and 3H animals (Figure 4.17a and b).

GTP-CH1 activity

GTP-CHl activity for tissue samples fell very close to the limit of detection in the 3 day 

control and 3 H, and as a result it was not possible to accurately interpret or perform any 

statistical analysis of the data.

GTP-CH1 localisation

Immunohistochemical staining using the GTP-CHl anti, peptide antibody revealed that 

GTP-CHl was primarily localised to the nerves, smooth muscle cells of the pulmonary 

arteries and veins and to the bronchial smooth muscle and epithelial cells of the airways 

(Figure 4.18). Locahsation of GTP-CHl did not appear to alter following hypobaric 

exposure and was consistent in aU groups studied.
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F igure 4 .17  a) Immunoblot showing im m unoreactive band ~28kD a for GTP-CHl 
protein expression  in porcine soluble lung h om ogen ates from 3 day control and 3H 
piglets.

F igure 4 .17  b) Densitom etric analysis of immunoblots.
All v a lu e s  ca lcu lated  m ean  ± SEM , a s  a p ercen ta g e  o f 3 day v a lu es. 
n>5; p = ns O ne W ay ANOVA with Bonferroni post hoc test.
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F igu re 4 .18  Im m unohistochem ical staining of porcine lung section s from 3 day 
pulmonary hypertensive piglets using the G TP-CH l antipeptide antibody.
A GTP-CHl positive staining on airway epithelium (1) and sm ooth m uscle  cells  (2) 
(x10 mag.): B -  negative control (x10 mag.); 0  conduit pulmonary artery endothelial 
cell staining (3) (x40 m ag.). Counterstained with haem otoxylin.
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4.07 Discussion 

Normal deveiopment

There is evidence to suggest that NO is a key player in the transitional changes that occur in 

pulmonary blood vessels at birth and with the postnatal adaptations to air breathing that 

follow (Abman et al., 1990). Indeed NOS inhibitors prevent adaptation to extrauterine Hfe 

(Kinsella and Abman 1995). The well-characterised porcine model was used in this study to 

investigate BH4 and O 2 in the adaptation of the pulmonary vasculature to extrauterine life. 

Endothelium dependent relaxation of porcine conduit pulmonary arteries are low before 

and immediately after birth and increase thereafter, but the mechanisms responsible for 

these events are not fully understood. This study demonstrates developmental changes in 

GTP-CHl expression and in the response of normal conduit pulmonary arteries to 

additional sepiapterin to increase BH4 levels, and MnTMPyP to quench 0 2 " radicals. The 

data suggest that there may be a functionally significant deficiency of BH4 contributing to 

the low endothehum dependent relaxation soon after birth and that altered expression of 

GTP-CHl in the first few days of hfe may mediate these changes.

In the present study there was a clear age dependent increase in the response to ACh in the 

conduit pulmonary arteries, consistent with previous findings (Arrigoni et ai, 1999). To 

determine whether altered BH4 generation and/or 0 2 “ contribute to these changes, L- 

sepiapterin was added, to generate BH4 independently of GTP-CHl activity and MnTMPyP 

to scavenge 0 2 “. Fetal, newborn, 12-24 hour and adult pigs, showed no significant 

improvement in the maximum relaxation to ACh in the presence o f L-sepiapterin and/or 

MnTMPyP. However, at 3 and 14 days of age, L-sepiapterin and/or MnTMPyP significantly
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improved maximum relaxation to ACh. The endothelium independent relaxations to SNP 

remained present in aU age groups, and were unaltered by either sepiapterin or MnTMPyP, 

suggesting that the effects caused by L-sepiapterin and MnTMPyP were endothelium 

dependent. These findings suggest that BH4 becomes rate limiting for NO generation at 3 

and 14 days and that there may be excess O 2 production.

Furthermore, these studies show no apparent detrimental effect of either sepiapterin or 

MnTMPyP. If sepiapterin and MnTMPyP had been generating Oz" we would have expected 

an attenuation of relaxation of treated tissues compared with control and/or an 

enhancement of the contraction to U46619 (Figure 4.02).

BH4 is generated in a three-step process and the rate limiting step is often the expression of 

GTP-CHl. Immunohistochemistry confirmed that GTP-CHl protein was confined largely 

to the smooth muscle of the airways, arteries and veins. In many sections, GTP-CHl 

immunoreactivity also appeared to be detectable in the endothelial cells of the pulmonary 

arteries and veins, (consistent with a role in generating BH4 for NOS activation) but 

interpretation must be cautious since layering of endothelial cells may cause this appearance. 

These data may suggest that biosynthesised BH4 is transported from the smooth muscle 

cells into the endothelial cells where it binds to NOS, or simply that GTP-CHl is localised 

to endothelial cells but is less detectable by immunohistochemistry. Indeed GTP-CHl 

mRNA has been detected in isolated murine endothehal cells (see Chapter 6) and human 

coronary artery endothelial cells (unpublished data) and furthermore, functional effects of
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BH4 have been demonstrated in isolated porcine aortic endothelial cells (Huang et al., 2000; 

Schmidt et al, 1992).

GTP-CHl protein was detected in soluble lung homogenates from all age groups, but was 

undetectable in particulate lung homogenates (chapter 3). The expression of GTP-CHl was 

low in the fetus and rose immediately after birth to reach maximal levels in the 12 -24 hour 

samples. By 3 and 14 days of age, expression of GTP-CHl was reduced to fetal levels and 

then increased again in the adult. The mechanism underlying the increase in GTP-CHl 

protein expression immediately after birth is not known but there are three putative shear 

stress response elements in the GTP-CHl promoter sequence. The sequence of 

nucleotides GGT CTC, appear at positions —796, -741 and —615 of the promoter and it is 

possible that the sudden increase in shear stress in the pulmonary vasculature during 

parturition may induce GTP-CHl expression and the decrease in GTP-CHl protein, that 

occurs at days 3 and 14, results from a reduction in shear stress following the natural 

adaptation to air breathing.

It is highly likely that delays between tissue acquisition and freezing rendered GTP-CHl 

activity unmeasureable in the majority of samples (fetal and NB tissue were always snap 

frozen within minutes after death, whilst the remaining samples will have had between 1-4 

hours before the tissue was frozen). This data unfortunately does not allow any conclusions 

to be drawn regarding the temporal changes in GTP-CHl activity, but underlies the 

importance of immediate snap freezing for this type of assay.
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It appears as though rate limitation of BH4 occurs at 3 and 14 days of age, confirmed by the 

low GTP-CHl protein expression and as a result, BH4 supplementation via the BH4 

precursor L-sepiapterin significantly improves the NO mediated relaxation to ACh in these 

age groups. GTP-CHl protein expression remains elevated in the remaining age groups 

(with the exception of the fetus) and hence the mechanism behind the low endothehum 

dependent relaxation in these age groups does not appear to be dependent on BH4 and 

GTP-CHl levels.

Additionally, quenching of O 2 using the SOD mimetic MnTMPyP significandy improved 

the endothehum dependent relaxations in 3 and 14 day old animals but not in the remaining 

age groups. As stated earher, suboptimal concentrations of BH4 may turn NOS into a 

generator of O 2 (Cosentino et al, 1998). As GTP-CHl protein was lowest in 3 and 14 day 

animals, it may be possible that low levels of endogenous BH4 turn NOS into a generator of 

02" hence MnTMPyP inactivates these harmful anions and restores the endothehum 

dependent relaxations.

Together, these data suggest that low GTP-CHl expression at days 3 and 14 renders NOS 

inefficient and that supplementation with exogenous BH4 improves endothehum dependent 

relaxation. The finding that MnTMPyP also improves endothehum dependent relaxation in 

these vessels and that the effects of sepiapterin and MnTMPyP are not additive is consistent 

with enhanced O 2 generation contributing to the effects o f BH4 deficiency. In isolated 

enzyme systems BH4 deficient NOS may generate O 2' and furthermore several recent 

vivo studies have demonstrated the importance o f BH4 for NOS dimérisation and
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endothelial function, and these may explain the effects we have seen (Vasquez Vivat et al^ 

1999, Cosentino et al, 2001, Cai ^/^/,,2002, Ozaki et al^ 2002).

Although it is clear that the relaxation at days 3 and 14 can be enhanced by supplementing 

BH4, it is also evident that the very low degree of relaxation seen in newborn animals is not 

because BH4 supply is rate limiting. However, the inconsistency in these data is that GTP- 

CHl protein expression is low in the fetus yet BH4 supplementation or MnTMPyP did not 

appear to improve endothehum dependent relaxations. Furthermore, relaxation was 

enhanced above adult levels in the 3-14 day old animals when BH4 was added, yet in the 

adult animals, BH4 does not appear to be rate limiting for NO mediated relaxation. These 

effects may be explained by considering eNOS. Although eNOS protein is expressed in the 

fetus (Hislop et al., 1997), eNOS activity is lowest in the fetus increasing immediately after 

birth to maximal levels in 1,3 and 14 day old animals and finally decreasing in adulthood 

(Arrigoni et al, 2002). Thus the supranormal relaxation seen at days 3 and 14 on adding 

sepiapterin probably reflects the high level of eNOS activity and relatively low GTP-CHl 

expression at these ages. Conversely, the low eNOS activity in the fetus may furthermore 

explain the absence of any effects of sepiapterin (despite the low levels of GTP-CHl 

protein) in the vasculature in the fetal vessels.
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Hypobaric Induced pulmonary hypertension

The study demonstrates that supplementation of BH4 (sepiapterin) or SOD (MnTMPyP) 

individually, have no effect on vessels obtained from 3H piglets and did not restore the 

endothehum dependent relaxation to ACh. However, supplementing BH4 and SOD in 

combination, significantly increased endothehum dependent relaxations in the pulmonary 

arteries of the 3H piglet. This is the first time that an intervention has been shown to 

enhance endothehum dependent relaxation in this animal model. However the mechanism 

of this effect is not clear since was no significant difference between the expression or 

locahsation of GTP-CHl in the 3H compared with the 3 day control animal.

The present study confirmed previous findings that piglets maintained at low atmospheric 

pressure 50.8kPa (and hence low oxygen ~10%) from birth, develop pulmonary 

hypertension characterised structurally by right ventricular hypertrophy (Haworth and 

Hislop, 1981; TuUoh et al.̂  1997) (Figure 4.12). Endothehum dependent relaxations to ACh 

were absent in unsupplemented vessels (vehicle) obtained from 3H animals when compared 

to their age matched controls, and were similar to relaxations observed in NB animals, 

consistent with pubhshed findings (Tulloh et al, 1997, Arrigoni et al, 1999) whilst 

endothehum independent relaxations to SNP remained intact and unaltered between the 3H 

and the 3 day control piglets.

By examining the hterature, it is likely that in the porcine model of pulmonary hypertension 

used in this study, eNOS protein and activity are decreased foUowing hypobaric exposure, 

resulting in endothehal dysfunction thereby explaining the lack o f relaxation to ACh in
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isolated pulmonary arteries (Hislop et al^ 1997, Fike et al., 1998). The reasoning behind this 

reduction in NOS activity/expression may possibly occur as a result of either decreased 

cofactor availability e.g. L-arginine or BH4, increased catabolism of NO by O 2* or increased 

endogenous inhibition of NOS. Indeed, one explanation could be the observed reduction in 

the activity of dimethylarginine dimethylaminohydroxylase (DDAH II) (Arrigoni et <7/.,2003). 

DDAH is an endogenous inhibitor of asymmetric dimethylarginine (ADMA), which in itself 

is an endogenous NOS inhibitor. Furthermore increased levels of ADMA have been 

measured in infants with PPHN (Pierce et at., 2000).

Unhke the control 3 day old piglet, 3H piglets showed no improvement of ACh mediated 

relaxation to either sepiapterin or MnTMPyP when added individually, yet demonstrated a 

significant enhancement of ACh mediated relaxation when added together. Alongside these 

findings, GTP-CHl protein expression appeared unaltered between the 3 day control and 

3H piglets, indicating that GTP-CHl does not appear to be affected by hypobaric exposure, 

and furthermore the localisation of GTP-CHl, as determined by immunohistochemistry, 

appeared unaffected by hypobaric exposure.

Thus, the explanation as to why MnTMPyP and sepiapterin, when administered together, 

resulted in a significant improvement in the endothelium dependent relaxations appears 

complex. Tsutsui et al, (1996) demonstrated similar findings to those obtained in the 

present study following investigations on isolated canine middle cerebral arteries where 

addition of sepiapterin or SOD alone did not improve endothelium dependent relaxations 

(in fact sepiapterin attenuated these relaxations), yet when administered in combination.
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significantly improved vascular reactivity, concluding that increased availability of BH4 

(following sepiapterin administration) may stimulate the production of NO, provided that 

the activity of superoxide dismutase in the surrounding environment is high enough to 

prevent auto oxidation of BH4 and inactivation of NO by O 2 . Therefore one possible 

explanation of the effects seen in this study are that the potential increase in Oz" in arteries 

following hypobaric exposure, may have generated sufficient O 2 to inactivate NO, 

outweighing any beneficial effects of sepiapterin administration alone, and perhaps causing 

auto oxidation of generated BH4, yet when administered in combination with MnTMPyP, 

inactivation of the excess O 2 would allow NO mediated vasodilatation to prevail.

A second explanation could be that the effects observed are occurring via the vasodilatory 

effects of H 2O 2 generated following dismutation of 02". Indeed this mechanism has been 

proposed in explaining the effects of BH4 deficiency in vascular reactivity in the hph-1 

mouse (Cosentino et al.y 2000). However, in order to confirm this, the experiments would 

have to be repeated in the presence of catalase, a scavenger of H 2O 2 and we would expect 

the vasodilatation seen following sepiapterin and MnTMPyP addition, in 3H animals, to be 

reversed.

A final mechanism could be that sepiapterin and MnTMPyP are working through some as 

yet unknown mechanism when administered in combination, independent of the N O /B H 4 

pathway.
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4.08 Summary
Developmental regulation of GTP-CHl occurs during the neonatal period in the pulmonary 

vasculature and this results in a functionally significant limitation o f BH4. One mechanism 

by which this deficiency may affect endothelial function is that eNOS may be unable to 

form a stable dimer and/or may generate harmful O 2 radicals causing endothelial 

dysfunction. GTP-CHl protein expression and locahsation appear unaffected in a porcine 

model of PPHN, although BH4 and SOD supplementation together, appear to restore 

endothelial function.

It remains to be determined whether the developmental changes in GTP-CHl also alter 

NO generation in other tissues and whether this may be functionally important in certain 

types of developmental pulmonary hypertensive disorders.
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CHAPTER 5

Structural characterisation of the pulmonary 

vasculature of the hph-1 mouse
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5.01 Introduction

A chemical mutation induced by N-ethyl-N’-nitrosourea, resulting in a 90% deficiency in 

GTP-CHl activity and a 50% reduction in BH4 levels has been induced in a laboratory 

mouse termed the hyperphenylalaninémie or hph-1 mouse mutant (McDonald and Bode 

1988). Other than hyperphenylalanemia, these mice show increased neonatal mortality but 

can grow to adulthood and breed successfully. Lifespan studies have not been conducted on 

these mice and mainly the neurological phenotype resulting from this mutation has been 

extensively studied. It would be predicted that the mutation in the hph-1 mice would 

potentially reduce eNOS activity (as a result of reduced BH4) and would, in theory, reduce 

basal and stimulated N O  release. We therefore decided to establish the effects of this 

mutation on the pulmonary vasculature and the aim of the current study was to investigate 

whether the deficiency o f BH4 resulting from reduced GTP-CHl activity would contribute 

to the development of pulmonary hypertension in the hph-1 mouse (Figure 5.01).

Hypothesis
Hph-1 mice display the structural characteristics of a pulmonary hypertensive 

phenotype.
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Figure 5.01 Schematic representation of study. Reduced GTP-CHl activity in 
the hph-1 mouse may result in reduced basal and stimulated NO release which 
may in turn lead to smooth muscle cell proliferation and migration and prevent 
normal regulation of vascular tone, leading to pulmonary hypertension.
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5.02 Methods and Protocols

Dissection of heart and lungs from Hph-1 and C57BL/6 W/T mice

Six wild type C57BL/6 X CBA and six bpb-l, 12 week old, sex-matched (4 female, 2 male) 

mice were supplied by Dr Simon Heales (Institute of Neurology, Queen’s Square, London) 

Hearts and lungs were carefully dissected from mice killed by cervical dislocation, ensuring 

that the trachea remained attached to the lungs, and placed in chilled PBS. Any other tissue 

e.g. kidneys, spleen, liver etc were snap frozen in liquid nitrogen incase of future 

requirement. The age, sex and weight of all animals used were additionally recorded.

Heart weight measurements

Immediately after death, the hearts and lungs were removed efi bloc and immersed in chilled 

phosphate buffered saline. To assess ventricular hypertrophy in the hph-1 versus wild type 

C57BL/6 mice, the atria were removed at the plane of the atrial-ventricular valves. The 

right ventricle (RV) was subsequently dissected from the left ventricle plus septum (LV + 

S). The RV and LV + S were then weighed and the RV/LV+S ratio calculated.

Measurement of alpha smooth muscle actin labelled thickness of 

pulmonary arteries.

4pm paraffin sections slides were tmmunostained with mouse alpha smooth muscle actin 

monoclonal antibody (1:3000) (DAKO, UIQ (as described in Chapter 2). Positive staining 

was visualised using DAB (Sigma) and slides were subsequently counterstained and fixed for 

light microscopy.
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structural analysis

Using a light microscope (Magnification x 40; Zeiss Axioskop2, U.K.) approximately 10 

arteries per animal each at the level of the alveolar ducts (AD), respiratory bronchiole (RB) 

and terminal bronchiole (TB) were identified anatomically (correct identification confirmed 

by vessel size) and the images captured and transferred to the data acquisition system Open 

Lab Software v3.04 (Improvision, Coventry, U.K.). The total extèrnal area (from the outer 

smooth muscle wall) of the artery and the luminal area were measured and the arterial wall 

area calculated by subtracting luminal area from the total external area. Arterial wall area was 

then expressed as a percentage of the total external area.

In addition to measuring percentage wall areas, extension of muscle into normally non- 

muscularised arteries was assessed in both hph-1 and wild type groups. Arteries at the level 

of alveoli were identified using a light microscope (magnification x 40) and classified by 

circumferential staining with alpha actin as either non muscular (NM), partially muscular 

(PM) < 75% brown staining or fully muscular (M) >75% brown staining.

5.03 Data analysis

Body weights, corrected and uncorrected (for body weight) lung and heart weights, 

percentage wall area, percentage of muscular arteries and lumen areas have been expressed 

as mean ± SEM. Two-taded unpaired t-tests were used to test for statistically significant 

differences between hph-1 and C57BL/6.
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5.04 R esu lts

Table 5.01 summarises the body weights, total heart weights and total lung weights for the 

hph-1 and the C57BL/6 X CBA wild type mice. The animals were age and sex matched 

(n=6) and the C57BL/6 X CBA mice were significandy heavier than the hph-1 mice, whilst 

the corrected heart weight and corrected and absolute lung weights were greater in the hph-1 

mice.

P aram eter Hph-1

(MeaniSEM)

C57BU6 X CBA 

(MeaniSEM)

Body weight (g) 23.13±1.51* 28.47i2.12

Absolute heart weight/g 0.14±0.01 0.13±0.01

Heart weight (g)/body weight 0.01 ±0.0005* O.OOSiO.OOOOB

Absolute lung weight/g 0.47±0.07* 0.37±0.04

Lung weight (g)/body weight 0.02±0.004* 0.013±0.0009

Table 5.01 Body, heart and lung weights for hph-1 and C57BL/6 X CBA wild 
type mice. n=6 *p<0.05 vs. C57BL/6 X CBA mice. Two tailed unpaired t-test

Results show that there was no significant difference between the left ventricular weights of 

hph-1 and C57BL/6 X CBA mice (Figure 5.02), but there was a significant difference 

between right ventricular absolute weights and also when expressed as ratio of RV: LV+S 

(Figures 5.02 and 5.03).
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Figure 5.02 Corrected ventricular weights for C57BL/6 X CBA and hph-1 mice. 

*p=0.0083. RV weights hph-1 vs C57BL/6 X CBA; n=6.
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Figure 5.03 Right ventricular (RV) : Left ventricular (LV) plus septum (S) ratio for 
C57BL/6 and hph-1 mice.
*p=0.0015, C57BL/6 X CBA vs hph-1 \ n=6
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Alpha actin immunostained lung sections obtained from both hph-1 and C57BL/6 X CBA 

mice were studied using a light microscope (x40 magnification; Zeiss Axioskop2, UK) and 

resistance arteries at the level of the alveolar duct (AD), respiratory bronchiole (RB) and 

terminal bronchiole (TB) (See Figure 1.01) were identified anatomically. In order to confirm 

that vessels were correctly identified, the mean lumen areas and derived lumen diameters 

were calculated and have been expressed graphically in figures 5.04a and b. The lumen areas 

of vessels at the level of the AD typically feU around lOOOflm  ̂and that for the RB 1400pm^ 

and the TB around 2000p.m^ and there were no significant differences in lumen area at each 

level (AD, RB, TB) between the hph-1 and the C57BL/6 X CBA mice; lumen diameters 

were derived from the areas giving the mean lumen diameter of vessels associated with the 

AD of 30pm, RB of 40pm and TB of 50pm, and again there was no significant different in 

lumen diameter between the C57BL/6 X CBA and hph-1 at all three levels.

Percentage wall area was subsequendy assessed, by measuring the area of alpha smooth 

muscle actin staining in each of the resistance vessels. Figure 5.05a illustrates that the 

percentage wall area in all vessels from hph-1 mice is greater than in C57BL/6 X CBA mice, 

with a highly significant difference in the vessels associated with the AD (Figure 5.05 a and 

b).
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Figure 5 .0 4 a  Lumen areas for resistan ce arteries at the level o f the AD (alveolar  
duct), RB (respiratory bronchiole) and TB (terminal bronchiole) in hph-1 and 
C57BL/6 m ice. p=ns, hph-1  v s . C57BL/6 X CBA; n=6.
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F igure 5 .0 4 b  Derived lumen d iam eters for resistan ce  arteries at the level o f the 
AD (alveolar duct), RB (respiratory bronchiole) and TB (terminal bronchiole) 
in C57BL/6 and hph-1  m ice. P=ns, hph-1 v s. C57BL/6 X CBA; n=6.
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F igu re 5 .05a  P ercentage wall area of resistan ce arteries at the level of the 
AD,RB and TB in C57BL76 and hph-1  m ice.
*p=0.0021 hph-1  v s. C 57B L /6 X CBA.
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F igure 5 .05b  Alpha actin sm ooth m uscle staining on lung section s from 
C57BI_/6xCBA and hph-1 m ice (X40 magnification). Both im ages sh ow  an artery 
asso c ia ted  with an AD and it can be se e n  that the sm ooth m uscle  area is 
greater in the hph-1  com pared to the C57BI_/6xCBA.
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Finally, figure 5.06 illustrates the relative proportions of pre-capillary arteries, identified 

using standard light microscopy, at the level of the alveoH that were either non muscular (no 

actin staining, partially muscular (<75% circumferential actin staining) or fully muscular 

(100% actin circumferential staining). There were a significandy lower proportion of non- 

muscular vessels in the hph-1 compared with the C57BL/6 X CBA mice, and a significandy 

higher proportion of partially muscular and fully muscular vessels in the hph-1 mice 

compared with the C57BL/6 X CBA.
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25-

Figure 5.06 Percentage of arteries at the level of the alveoli that are non 
muscular (NM), partially muscular (PM) or fully muscular (M) In C57BL/6 and 
hph-1 mice. *p= <0.0001 (NM), 0.0037 (PM) and 0.0062 (M) 
hph-1 vs. C57BL/6 X  CBA; n=6
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5.05 Discussion

The results from this chapter indicate that mice deficient in GTP-CHI/BH 4 develop 

pulmonary hypertension. All three structural characteristics of pulmonary hypertension (i.e. 

right ventricular hypertrophy, increased smooth muscle wall area of resistance arteries and 

extension o f muscle into normally non muscular arteries) are present in the hph-1 mice when 

compared with the wild type C57BL/6 X CBA. These results are somewhat surprising as 

NOS has a much higher affinity for BH4 than the aromatic amino acid hydroxylases and 

hence it would not be expected that the partial deficiency in BH4 present in hph-1 mice 

would be sufficient enough to affect NOS activity in these animals. However impairment of 

the N O /cG M P pathway has been documented in cerebellar sHces from the hph-1 mouse 

(Brand et al.y 1996) and furthermore there is evidence to suggest decreased binding of BH4 

to brain NOS in the hph-1 mice in vivo (Brand et al.̂  1995). Canevari et al., (1999) more 

recently, demonstrated diminished NO synthesis (evaluated by measuring cGMP levels) in 

the brains of hph-1 mice and showed that acute peripheral BH4 administration significantly 

elevated cGMP levels in hph-1 mice but not in the wild type animals.

This deficiency of BH4 may render eNOS inefficient and hence contribute towards the 

development o f pulmonary hypertension. Although the results obtained from studying the 

structure of the pulmonary vasculature and the hearts of the hph-1 mice and the C57BL/6 X 

CBA wild types are all indicative of a structural pulmonary hypertensive phenotype, in vivo 

haemodynamic measurements wiU be necessary to confirm these findings. It would be 

expected that heart rate and right ventricular pressures would also be elevated in the hph-1 

mice compared to the C57BL/6 X CBA.
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Table 5.01 summarises body, heart and lung weights. The body weights of the C57BL/6 X 

CBA mice were significandy higher (p = 0.0005) than the hph-1 mice whilst corrected heart 

weights (p=<0.0001) and corrected (p=0.0006) and absolute (p=0.0153) lung weights were 

significandy higher in the hph-1 mice compared to the C57BL/6 X CBA wild type. 

Cosentino et al.̂  (2001) found no significant difference in body weights between 8 week old 

hph-1 and C57BL/6 X CBA mice and whether a difference occurs after 8 weeks of age is yet 

to be determined, although it may be possible that variations in animal colonies and 

husbandry may account for these inconsistent findings. The increase in heart weight may be 

due to right ventricular hypertrophy and it seems that overall the hph-1 mice have larger 

lungs compared to the wild type C57BL/6 X CBA.

By examining figures 5.02 and 5.03 it can be seen clearly that the hph-1 mice only develop 

right ventricular hypertrophy (as determined by the RV; LV 4- S ratio) but not left 

ventricular hypertrophy, signifying pulmonary hypertension but not systemic hypertension. 

This detection of right ventricular hypertrophy, but absence of left ventricular hypertrophy 

in the hph-1 mouse has now recendy also been confirmed by an independent group 

(Channon, personal communication). There is evidence in the hterature demonstrating 

increased sensitivity of the pulmonary vasculature to changes in NOS activity when 

compared with the systemic vasculature in a canine (Cases et al.̂  2001) and porcine model 

(Licker et al.̂  1998) and that inhibition of NOS results in an often profound increase in 

pulmonary arterial pressure (Fineman et al.y 1991; van Gelderen et al.̂  1993). Taken together 

these studies suggest that the potential dysfunction of eNOS resulting from BH4 deficiency 

in the hph-1 mouse only affects the pulmonary vasculature and that there may be other
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compensatory mechanisms within the systemic vasculature to overcome the deleterious 

effects of NO reduction.

Abnormal pulmonary vasoconstriction and vascular remodelling occurring in response to a 

variety of stimuli (e.g. hypoxia) are the characteristics of pulmonary hypertension leading to 

increased pulmonary vascular resistance and elevated pulmonary artery pressure. Abnormal 

vasoconstriction becomes progressively less important and vascular remodelling becomes 

more important as the disease advances (Reeves et al^ 1986). The endothelium plays a vital 

role in pulmonary vascular remodelling via the release of a number o f vasoactive mediators 

including NO and PGI2 which are known to have antimitogenic and antiproliferative effects 

on pulmonary artery smooth muscle cells (Thomae et al^ 1995, Wharton et at.̂  2000), indeed 

pulmonary hypertension is associated with impaired production of NO and PGI2 .. NO and 

PGI2 have also been reported to inhibit the production of growth factors including ET-1 

from endothelial and smooth muscle cells (Wort et al.̂  2000, Kourembanas et al.̂  1993). It is 

known that basal release of NO contributes to the normally low pulmonary vascular tone in 

normoxia and impaired NO production reduces the ability of the pulmonary vasculature to 

relax and favours the occurrence of excessive pulmonary vasoconstriction and, along with 

the loss of antiprohferative and antimitogenic effects, may contribute to the development of 

increased pulmonary vascular resistance.

The hph-1 mice studied have an increased smooth muscle wall area (Figure 5.05) with no 

apparent change in lumen area or diameter^, at all three levels of arteries studied, compared

Lumen diameter has been derived from lumen area and assum es the vessel is perfectly circular.
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to the C57BL/ 6  X CBA wild types (Figure 5.04a and b) and furthermore the extension of 

muscle into normally non muscularised pre-capiHary arteries was significantly higher in the 

hph-1 mice compared to the C57BL/6 X CBA wild types (Figure 5.06). These structural 

changes are likely to lead to a number of physiological effects. The increase in smooth 

muscle wall in the resistance arteries and extension of muscle into normally non- 

muscularised precapülary arteries, will result in augmented increases in wall tension in 

response to contractile stimuH. In remodelled vessels there is an increase in the wall to 

lumen ratio (which has been observed in the hph-1 mice) which means that any active 

contraction of the smooth muscle will cause a greater increase in vascular resistance than 

that caused by the same level of contraction induced in a normal unremodelled vessel (with 

lower wall to lumen ratio) in response to a vasoconstrictor (Folkow 1971). Furthermore, 

increased muscularisation during remodelling often causes narrowing of the lumen area 

(although this has not been observed in this study) and even if this narrowing is very small, 

the effect on increasing pulmonary vascular resistance wiU be large, predicted 

mathematically by Poiseuüle’s Law which states that resistance to the steady laminar flow of 

fluid along a straight cylindrical tube is proportional to the tube length, fluid viscosity and 

inversely proportional to the tube radius raised to the fourth power.

To date, only one study has been performed on the hph-1 mice directiy investigating the 

effects of BH4 deficiency on eNOS in the vasculature. Cosentino et al^ (2001) measured 

intracellular BH4 levels and constitutive NOS activity in isolated aortas and these were 

significantly lower in the aortas of the hph-1 mice vs. wild type, with the NOS activity being 

restored in the presence of exogenous BH4 to levels comparable to wild type mice.
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Functionally the aortas contracted to noradrenaline to the same extent in both the hph-1 and 

the C57BL/6 X CBA but relaxations to ACh were greater in the hph-1 mice compared with 

the C57BL/6 X CBA an effect concluded to result, in part, from H 2O 2 mediated relaxation 

in the hph-1 mice, (occurring as a result of BH4 deficient eNOS generating O 2 and 

subsequent conversion to H 2O 2 and O2 by endogenous SOD),

Overall, the results in this chapter have shown a correlation between BH4 availability and 

structural remodelling of the pulmonary vasculature and right ventricle consistent with that 

occurring in the pathological state of pulmonary hypertension. It appears as though the 

mutation leading to a marked decrease in GTP-CHl activity and hence BH4 availability 

renders eNOS inefficient and this limits both basal and stimulated N O  release. This may, in 

turn, lead to increased smooth muscle cell prohferation and migration and furthermore 

promote the production of growth factors including ET-1, which would further contribute 

towards structural remodelling seen. Inefficient eNOS may also generate harmful O2 which 

in turn may increase the catabolism of any NO released thereby creating a vicious circle 

causing further remodelling as a result o f limited NO. Overall these structural effects have 

the effect of increasing pulmonary vascular resistance, which in turn causes right ventricular 

hypertrophy. The evidence in the literature, that the lung is more sensitive to changes in 

NOS activity supports the apparent absence of any effect in the systemic vasculature 

(although further studies on the systemic vasculature are necessary to confirm this).
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In conclusion, it appears that the GTP-CHI/BH4 pathway is important in the regulation of 

pulmonary vascular tone and that a deficiency of BH4 (as observed in the hph-1 mouse 

mutant) results in a structural pulmonary hypertensive phenotype.
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CHAPTER 6

Regulation of GTP-cyclohydrolase 1 by 
GTP-cyclohydroiase 1 

feedback regulatory protein
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6.01 Introduction

Previous chapters identify that loss of BH4 is likely to be associated with pulmonary 

hypertension but that GTP-CHl expression is normal, at least in the porcine model. An 

alternative cause of deficient BH4, may be changes in the GTP-CHl feedback regulatory 

protein (GFRP). GTP-CHl forms a complex with GFRP, the activity o f which is regulated 

by the relative concentrations of BH4 or phenylalanine, where BH4 promotes the formation 

of the inhibitory complex (thereby limiting BH4 biosynthesis) and phenylalanine promotes 

the formation of a stimulatory complex, upregulating BH4 synthesis (Harada et al, 1993). 

Deficiency of BH4 has been implicated as a mechanism of NOS dysfunction in a wide range 

of disease states but whether GFRP can regulate NO production in vivo, is not known and it 

may be possible that alterations in the expression of GFRP may be implicated in BH4 

availability in vivo. The aim of the present study was to investigate whether BH4 and NO 

production from both eNOS and iNOS could be regulated in an endothelial cell line in 

culture, by stably overexpressing GFRP.

Hypothesis

G F R P  o ver expression will reduce intracellular BH4 levels, an d  nitrite production  

from sE nd  1 cells both pre and  post cytokine + L P S  trea tm en t

Figure 6.01 represents the predicted system resulting from over expression of GFRP. 

Essentially, the system predicts that GFRP in excess wül result in GFRP and GTP-CHl 

forming a predominantly inhibitory complex, thereby limiting BH4 biosynthesis and hence 

reducing or preventing the activation of NOS. The two outcomes to be measured wiU be
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NO generation (a correlate of nitrite (NO2 ) production) from eNOS (basal) and NO 

generation from iNOS (post cytokine + LPS treatment). It would be predicted that this 

GFRP over expressing cell hne would effectively be a model o f BH4 deficiency and that 

intracellular BH4 levels and released NO levels should be diminished in these cell lines 

compared with the mock transfected control lines.

GTP

Cytokine(TNFa/IFNY) 
+LPS treatm ent

▼ gtp-chi/G F R P

NOS 
activation

A  V
Basal NO2" 
levels (eNOS)

Cytokine + LPS 
induced NO2" levels 
(iNOS)

F igu re 6.01 Predicted sch em atic  representation of study, over  exp ression  of 

G FRP should limit BH4 b iosynthesis and h en ce  NO S activation.
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6 .0 2  M e th o d s  a n d  p r o t o c o ls

The human protein sequence of GFRP was analysed using the HGMP database and 

showed 95% sequence homology with the murine GFRP sequence (figure 6.02). Given this 

information, we would predict that human GFRP would have the same physiological effects 

as murine GFRP.

Human; 1 MPYLLISTQIRMEVGPTMVGDEQSDPELMQHLGASKRRALGNNFYEYYVDDPPRIVLDKL 
MPYLLISTQIRMEVGPTMVGDE SDPELMQHLGASKR LGNNFYEYYV+DPPRIVLDKL 

Mouse: 1 MPYLLISTQIRMEVGPTMVGDEHSDPELMQHLGASKRSVLGNNFYEYYVNDPPRIVLDKL

Human: 61 ERRGFRVLSMTGVGQTLVWCLHKE 84 
E +GFRVLSMTGVGQTLVWCLHKE 

Mouse: 61 ECKGFRVLSMTGVGQTLVWCLHKE 84

F igure 6 .02  Am ino acid se q u e n c e  alignm ent for hum an G FRP and murine 
GFRP show ing 95%  se q u e n c e  hom ology.

Chapter 2 describes in detail all materials and methods used in this study. Briefly, human 

GFRP cDNA was synthesized and amplified by PGR with an N-Myc residue and ligated 

with the hygromycin resistant mammahan expression vector pcDNA 3.1 Hygro. This 

construct was then transfected into the murine endothelial cell line sEnd 1 (donated by Dr 

E Wagner, Institute of Molecular Pathology, Vienna) (Williams et al.̂  1988). The negative 

controls used in this study were mock-transfected empty vector cells (i.e. pcDNA 3.1 Hygro 

vector without GFRP insert). Successfully transfected cells (both GFRP and mock 

transfected) were selected using Hygromycin B supplemented cell culture medium. 

Individual colonies were selected and presence of the N-Myc GFRP insert in transfected 

cells confirmed by western blotting using the 9E10 anti Myc antibody.
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NOa* production was measured from cells basaUy (as a correlate of NO generated by eNOS) 

and following cytokine + LPS treatment (as a correlate of NO generated by iNOS) using 

the Greiss assay, and intracellular. BH4 levels were measured using HPLC and 

electrochemical detection. In addition, the expression of iNOS message and protein in 

mock transfected and GFRP transfected cells lines pre and post cytokine + LPS treatment 

were measured using SDS-PAGE, Western blotting and PCR.

iNOS Induction -  cytokine+LPS treatment

Cells were treated with a cocktail of cytokines + LPS in order to induce iNOS expression. 

GFRP and mock-transfected cells were grown in quadruplicate in 24 well plates until 70- 

80% confluent. Media was removed from each well, the cells washed with two washes of 

PBS and replaced either with fresh media containing lOng/ml Tumour Necrosis Factor a 

(TNF a), lOOU/ml (R&D systems) Interferon gamma y (IFN y) (R&D systems) and 

5pg/ml Lipopolysaccaride (LPS) (Sigma) in order to induce iNOS, or unsupplemented 

medium. After 20 hours incubation, lOOfxl of media from both treated and untreated wells, 

was transferred to a clear 96 well plate. Adhérant cells were lysed with RIPA buffer 

(appendix) and total cellular protein determined in order to control for cell number using a 

standard protein assay.
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Detection of GTP-CH1 and GFRP pre and post cytokine + LPS treatment In 

untransfected sEnd 1 cells.

To assess the effects of cytokine + LPS treatment on GTP-CHl and GFRP message in 

sEnd 1 cells, PCR amplification was performed on cDNA prepared from RNA extracted 

from sEnd 1 cells pre and post cytokine + LPS treatment using oligonucleotide primers 

designed in the murine GTP-CHl [Forward: GCTGCTTACTCGTCCATTCT] [Reverse: 

CGCATTACCATGCACATGTG] (94°C 10 secs; 56°C 10 secs; 72°C 30secs) and GFRP 

[Forward:ATAGTCCTGGACAAGCTGGAAT],[Reverse:GGGAGTTGACAATTTGGA 

AAGA] sequences (HGMP database), (94®C 10 secs; 60°C; 72°C 30 secs). Bands were 

visualised using a UV transülumintor.

Expression of Myc tagged protein In GFRP over expressing cell lines

In order to establish that Myc-tagged protein was detectable in cell lines that were 

transfected with the N-Myc-GFRP pcDNA 3.1 construct and that mock transfected 

pcDNA 3.1 control sEnd 1 cells did not contain any Myc protein, standard SDS-PAGE and 

Western blotting were performed. Briefly, 15pg of protein per well, for each cell line (4 

GFRP and 2 mock transfected) was loaded onto a 12.5% SDS-PAGE gel. Following 

transfer to a nitrocellulose membrane and blocking in 5% milk in PBST, membranes were 

incubated for 2 hours at RTP with the primary antibody, anti N-myc antibody 9E10 (1:1000 

in PBST). Following subsequent washing, a 1 hour incubation at RTP using the secondary 

antibody HRP-linked anti mouse antibody (1:3000 in PBST) (Amersham) was performed 

and signals were developed using ECL Plus (Amersham).
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Analysis of the effects of GFRP over expression on NO production

GFRP and mock transfected sEnd 1 cells were grown in quadruplicate in 24 well plates 

until 70-80%confluent. Media was removed from each well and replaced either with fresh 

media containing cytokines and LPS in order to induce iNOS, or unsupplemented medium. 

After 20 hours incubation, the media was again removed. Adhérant cells were lysed with 

RIPA buffer and total cellular protein determined in order to control for cell number. Total 

nitrite content of ceU media plus/minus cytokine + LPS treatment was measured 

colormetrically using the Greiss Assay as described in chapter 2.

Measurement of INOS protein expression

2 GFRP lines and 2 mock-transfected lines were grown to 70-80%confluence in lOcm^petri 

dishes and treated with either cytokine + LPS or unsupplemented media. Cells were 

subsequently washed, resuspended in RIPA buffer and assayed for protein content. 

Standard SDS-PAGE and Western blotting using an iNOS primary antibody (1:1000 

dilution in PBST) (Insight) and donkey anti rabbit secondary antibody (1:3000 dilution in 

PBST) (Insight) were performed and iNOS immunoreactivity visuahsed using the ECL plus 

detection system.
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Determination of iNOS message in GFRP over expressing and mock- 
transfected ceii iines

In order to demonstrate that clonal selection had not resulted in the selection of cell Unes 

with low levels iNOS messenger RNA, PCR amplification was performed. First strand 

cDNA synthesis was performed on RNA extracted (Trizol) from cell pellets harvested in 

PBS from lOcm^ petti dishes plus/minus cytokine + LPS treatment, from both GFRP over 

expressing and mock transfected cell lines. Subsequent PCR amplification using 2 

oligonucleotide primers complementary to the murine iNOS sequence (HGMP) [forward 

CAC CTT GGA GTT CAC CCA GT], [reverse ACC ACT CGT ACT TGG GAT GC] 

(94°C,10secs; 60°C, 10 secs; 72°C 30 secs) was performed. To correct for loading, PCR 

amplification was performed on the same samples using 2 oligonucleotide primers 

complementary to the murine alpha actin sequence (HGMP) [forward CTG ACA GAG 

GCA CCA CTG AA], [reverse CAT CTC CAG AGT CCA GCA CA] (94®C,10secs; 56^C, 

10 secs; 72°C 30 secs). Samples were loaded onto a 2% (w/v) agarose gel and bands were 

visualised using a UV transiUuminator.
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Analysis of BH4 levels in GFRP over expressing and mock transfected 

cells

GFRP over expressing and mock transfected cell lines were grown to 70-80% confluence in 

75cm2 flasks and each cell line treated with cytokines plus LPS or unsupplemented media. 

Cells were washed and harvested in 200|j l 1 of PBS and 20 pi o f the suspension removed for 

protein assay. The remaining 180 pi was centrifuged at maximum speed for 5 minutes at 

4°C and the pellet resuspended in an extraction buffer containing O.IM perchloric acid 

(BDH), 6.5mM dithioerythritol (Sigma) and 2.5mM DETAPAC (iron chelator) (Sigma) and 

centrifuged at maximum speed for 5 minutes at 4°C and the supematent loaded straight 

(due to the labile nature of BH4) onto the HPLC coupled to an electrochemical detector for 

analysis of BH4 (as described in chapter 2).
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6.03 Data analysis 

Greiss assays

Nitrite production from cell Hnes both basaUy and post cytokine + LPS treatment was 

measured using the Greiss assay were calculated as a percentage o f the mixed population of 

pcDNA 3.1 mock transfected cells ^cD N A  1) for each experiment. The mean±SEM for all 

experiments (n=5) on each cell line was subsequently calculated. Statistical significant 

differences in nitrite levels between GFRP and mock transfected sEnd 1 cells both basaUy 

and post cytokine + LPS treatment were determined using an unpaired Two tailed T-test.

Analysis of BH4 measurements

IntraceUular BH4 levels from GFRP overexpressing and mock-transfected ceUs were 

determined using electrochemical detection. Values were corrected for protein yielding 

m eant SEM values of pmol/mg protein. Statistical analysis was performed using an 

unpaired two tailed T-test to compare basal and cytokine + LPS treated levels of BH4 for 

each individual ceU line and to compare basal and cytokine + LPS treated levels of BH4 

between ceU lines (i.e. GFRP overexpressing vs. mock transfected control).
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6.04 Results

In the following results pcDNA 1 corresponds to a mixed population of mock transfected 

control cells, pcDNA 2 corresponds to a single colony of mock transfected cells and Bl, 

Cl, C5 and C12 aU correspond to GFRP-Myc transfected cell lines.

Cloning of GFRP

As described in chapter 2, GFRP was initially cloned into pCR2.1-TOPO and this was used 

as a template for the subsequent PCR amplification and ligation into pcDNA 3.1 Hygro. 

Both GFRP inserts (i.e. in pCR2.1-TOPO and pcDNA 3.1 Hygro vector) when sequenced, 

shared at least 99.6% homology with the published human GFRP sequence, demonstrating 

that cloning had been successful.

Effects of cytokine + LPS treatment on GTP-CH1 and GFRP In sEnd 1 cells

PRC amplification of cDNA extracted from un transfected sEnd 1 cells pre and post 

cytokine + LPS treatment gave rise to the gel image depicted in Figure 6.03. GTP-CHl and 

GFRP are expressed basaUy in sEndl ceUs and cytokine + LPS treatment increased GTP- 

CHl levels and decreased GFRP levels.
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GTP-CH1

GFRP

B asa l Cyt B a sa l Cyt

F igure 6 .03  -  Gel im age of PCR products following PCR amplification of cDNA  
extracted from untransfected sEnd 1 ce lls  (pre (basal) and post (cyt) cytokine + 
LPS treatment) using either GTP-CH1 or GFRP oligonucleotide primers.
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Transfection of sEnd 1 cells

Successful transfection of either the N-Myc-GFRP-pcDNA 3.1 Hygro construct or the 

empty vector (pcDNA 3.1 Hygro) control into sEnd 1 cells and subsequent selection for 

five days using 500pg/ml Hygromycin supplemented media, resulted in cell death of all 

untransfected cells and survival of transfected cells which formed colonies over a period of 

2-3 days. These colonies were then picked and expanded and all appeared to replicate at 

equal rates (i.e. GFRP over expression did not appear to significantly alter cell division). 

Confirmation of Myc protein expression in all predicted GFRP transfected cell lines was 

demonstrated by western blotting using the Myc antibody (Figure 6.04) The band at 

approximately 12 kDa corresponds to the GFRP protein (~9.5kDa) plus the Myc tag, (~1- 

2kDa). No immunoreactive band was detectable in the mock transfected and un transfected 

cells. It can be seen that there is clonal variation in the amount of MycTagged protein 

present in the cells, where the highest protein expression appears to be in B l> C12> Cl > 

C5.

~12kDa ____ ^

C12 C5 Cl B1 pcDNAl sEnd

F igure 6 .0 4  R epresentative immunoblot show ing im m unoreactive band at 
approximately 12kDa corresponding to Myc + GFRP. B1, 0 1 , 0 5  and 0 1 2  
correspond to GFRP over expressing  cell lines whilst pcDNA corresponds  
to a m ock transfected cell line and sEnd 1 corresponds to the native untransfected  
cell line.
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Measurement of nitrite basally and post cytokine + LPS treatment

Cytokine + LPS treatment resulted in an increase in nitrite levels in all cell lines, with nitrite 

levels in mock transfected cells, typically reaching 5 pM (basally) and 40pM (post cytokine + 

LPS treatment), consistent with pubhshed findings (Leiper et al., 2002). By studying figure 

6.05, it can be seen that there is no significant difference in basal (pre cytokine + LPS) 

nitrite levels in ah 6 cell hnes studied. Interestingly Figure 6.05 illustrates a statistically 

significant reduction in nitrite production post cytokine + LPS treatment, in the GFRP 

overexpressing cell lines compared with the mock-transfected cell lines. Values have been 

calculated as a percentage of the nitrite production in the mock-transfected mixed colony 

population.
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Figure 6.05 Nitrite production from GFRP over expressing  and m ock transfected  
ce lls  a s  m easured  by G reiss a ssa y , both basally and post cytokine + LPS 
treatment. *p<0.05 O ne W ay A NOVA with Tukey Kramer post hoc test; 
n=5. Nitrite va lu es are significantly higher in m ock transfected control ce lls  (blue 
bars) com pared to GFRP over expressing  ce lls  (green bars) post cyrokine + LPS 
treatment.
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iNOS protein expression

Western blotting for iNOS was performed on cell homogenates from cell lines B1 and C l2 

(GFRP overexpressing) and pcDNA 1 and pcDNA 2 (mock transfected) pre and post 

cytokine + LPS treatment. The immunoblot shown in figure 6.06 shows no detectable 

iNOS protein in all cell lysates without cytokine + LPS treatment, as would be expected, but 

detectable iNOS protein in lysates obtained post cytokine + LPS treatment. iNOS protein 

expression is much lower in both GFRP (very low levels in B1 following longer 

autoradiogram exposure) cell lysates post cytokine + LPS treatment compared with the 

mock-transfected lines.

~135kD a

A A A A
B1 B1cyt C12 C12cyt

V__________________ V

GFRP over expressing

A A A A
pcDNAI pcDNA 1 pcDNA 2 pcDNA 2 

+ cyt + cyt
V_____________________ V

Mock transfected

Figure 6.06 immunoblot show ing im m unoreactive bands corresponding to 
iNOS. Bands are only detectab le  in cells treated with cytokine + LPS (cyt) and 
protein expression  is reduced in 81 and C12 com pared with pcDNA 1 and 
pcDNA 2 (n=2).
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iNOS mRNA measurements

It was essential to check that iNOS messenger RNA was present in equal concentrations in 

the both GFRP over expressing and the mock transfected, as it may have been possible that 

clonal selection resulted in cell hnes with reduced iNOS message being chosen. RNA was 

extracted from cells B1,C5, Cl 2, pcDNA 1 and pcDNA 2 cells pre and post cytokine + 

LPS treatment using Trizol reagent. cDNA prepared (using RT beads) from extracted RNA 

was subsequently PCR ampHfied using iNOS and alpha actin primers (described in the 

earher protocol section). Figure 6.07 shows a gel image illustrating the presence of iNOS 

message in all 5 cell hnes post cytokine + LPS treatment with none being detactable in 

untreated ceUs. Alpha actin bands are present in ah PCR reactions and there were no 

obvious differences in loading.
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A)

iNOS

B1 B1 C5 C5 C12 C12 PC1 PC1 PC2 PC2 
B C B C B C  B C B  C

B)

a ACTIN

B1 B1 C5 C5 C12 C12 PC1 PC1 PC2 PC2 
B C B C B C B C  B C

Figure 6.07 Gel im age of showing products obtained following PCR 
amplification using A) iNOS oligonucleotide primers and B) alpha actin 
oligonucleotide primers on cDNA extracted from 3 GFRP over expressing cell 
lines (81 , C5 and C12) and 2 m ock transfected control lines (pci and pc2), with 
(C) and without (B) cytokine + LPS treatment (n=2).
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BH4 measurements

To investigate the effects of GFRP over expression on intracellular BH4 levels, BH4 was 

extracted from 2 GFRP over expressing (B1 and C12) and two mock transfected control 

(pcDNA 1 and pcDNA 2) cells, basally and following cytokine+LPS treatment. Figure 6.08 

illustrates an increase in nitrite levels (and hence successful iNOS induction) following 

cytokine + LPS stimulation. Figure 6.09a depicts a typical trace as measured by 

electrochemical detection on the HPLC, where BH4 elutes at approximately 6.5 minutes. 

Figure 6.09b illustrates the data obtained from the cell lysates, showing a trend towards an 

increase in intracellular BH4 levels following cytokine+LPS stimulation in all cell lines 

studied, although the difference was not statistically significant. There is no significant 

difference in intracellular BH4 levels in GFRP overexpressing compared to mock 

transfected cells both with and without cytokine+LPS treatment.
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^Figure 6 .08  Nitrite production in GFRP over expressing  (B1, C12) and mock 
transfected (pcDNA 1 and 2) ce lls  with and without cytokine+LPS  
treatment. *p<0.05 Two tailed unpaired T-test (GFRP over expressing  (green bars) 
vs. m ock transfected control cells  (blue bars) post cytokine+LPS treatment) n=3

 ̂C12 cells were treated with cytokines t LPS on a different day compared with B l,  pcDNA I and pcDNA 2, 
due to reduced confluency on the first day o f  treatment. This may explain the discrepancy with Figure 6.05, 
where nitrite levels are lower in Bl compared to C l2 follow ing cytokine+LPS stimulation.
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Figure 6.09a Typical trace obtained from cell lysates depicting a distinct BH4 
peak at 6 .45  m inutes a s  m easured  by HPLC using electrochem ical detection.
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Figure 6.09b Intracellular BH4 levels in GFRP overexpressing ce lls  (green bars) 
and m ock transfected control cells  (blue bars) with and without cytokine+LPS  
treatment. (p<ns O ne W ay ANOVA with Tukey Kramer post test) n=3

84



6.05 Discussion

This chapter has provided preliminary evidence that GFRP over expression has the ability 

to alter nitrite generation following cytokine+LPS stimulation, when over expressed in an 

endothelial cell line (sEnd 1). These studies demonstrate, for the first time, that over 

expression of GFRP attenuates iNOS mediated nitrite release but has no apparent effect on 

eNOS derived NO (figure 6.05). Moreover, GFRP transfection levels appear to correlate 

with this attenuation i.e. cell lines Bl and C12 showed the greatest expression of Myc- 

tagged protein and also had the greatest effect diniinishing NO production post cytokine + 

LPS treatment (Figs 6.04 and 6.05).

Intracellular BH4 levels appear to increase following cytokine + LPS stimulation (consistent 

with published findings) as shown in figure 6.09b. Surprisingly, the intracellular BH4 levels 

both basally and following cytokine+LPS stimulation, do not appear to be significantiy 

different between GFRP over expressing and mock transfected control cells.

The most salient finding of this study is that GFRP over expression appears to affect iNOS 

protein. iNOS protein was gready decreased in cell lysates obtained from GFRP over 

expressing cell hnes (Bl and C l2) compared with mock transfected control cell lines (Figure 

6.06) post cytokine + LPS treatment, even though iNOS mRNA was present in aU cell hnes 

studied (Fig 6.07a). Once again, the transfection level of Myc tagged protein correlated with 

the reduction in iNOS protein.
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Immunostimulants such as IFN y, LPS and TNF a  have been known to not only induce 

iNOS but also stimulate pterin synthesis in mammahan cells by potentiating the activity of 

GTP-CHl (Nathan 1992; Werner et al.y 1998, Wemer et al.y 1993). A study performed in rat 

hepatocytes, showed that pre-treatment with an NO donor increased NO production in 

cells following cytokine stimulation, an effect proposed to occur as a result of elevated BH4 

via suppression o f GFRP (Park et al.y 2002). It is therefore apparent that the GTP- 

C H l/ GFRP/BH 4 pathway is regulated by cytokines in such a way so as to maximise BH4 

availabihty for iNOS activation. Indeed figure 6.03 demonstrates the effect of cytokine 4- 

LPS stimulation on GTP-CHl and GFRP in sEnd 1 cells, showing an increase in GTP- 

CHl expression and decrease in GFRP expression post cytokine + LPS treatment, 

consistent with published findings.

In studies in rats treated with LPS, significant elevations have been shown to occur in both 

plasma biopterin levels alongside a 20 fold elevation in nitrite levels. Moreover, pre­

treatment with the GTP-CHl inhibitor, DAHP, reversed this effect (Gross et a l.y  1996). 

Hence, pharmacological GTP-CHl inhibition has demonstrated functional effects on nitrite 

production and biopterin levels in vivo. It would therefore be predicted that in a GFRP over 

expressing cell line, this normal increase in BH4 biosynthesis following cytokine + LPS 

stimulation would be inhibited, thereby attenuating iNOS generated nitrite. Indeed, figures 

6.05 and 6.08 depict this clearly.
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The apparent lack o f effect on eNOS mediated nitrite release should be treated with caution 

as nitrite generated by eNOS falls close to the limit o f detection of the Greiss assay and 

hence this may explain the lack of any observed effect o f GFRP over expression on eNOS 

generated nitrite, A more stringent analysis of eNOS generated NO would be to use the 

more sensitive cheniüuininescence assay. The method is based upon the chemiluminescent 

reaction between N O  and the luminol (5 -amino-2 ,3 -dihydro-l,4 -phthalazinedione)-H2 0 2  

system with a limit o f detection falling close to lOOfM (Kikuchi et aL, 1996). This would give 

a more definitive answer as to whether or not GFRP over expression affects NO generation 

from eNOS in sEnd 1 cells. However, the effects of GFRP over expression may be iNOS 

specific if we consider the dependency of the different NOS dimers on BH4 levels.

There are several lines o f evidence to suggest that o f all three NOS dimers, iNOS is the 

least stable and that BH4 availability seems to be more important for iNOS dimer formation 

and stabihsadon compared with eNOS and nNOS (Venema et aL, 1997; Panda et al, 2002; 

Aoyagi et al, 2001). BH4 is believed to interact with residues in both subunits of the NOS 

dimer and also hydrogen bonds to the active site heme. This dimérisation activates NOS in 

a number of ways including creating high affinity binding sites for L-arginine and allowing 

electron transfer from the reductase domain flavins to the oxygenase domain heme (Crane 

et al, 1998; Raman et al, 1998; Panda et al, 2001). Dimérisation of purified heme-containing 

iNOS monomer is promoted by BH4 and the stabihty of the iNOS dimer is enhanced by the 

bound pterin cofactor. However, BH4 is not an absolute requirement for dimérisation of aU 

three isoforms o f recombinantly overexpressed NOS (Ghosh et al, 1997) although observed 

BH4 independent activity of purified NOS could be attributed to substoichiometric
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quantities which remain bound to the enzyme after purification (Mayer et al.̂  1991). A 

thorough and systematic study conducted by Panda et al., (2002) demonstrated that iNOS 

dimers were the least stable, and most susceptible to trypsin proteolysis compared to eNOS 

and furthermore that BH4 best promoted recoveries of iNOS dimers following urea 

dissociation and trypsin proteolysis. The three isoforms of NOS thus differ markedly in 

their strengths and BH4 requirements, despite their general structural similarity and, as a 

result, these features may provide the basis for control and regulation of each isoform 

dependent on their biological environment.

We would predict the mechanism via which GFRP over expression limits iNOS mediated 

nitrite generation would be by limiting BH4 availability, as a result of the formation of a 

predominantly inhibitory complex with GTP-CHl. However, the intracellular BH4 levels 

measured pre and post cytokine+LPS treatment in the cell hnes studied in this chapter, 

show no significant difference between GFRP overexpressing and mock transfected control 

cells. This result is somewhat surprising as there is a consistent attenuation of iNOS 

mediated nitrite release in the GFRP over expressing ceU hnes, which correlate with the 

transfection level. At this stage it is only possible to speculate the reasoning behind this 

apparent lack of effect on intraceUular BH4 levels in GFRP over expressing cehs.

It is possible that the mechanism via which GFRP over expression attenuates iNOS 

generated nitrite production is via limitation o f BH4 availabihty for stable iNOS 

dimérisation foUowing cytokine stimulation. The window during which iNOS is rapidly 

synthesized may be in the first few hours foUowing cytokine + LPS treatment, and hence
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BH4 levels at this time point may be critical. BH4 levels in the GFRP over expressing cell 

lines may not have increased immediately following cytokine + LPS treatment and hence 

may have only reached suboptimal levels for fiiU iNOS dimérisation. The BH4 values 

measured in these ceU lines were after a 20 hour cytokine + LPS incubation period, by 

which time, BH4 levels in GFRP over expressing cells may have increased to the same level 

as the mock transfected control cells. It is therefore essential to conduct a time course study 

on these cells, investigating the BH4 and nitrite levels at hourly time points following 

cytokine+LPS treatment, rather than at just one arbitrary time point.

GFRP over expression also may be resulting in sequestration o f free intracellular BH4 

thereby reducing BH4 availability for iNOS activation and hence, although total intracellular 

BH4 levels measured would be unchanged, the proportion available for NOS dimérisation 

may be significantly reduced. Furthermore, GFRP over expression may be inhibiting iNOS 

mediated nitrite release by some, as yet, unknown mechanism. Further studies are essential 

to determine, what effects, if any, GFRP over expression is having on the BH4 levels for 

NOS activation.

In summary, this chapter has demonstrated a potential functional significance of GFRP 

over expression in endothelial cells. GFRP over expression appears to affect the NOS 

pathway although further studies wiU be required to test this directly and fully characterise 

these cells in order to confirm the initial findings presented in this chapter. If  the findings in 

this chapter are correct, it may suggest that GFRP over expression may have a specific
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inhibitory effect on iNOS, and this in itself could lead to potential therapies for the 

treatment of inflammatory diseases, such as sepsis.
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CHAPTER 7 

General discussion
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Deficiency of BH4, an essential cofactor for NOS, is believed to be associated with the 

pathogenesis o f vascular endothehal dysfunction in a variety of disease states and 

suboptimal levels of BH4 may be associated with the generation o f O 2 from NOS (Katusic 

2001).

Pulmonary hypertension and persistent pulmonary hypertension of the newborn (PPHN) 

are associated with endothelial dysfunction and impairment of the NO pathway (Jeffery and 

WanstaU 2001; Adnot 1995; Abman 1999) and it may be possible that increased O2 levels 

generated from dysfunctional NOS may contribute towards this endothelial dysfunction. 

Furthermore, the GFRP/GTP-CHl regulatory complex can regulate BH4 levels, but little 

data exists regarding the functional effects or clinical implications of GFRP levels in vivo.

The work presented in this thesis supports a role of BH4 and SOD in pulmonary vascular 

reactivity in the neonatal period and additionally demonstrates the importance of GTP-CHl 

levels in the development of pulmonary hypertension. Furthermore a physiological effect of 

GFRP over expression in endothelial cells has been demonstrated.

Hypercholesterolaemia, hypertension and smoking are all associated with endothelial 

dysfunction and it is hkely that loss of NO biological activity and/or biosynthesis is a 

central mechanism behind this endothehal dysfunction (Katusic 2001) and there is also 

evidence that acute adrninistration of BH4 is able to restore endothehal dysfunction in a 

number of diseases (Stroes et al., 1997; Ueda et al, 2000; Tiefenbacher et al, 2000). The high 

capacity of the endothehum to synthesize BH4 is hkely to reflect an important role for this 

pterin in the regulation of endothehal function (Tsutsui et al, 1996). The role of the GTP- 

C H l/BH4 pathway in pulmonary hypertension and in PPHN is currently unknown and one
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the aims of this thesis was to try and restore endothelial dysfunction in a model of PPHN 

and to try and estabhsh whether the G TP-CH l/BH 4 pathway is imphcated in the 

development of PPHN and additionally whether a mutation in GTP-CHl from birth could 

contribute towards development of pulmonary hypertension. The studies within this thesis 

have given an insight into how the regulation of BH4 by GTP-CHl and/or GFRP may 

affect NO generation in a number of systems.

Chapter 3 describes the development of an antipeptide antibody, raised against a conserved 

surface exposed hydrophihc sequence of GTP-CHl, which was subsequently used to assess 

the locahsation and protein expression of GTP-CHl in porcine lung samples. This method 

of utilizing the crystal structure to select an antigenic surface exposed conserved peptide 

sequence currently appears to be the best method for the development of a GTP-CHl 

antibody, as GTP-CHl antibodies developed by other groups using randomly selected 

sequences have proven to be far less specific.

The first hypothesis to be tested investigated whether or not sepiapterin and/or MnTMPyP 

administration could improve endothehum dependent relaxations during the neonatal 

period and in the adult porcine lung and whether any effects seen could be explained by a 

developmental regulation of GTP-CHl. This study was loosely based on previous findings 

that i)BH4 supplementation using the precursor sepiapterin, when co-administered with 

SOD improved endothehum dependent relaxations in mature isolated canine middle 

cerebral arteries (Tsutsui et al.̂  1996) h) that catabohsm of NO by its reaction with O x  may
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lead to endothelial dysfunction and iii) suboptimal BH4 levels may be associated with 

increased Oa'generation (Cosentino et al.̂  1998; Cosentino and Luscher 1999).

Chapter 4 demonstrates a developmental change in GTP-CHl protein expression, which 

correlates temporally with the functional effects of supplemented BH4 in that BH4 

supplementation using the BH4 precursor sepiapterin resulted in a statistically significant 

improvement in ACh mediated relaxations in isolated porcine pulmonary arteries at 3 and 

14 days of age but not in any other age groups studied (fetal, newborn, 12-24hour and adult) 

and alongside these functional effects, GTP-CHl protein expression was low at 3 and 14 

days of age. Following MnTMPyP supplementation both alone and in the presence of 

sepiapterin, ACh relaxations were improved in both 3 and 14 day old animals but not in the 

other age groups studied. The lack of any additive effect of both agents, suggested that 

sepiapterin and MnTMPyP were working through the same mechanism and furthermore 

that reduced BH4 may lead to increased O 2 generation. This study has also for the first time 

shown the locahsation of GTP-CHl protein in porcine lung sections, 

Immunohistochemistry revealed that GTP-CHl was predominantly locahsed to nerves, 

arterial, pulmonary venous and bronchial smooth muscle and airway epithehal cells and was 

unchanged developmentaUy,

The second hypothesis focused on whether there was a change in GTP-CHl expression in 

a porcine model o f PPHN and whether sepiapterin and/or MnTMPyP administration could 

reverse the profound endothehal dysfunction seen in the porcine model of PPHN 

(hypobaric exposure in newborn piglets for 3 days (3H)), This study was based on the 

previous studies in which BH4 supplementation restored endothehal dysfunction in a variety
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of disease states (Stroes et al.̂  1997; Ueda et al^ 2000; Tiefenbacher et al.̂  2000). Unlike the 3 

day control animals, supplementation of BH4 and SOD individually, did not improve 

vascular reactivity, yet significantly improved ACh mediated relaxations when added 

together in 3H. GTP-CHl protein expression and localisation were unaffected by hypobaric 

exposure compared to the age matched control. It therefore appears unlikely that GTP- 

CHl contributes to the marked endothelial dysfunction observed in isolated vessels from 

3day old animals with PPHN, but does provide evidence that ACh mediated relaxations can 

be improved by the co incubation of sepiapterin and MnTMPyP, an effect previously 

unobserved in this animal model. The possible mechanisms via which these two agents in 

combination may be eliciting an effect are discussed in greater detail in Chapter 4. Further 

studies investigating the mechanisms via which these agents may be acting when used in 

combination could lead to alternative therapies for the treatment o f PPHN.

Although GTP-CHl protein expression and locahsation appeared unaffected by hypobaric 

exposure, we decided to investigate the effects of a 90% reduction in the activity of GTP- 

CHl from birth, on the pulmonary vasculature of adult hph-1 mice. The study described in 

Chapter 5 demonstrates, for the first time, that the hph-1 mouse model of GTP-CHl 

deficiency displays a structural phenotype for pulmonary hypertension, and although 

haemodynamic measurements are essential to confirm this finding, the right ventricular 

hypertrophy observed in the hph-1 mice has now been confirmed by an independent group 

(Channon and colleagues).
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The implications of this finding are that previously undiagnosed pulmonary hypertension 

may exist in patients where a mutation in the GTP-CHl gene already exists, e.g Dopa 

responsive dystonia sufferers, and furthermore may point towards the importance of GTP- 

C H l/B H 4 in the lung. By tying together chapters 4,5 and 6 , a change in the expression of 

GFRP may also have impHcations in the progression of the development of pulmonary 

hypertension and may explain the link between BH4 availability and endothelial dysfunction. 

An interesting future study arising from these findings would also be to cross a GTP-CHl 

over expressing mouse (recently developed by Channon and colleagues) with an hph-1 

mouse, where we would expect a potential reversal of the pulmonary hypertensive 

phenotype.

Finally, the role of GFRP over expression in an endothelial cell line was investigated. Few 

studies have shown any functional effect o f this protein and hence we developed a GFRP 

over expressing cell line. Chapter 6 has only given a brief characterisation of these cell lines 

but the functional effects observed so far seem to suggest that GFRP over expression 

attenuates cytokine + LPS stimulated nitrite generation from iNOS possibly as a result of 

reducing BH4 availability for stable dimérisation and fuU activity of iNOS. This findings may 

have a number of potential therapeutic implications as excess GFRP may have the ability to 

behave as a BH4 biosynthesis inhibitor and hence may be able to reduce NO generation in 

situations where it may have adverse effects (e.g. sepsis). Furthermore, an increase in 

endogenous GFRP levels may contribute towards the progression of a number of disease 

states where a reduction in BH4 levels may be implicated.
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In summary, the main findings of this thesis are:

• GTP-CHl protein expression alters developmentaUy in the porcine lung and largely 

correlates with a fimctional effect of supplemented BH4 , seen at 3 and 14 days of 

age.

• SOD supplementation improves vascular reactivity to ACh in isolated porcine 

pulmonary arteries at 3 and 14 days of age.

• BH4 and SOD supplementation together improve the relaxation response to ACh in 

the 3 day porcine model of PPHN.

• GTP-CHl protein expression is unchanged by hypobaric exposure for 3 days when 

compared to the age matched control.

• GTP-CHl protein is localised to the nerves, bronchial smooth muscle, epithelial 

ceUs and venous and arterial smooth muscle and GTP-CHl mRNA is detectable in 

isolated endothelial ceUs (sEnd 1). Localisation of GTP-CHl appears unchanged 

with age or foUowing hypobaric exposure.

• The GTP-CHl mouse mutant, hph-1, displays the structural characteristics of a 

pulmonary hypertensive animal.

•  GFRP over expression attenuates iNOS mediated nitrite release from sEnd 1 ceUs.
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CHAPTER 8 

Future work
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8.01 Introduction
In order to answer some of the questions raised in the results chapters of this thesis and to 

confirm preliminary findings, the following future studies have been suggested.

8.02 Future studies in porcine deveiopmentai and PPHN modeis 

Functionai studies in porcine puimonary arteries

For complete characterisation of the role of the BH4/G TP-C H l pathway in the developing 

pulmonary vasculature and in PPHN, other pharmacological reagents acting upon different 

parts of the de novo and salvage (Figure 1.05) would need to be used.

As sepiapterin works by being converted to BH4 via the salvage pathway, it would be useful 

to confirm the effects of sepiapterin by using a blocker of this pathway.

Methoxyacetylserotonin (MAS) is an inhibitor of both the salvage and de novo pathways and

we would predict a reversal of the effects seen in the age groups where sepiapterin 

improved ACh mediated relaxations i.e. 3 and 14 day old animals.

Superoxide measurements in porcine puimonary arteries
In order to investigate 0 2 ' levels and whether there is a temporal change or a change

following hypobaric exposure, the reactive dye dihydroethidine could be used to visuahse 

O 2 .This would allow us to compare O 2 levels in tissues from 3H versus 3 day control. 

Additionally, SOD levels could be investigated using antibodies raised against SOD, as

endogenous SOD levels may explain the differences observed in the response to

MnTMPyP.
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GTP-CH1 protein expression in porcine pulmonary arteries
GTP-CHl protein expression as measured by Western blotting, was performed on soluble

protein fractions extracted from the cardiac lobe. The advantage of using the cardiac lobe is 

that a large amount of protein can be easily extracted and furthermore the relative 

proportions of airways, arteries and veins should remain constant with age and following 

hypobaric exposure. However, in order to conclusively prove that the developmental 

changes observed in GTP-CHl and the apparent lack o f effect after 3 days exposure to 

hypobaric conditions occurred in the pulmonary arteries themselves, (and hence correspond 

with the functional studies) the experiments should be repeated using protein extracted 

from isolated pulmonary arteries.

BH4 measurements in porcine pulmonary arteries
To confirm that the functional effects observed following sepiapterin supplementation are 

as a direct result o f reduced GTP-CHl expression and hence reduced BH4 levels, it would 

be useful to measure BH4 using electrochemical detection from isolated pulmonary arteries.
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8.03 Hph~1 characterisation studies 

Assessment of collagen and elastin

One further parameter, which would have been interesting to investigate in the hph-1 

characterisation studies, would have been a study of the relative amounts of collagen and 

elastin in the vessel walls, although due to time restrictions this has not been possible. 

Deposition of collagen in the media and adventitia, another effect associated with 

pulmonary vascular remodelling, results in decreased compliance of the vessels (Tozzi et al.̂  

1994) and this results in the right heart working against an increased lung resistance leading 

to the development o f right ventricular hypertrophy. We would therefore expect greater 

amounts of collagen and elastin in the vessel walls from the hph-1 mice compared to the 

wild type C57BL/6 X CBA, given the other structural findings. This measurements could 

be made following staining of paraffin wax sections using Van Gieson’s staining techniques.

Evidence of developmental changes
A second interesting investigation would be to look for developmental changes i.e. do the 

hph-1 mice show a pulmonary hypertensive phenotype from birth or does it occur later in 

Hfe and furthermore lifespan studies would teU us whether this mutation results in 

premature death.
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Systemic hypertension measurements
Although there was no observed left ventricular hypertrophy, it would be useful to perform 

alpha actin staining on vessels from systemic organs e.g. the kidneys, to elucidate whether or 

not there was any evidence of systemic hypertension. Haemodynamic measurements would 

give information about any changes in systemic arterial pressures in the hph-1 compared to 

the C57BL/6 wild types.

Gender differences
Studying a greater number of animals would also be interesting to elucidate whether or not 

there are any gender differences, e.g. in the extent of right ventricular hypertrophy and 

smooth muscle wall area of resistance vessels. Although pooling male and female data sets 

lead to the conclusion that the hph-1 mice displayed a pulmonary hypertensive phenotype, 

this pooling may have masked a gender difference.

BH4 levels In the lung
A comparison of BH4 levels in the lungs of hph-1 vs. wild type would further support the 

role of G TP-C H l/BH4 availability and the observed pulmonary hypertensive phenotype. 

Unfortunately, these measurements are complicated by the fact that the lungs need to be 

completely cleared of blood, before BH4 can be extracted and run on the HPLC.
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8.04 GFRP over expression studies

Chapter 6 has given an insight into possible mechanisms of the actions of GFRP on NO 

generation. However, although the results presented within this chapter suggest that GFRP 

over expression attenuates iNOS mediated nitrite release following cytokine + LPS 

stimulation and iNOS protein expression, further studies will be needed to confirm these 

findings to fully elucidate the effects of GFRP over expression on the BH4/NO pathway in 

sEnd 1 endothelial cells.

BH4 measurements
Although the results presented in Chapter 6 suggest that there is no change in intracellular 

BH4 measurements, it is likely that the method used is not reflecting the amount of BH4 

available for iNOS activation following cytokine + LPS treatment. As suggested in the 

discussion o f Chapter 6, time course experiments may be needed to demonstrate effects of 

GFRP over expression on BH4 levels.

Reversal of the effects of GFRP over expression
An interesting study to determine whether or not the effects of GFRP over expression on 

iNOS can be reversed would be to supplement cells with excess BH4. It would be expected 

that there would be a restoration of nitrite production following cytokine + LPS treatment 

and furthermore, an increase in iNOS protein expression in the GFRP over expressing cells, 

comparable to the mock transfected control cells.
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Northern blotting for iNOS

Although iNOS mRNA has been shown to be present to the same extent in both GFRP 

over expressing and mock transfected control cells using PCR, northern blotting for iNGS 

would provide a more quantitative method of analysing iNOS mRNA levels.

Western and northern biotting for eNOS

To deterrnine the effects of GFRP overexpression on eNOS protein, western and northern 

blotting should be employed. If the results presented in Chapter 6 are correct (ie.GFRP 

over expression did not affect eNOS mediated nitrite release) we would expect there to be 

no change in eNOS protein expression between GFRP over expressing and mock 

transfected control cells, and furthermore, there should be no change in eNOS mRNA 

levels between aU cell lines studied.

Investigation of the effects of GFRP over expression on iNOS dimer 

formation

The observed reduction of iNOS protein in GFRP over expressing cells could be due to 

either reduced cytokine + LPS induction or increased iNOS degradation possibly secondary 

to a failure of dimer formation. Pulse chase experiments would allow us to track iNOS 

dimer formation/degradation. We would expect that BH4 deficiency as a result o f GFRP 

over expression would either reduce the rate of protein synthesis during the ‘pulse’ and/or 

increase the rate o f degradation during the ‘chase’ compared to the control cells.
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GTP-CH1 activity measurements
GTP-CHl activity would be predicted to be lower in the GFRP overexpressing cell lines 

compared with the control lines. GTP-CHl activity would be measured as described in 

chapter 2.

Reversal of GFRP inhibition with BH4 supplementation
It would be predicted that adding BH4 in excess could reverse the effects of GFRP over 

expression on iNOS mediated nitrite release, following cytokine treatment.

GFRP over expressing mouse
If the preliminary data in Chapter 6 proves to be correct, a future longer-term study would 

be to develop a GFRP over expressing mouse, using the construct developed in Chapter 6. 

We would predict that this mouse model would demonstrate less iNOS activity following 

cytokine+LPS treatment and hence may be a sepsis resistant model. Furthermore, this 

mouse would demonstrate the effects of GFRP over expression on the pulmonary 

vasculature i.e. does GFRP over expression in vivo, result in the development of pulmonary 

hypertension?
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Appendix

Krebs-Henseleit solution;

Stock solution A (20X) — all dissolved in distilled H 2O (dHzO) 

2.38M NaCl (BDH) — to give final cone. 119mM 

94mM KCl (BDH) — to give final conc. 4.7mM 

20mM MgS04 7 H 2O (BDH) — to give final conc. ImM

Stock solution B (20X) — all dissolved in dH20 

SOOmM NaHCOs (BDH — to give final conc. 25mM 

24mM KH2PO4 (BDH) — to give final conc. 1.2mM

CaCb (IM stock) -  dissolved in dH2 0  

l lg  CaCl2 (BDH) in 100ml dH20

W orking solution - made up to 2L in dH20

100ml each solution A and B 

l l mM  (4g) Glucose (BDH)

2.5mM (5ml of IM stock) CaCb

Bubble with 95% O 2 / 5% CO2 for 20 minutes
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Resolving Gel

Volume of Bis aciylamide solution added determines final percentage of gel.

30% Bis-Acrylamide (BioRad) — e.g. for 12.5% gel in a final volume o f 10ml 

(12.5/30) X 10 = 4.2mls

0.375M Tris (pH 8.8) (BDH)

0.1% v /v  Sodium dodecyl sulphate (SDS) (Sigma Aldrich)

0.1% v /v  ammonium persulphate (APS) (Sigma-Aldrich)

~ 0.05% v /v  N ,N,N’, N-Tetramethylethylenediamine (TEMED) — (Sigma-Aldrich) 

dHzO to make up to final volume

For 12.5% resolving gel — lOmls final volume

30% Bis-Acrylamide 4.2mls

Tris (pH 8.8) - 3M stock made up in dHzO 1.25mls

SDS (10% w /v  stock made up in dHzO) lOOpl

APS (10% w /v stock made up in dHaO) lOOpl

TEMED 5pl

dHzO (to make up to lOmls) 4.35mls

Stacking gel
To make final volume 1ml:

17% v /v  30% Bis-Acrylamide 0.17ml

130mM Tris (pH 6.8) — IM stock made up in dHaO 0.13ml

SDS (10% w /v  stock made up in dHaO) 0.01ml

APS (10% w /v  stock made up in dH20) 0.01ml

TEMED 0.001ml

dHzO (to make up to final volume) 0.68ml
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Sample loading buffer
(1 X stock) - make up into lOmls 

SOmMTris (w/v) (BDH)

5% (v/v) P-mercaptoethanol (BDH) 

0.02% Bfomophenol blue (w/v)

10% glycerol (v/v)

2% SDS (w/v) 

pH to 6.8 with HCl

Blotting solution
To make IL in dHzO

130mM SDS (Sigma) SDS 0.37g

50mM Tris (Sigma) Tris 5.8g

40mM Glycine (Sigma) Glycine 2.9g

20% (v/v) methanol (BDH) methanol 200ml

Running buffer
To make IL in dHzO

250mM Tris Tris 30g

1.9M Glycine Glycine 144g

1% v /v  SDS (10% stock solution) 10% SDS 100ml
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RIPA buffer

1 % (v/v) Phosphate buffered saline (Sigma)

IGEPAL (v/v) (Sigma) 1%

Na-deoxycholate (Sigma) 0.5%

EDTA (Sigma) 1 mM 

PMSF (Sigma) 1 mM

1 tablet protease inhibitor in 10ml PBS (Roche) containing aprotinin, leupeptin, pepstatin 

10% Neutral buffered Formol Saline

A. 0.33M NaH2P04 (BDH) - 40g in 1 litre buffer salts (lOx stock)

B. 0.55M Na2HP 0 4  (BDH) - 65g in 1 litre (20x stock)

To make 1 htre 10% buffered formol saline:

100 ml solution A 

50 ml solution B 

Make up to 1 htre with dH20

10% v /v  (100 ml) 40% formaldehyde (Sigma)
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