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Abstract

Glucocorticoid hormones play an important role in the modulation of vascular tone,

by enhancing vasoconstriction and altering endothelial cell function. Tissue

glucocorticoid activity is determined by 1 ip-hydroxysteroid dehydrogenases (11 j3-

HSD 1 and 11 P-HSD 2, which interconvert active and inactive glucocorticoids).

Congenital deficiency of 1 lp-HSD 2 (which inactivates glucocorticoids) results in a

'syndrome of apparent mineralocorticoid excess', associated with profound

hypertension and endothelial cell dysfunction. It was hypothesised that lip-HSDs
are present in the blood vessel wall, where they modulate glucocorticoid-mediated
alterations in vascular tone.

Biochemical assay confirmed the presence of 11P-HSD activity in mouse thoracic

aorta. This was reduced by transgenic deletion of 11P-HSD 1 or 11 P-HSD 2,

demonstrating that both isozymes are active in mouse aorta. 11 P-HSD 1 was the

predominant active isozyme whilst 11P-HSD 2 activity occurred at lower levels.

This was consistent with 11 P-HSD 2 expression in a limited number of cells within
the vessel wall. Indeed, following separation of mouse aorta into its component

layers, RT-PCR revealed that 11 P-HSD 1 mRNA expression was localised to

vascular smooth muscle cells of the media and adventitia, whilst 11 P-HSD 2 mRNA

expression was restricted to aortic endothelial cells. Glucocorticoid and

mineralocorticoid receptors were both detected by RT-PCR in mouse aorta. Co-

localisation of 11 P-HSD 1, 11 p-HSD 2, glucocorticoid receptors and

mineralocorticoid receptors in mouse aorta is consistent with the concept that 11 p-
HSDs regulate vascular corticosteroid receptor activation. Future work to elucidate

the specific directionality of 11P-HSD 1 and 11 P-HSD 2 activity in mouse aorta will
be important in determining the physiological role of these enzymes in the
vasculature.

11 P-HSD activity was sexually dimorphic, in that 11 P-HSD 1 and 11 p-HSD 2

activity were both greater in male compared with female aortae. This difference
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could be important in determining the functional differences between the physiology
ofmale and female aorta and warrants further investigation.

Aorta from mice with 11 P-HSD 2 deficiency show enhanced contractility due to

impaired activity of the endothelial nitric oxide system. To determine whether

glucocorticoids directly impair endothelial nitric oxide activity, an in vitro model of

prolonged exposure of mouse aorta to physiological concentrations of

glucocorticoids was developed. Incubation of mouse aorta in the presence of
corticosterone resulted in an endothelium-independent attenuation of vascular

contractility, but not enhanced contractility or impaired endothelial cell function.
This was not due to opposing actions of corticosterone at glucocorticoid and
mineralocorticoid receptors, as similar functional responses were obtained with the

glucocorticoid-receptor specific agonist dexamethasone. Nor was it due to

inactivation of glucocorticoids by endothelial 11P-HSD 2, as prolonged exposure to

corticosterone did not further enhance vascular contractility or impair endothelial cell
function in 11 p-HSD 2 deficient mouse aorta. Interestingly, prolonged in vitro

incubation of 11 P-HSD 2 deficient aorta in the presence of L-arginine reversed the
endothelial cell dysfunction in these vessels. This reversibility of endothelial cell

dysfunction combined with the lack of a direct effect of glucocorticoids on mouse

aorta in vitro may suggest that an indirect in vivo factor mediates the endothelial cell

dysfunction in 11 P-HSD 2 deficiency.

In conclusion, 11 p-HSD 1 and 11 p-HSD 2 are both active in mouse aorta and are

appropriately sited to modulate vascular corticosteroid receptor activation in a cell

specific manner. Thus, intravascular regulation of glucocorticoid activity is likely to

have significant implications for both normal vascular function and the development
of cardiovascular disease.
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Glucocorticoid hormones play an important role in the regulation of blood pressure,

in part by enhancing vascular contractility and altering endothelial cell function. The
action of glucocorticoids at the tissue level is regulated by intracellular isozymes of

llp-hydroxysteroid dehydrogenase (lip-HSD), which interconvert receptor-active
and receptor-inactive glucocorticoids. Congenital deficiency or transgenic deletion
of lip-HSD 2 (the glucocorticoid inactivating enzyme) results in profound

hypertension associated with impaired endothelial cell function. It has been

suggested that glucocorticoid metabolism by lip-HSDs in the vasculature may

therefore be important in regulating vascular tone and hence blood pressure. This

hypothesis is further explored in this thesis.

The following introductory chapter describes glucocorticoid physiology, with

particular emphasis on the role of lip-HSDs in the modulation of glucocorticoid
action. The role of glucocorticoids in the regulation of vascular tone and blood

pressure is then reviewed, and the evidence for a modulatory role of 11 P-HSDs is
discussed. Finally, a list of the aims of this thesis is presented.

1.1 Glucocorticoids

Glucocorticoids (corticosterone in rodents and Cortisol in humans) were initially
named to reflect their effects on carbohydrate metabolism. However, it is now well
understood that these hormones are essential for survival and exert an influence on

most systems of the body.

1.1.1 Steroid Hormone Structure

Glucocorticoids are part of the steroid hormone family, each member of which
contains structural modifications of a common precursor molecule. The chemical
structure of steroid hormones is based on that of cholesterol, consisting of three

cyclohexane rings and one cyclopentane ring (Figure 1.1). Each steroid hormone
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Figure 2.1 Basic Steroid Ring Structure

Letters identify the four carbon rings of the basic steroid molecule, with numbers assigned
to individual carbon atoms. Chemical groups are described by the number of the carbon
atom to which they are attached.
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gains its unique properties as a result of substitutions of chemical groups at various

positions on this precursor molecule.

1.1.2 Glucocorticoid Biosynthesis

Glucocorticoid synthesis from cholesterol occurs largely in the zona fasciculata of
the adrenal cortex, with a smaller contribution of the zona reticularis. Steroid

hormone biosynthesis is catalysed by members of the CYP oxidative enzyme family
which are located in the membranes of the mitochondria and endoplasmic reticulum

(ER) (Table 1.1), and characterised by their absorbance maximum of 450nm (Miller,

1988). The sequence of reactions involved in glucocorticoid biosynthesis is shown
in Figure 1.2, and can be described in five steps, outlined below.

1. Cholesterol is actively transported from intracellular storage vacuoles to the
mitochondria.

2. Side-chain cleavage by CYP11A1 in the inner-mitochondrial membrane converts

cholesterol to pregnenolone.
3. In man and higher mammals, pregnenolone undergoes 17-hydroxylation by

CYP 17 to produce 17-OH-pregnenolone, which is subsequently converted to 17-

OH-progesterone by 3p-HSDII in the ER. However, rodents lack the CYP 17

enzyme in adrenal cortex, therefore pregnenolone is only converted to

progesterone, explaining why the major glucocorticoid in rodents is
corticosterone.

4. Progesterone or 17-OH-progesterone is converted to deoxycorticosterone or 11-

deoxycortisol by CYP21A2, and transferred back to the mitochondria.
5. Deoxycorticosterone or 11-deoxycorticosterone is hydroxylated in the 11 position

by CYP11B1 to form corticosterone or Cortisol.
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General Name Specific Name Intracellular Location

Cholesterol side-chain cleavage CYP11A1 Inner mitochondrial memb.

3p-Hydroxysteroid dehydrogenase 3P-HSDII Endoplasmic reticulum

*(17a-Hydroxylase) (CYP17) (Endoplasmic reticulum)

21-Hydroxylase CYP21A2 Endoplasmic reticulum

lip-Hydroxylase CYP11B1 Inner mitochondrial memb.

Table 2.1 Enzymes Involved in Glucocorticoid Biosynthesis

* Does not occur in rodents.

1.1.3 Glucocorticoid Secretion

Glucocorticoid synthesis and release from the adrenal cortex is controlled by
hormonal interactions between the hypothalamus, pituitary gland and the adrenal

gland (known as the hypothalamic-pituitary-adrenal (HPA) axis), and can in turn be
influenced by both neural and chemical stimuli.

Stimulation of the hypothalamus (e.g. by stress) results in the release of

corticotrophin releasing hormone (CRH) and arginine vasopressin (AVP) into the

hypothalamic-hypophyseal portal capillary system. Stimulation ofCRH receptors on

corticotrophs of the anterior pituitary results in the rapid release of

adrenocorticotrophic hormone (ACTH) into the systemic circulation. ACTH is

synthesised from the polypeptide pro-opiomelanocortin (POMC) and acts via plasma
membrane receptors (melanocortin-2-receptors) on adrenal cells, to stimulate

steroidogenesis and hence, the secretion of glucocorticoids.

5



Figure 2.2 Biosynthesis of Glucocorticoids in the Adrenal Cortex

Glucocorticoid biosynthesis from cholesterol in the adrenal cortex is catalysed by CYP
oxidative enzymes. The sequence of reactions involved in glucocorticoid biosynthesis is
shown, with specific enzyme names indicated in boxes.
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In addition to the stimulated release of glucocorticoids described above, there is
also a diurnal variation in glucocorticoid secretion. Glucocorticoid secretion is
entrained to the pattern ofACTH secretion, which peaks 2-4 hours before awakening
then decreases to almost zero just before a person falls asleep. This diumal pattern

comprises pulses of ACTH/ glucocorticoid secretion, the frequency and duration of
which control circulating glucocorticoid levels in the plasma.

Glucocorticoids themselves provide a negative feedback loop to regulate their own
secretion. They suppress ACTH secretion at the level of the hypothalamus by

inhibiting CRH release, and at the level of the pituitary by inhibiting POMC

transcription and ACTH synthesis. This feedback loop acts to maintain

physiological plasma glucocorticoid levels.

1.1.4 Glucocorticoid Action

Circulating glucocorticoids (corticosterone and Cortisol) are predominantly bound
to corticosteroid-binding protein (CBG) and albumin, with only 5-10% freely

circulating in the plasma (Hammond et al., 1990). Glucocorticoid-binding proteins
therefore act to buffer free corticosterone concentrations. However, these proteins
can become saturated at high physiological glucocorticoid concentrations, amplifying
fluctuations in free steroid levels throughout the period of diurnal variation. Only

freely circulating glucocorticoids are able to diffuse across the plasma membrane.

Upon entering target cells, glucocorticoids are able to bind to and activate
intracellular glucocorticoid receptors (type II corticosteroid receptors, GR). Upon
corticosterone binding, inhibitory heat shock proteins are displaced from the

receptor, thus allowing translocation of the ligand-receptor complex to the cell
nucleus. Receptor dimerisation occurs within the nucleus and the ligand-receptor

complex is able to bind to specific palindromic DNA sequences known as

glucocorticoid response elements (GREs). GREs tend to be closely associated with
the promoter region of target genes. Therefore, upon interaction with the cell's
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transcriptional machinery, activated GR are able to either enhance or repress gene

transcription (Yamamoto, 1985; Drouin et al., 1993).

Glucocorticoids may also be able to act upon membrane bound receptors.

Glucocorticoid binding sites have been described in rat neuronal membranes

(Liposits & Bohn, 1993) and human leukemic cells (Gametchu et al., 1999). The

physiological relevance of these binding sites remains unclear, but these membrane
bound receptors may be involved in rapid non-genomic actions of glucocorticoids.

1.1.5 Glucocorticoid Effects

The roles of glucocorticoid hormones in various physiological systems were

initially identified from clinical observations of the consequences of adrenal disease.
Glucocorticoid excess (e.g. in Cushing's syndrome) is characterised by increased
central fat deposition, impaired glucose tolerance, hypertension, muscle weakness
and increased susceptibility to injury (Cushing, 1912). In contrast, glucocorticoid

insufficiency (e.g. in Addison's disease) is characterised by weight loss, loss of

appetite and postural hypotension (Addison, 1855).

1.1.5.1 Effects on Metabolism

The metabolic effects of glucocorticoids are essentially anabolic in the liver and
catabolic in muscle and adipose tissue, the overall effect of which is to increase
blood glucose levels. Glucocorticoids increase hepatic glucose production by

stimulating the synthesis of enzymes essential in hepatic gluconeogenesis (e.g.

phosphoenolpyruvate carboxykinase (PEPCK)) (Sasaki et al., 1984). In addition,

glucocorticoids inhibit glucose uptake by peripheral tissues by decreasing transport

of the GLUT4 transporter to the cell membrane (Weinstein et al., 1995), and
stimulate glycogen storage by activating glycogen synthase and inhibiting glycogen

phosphorylation (Stalmans & Laloux, 1979).

Glucocorticoids stimulate the catabolism of skeletal muscle to promote the release
of amino acids required for gluconeogenesis (Exton, 1979), and in glucocorticoid
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excess, this catabolic action is associated with proximal myopathy. Lipolysis - the
release of fatty acids from adipose tissue is also stimulated by glucocorticoids

(Exton, 1979), which can have chronic effects on lipid metabolism. The
differentiation of pre-adipocytes to mature adipocytes is mediated by

glucocorticoids. Fat accumulation via glucocorticoid-mediated activation of

lipoprotein lipase and hormone-sensitive lipase (Hauner et al., 1987) can result in

obesity in glucocorticoid excess.

1.1.5.2 Effects on the Immune System

Glucocorticoids are known to have profound effects on the immune system which
have been exploited clinically in the treatment of inflammation and autoimmune
disease (and organ transplantation). These hormones alter the trafficking of cells of
the immune system (T- and B-cells, neutrophils, monocytes and granulocytes)

resulting in suppression of local inflammatory responses (Dale et al., 1975).
Glucocorticoids are also able to induce lymphocyte apoptosis (Nazareth et al., 1991)
and inhibit T-cell cytokine synthesis (Cupps et al., 1985), therefore indirectly

inhibiting B-cell and macrophage activation and proliferation (Rinehart et al., 1982).

Although the physiologically important mechanisms remain unclear, these
observations may underlie the immunosuppressive effects of glucocorticoids.

1.1.5.3 Effects in the Central Nervous System

Clinical observations have indicated that glucocorticoids influence cognition, mood,

reception of sensory stimuli and sleep patterns by modulating neuronal activity

(McEwen et al., 1986). Indeed, several cell types of the central nervous system

(CNS) contain glucocorticoid receptors, including neurones, astrocytes, glial cells
and oligodendrocytes. Chronic exposure to glucocorticoids induces neurotoxicity,

resulting in decreased hippocampal volume and therefore decreased memory

function (Sapolsky et al., 1985). Psychological disturbances are common in

glucocorticoid excess and insufficiency, presenting as depression or manic behaviour

(Loosen et al., 1992), and administration of exogenous glucocorticoids is also known
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to decrease the duration of rapid eye movement sleep (Kreiger, 1972). The exact

mechanisms involved in glucocorticoid-mediated changes in behaviour are unclear.

In addition to the transcription-dependent events described above, glucocorticoids
also mediate non-genomic events in the CNS. These rapid responses (e.g. neuronal

hyperpolarisation and suppression of spontaneous electrical activity) appear to be
mediated by direct actions of glucocorticoids at the neuronal cell membrane

(Orchinik et al., 1991).

1.1.5.4 Effects on the Cardiovascular System

Alterations in circulating glucocorticoid concentrations can cause hypertension (e.g.
in Cushing's syndrome) and hypotension (e.g. in Addison's disease), therefore

glucocorticoids are essential for the maintenance of normal blood pressure.

Although the exact mechanisms involved in glucocorticoid-mediated regulation of
blood pressure have not been fully elucidated, their effects in the cardiovascular

system are wide ranging. Glucocorticoids regulate cardiac output by maintaining

contractility and work performance of the heart. In addition, glucocorticoids also

play an important role in the regulation of fluid and electrolyte balance. These
hormones can directly influence sodium handling (Montrella-Waybill et al., 1991),
and are essential for the regulation of angiotensinogen production from the liver,
AVP production from the hypothalamus (Raff, 1987) and atrial naturetic peptide

(ANP) production from cardiac myocytes (Shields et al., 1988) - each of which can

influence sodium/ water handling in the kidney.

Glucocorticoids also modulate vascular sensitivity to vasoconstrictors (Sato et al.,

1994) and the production of vasodilators (Handa et al., 1983), which could in turn

alter vascular tone and thus contribute to blood pressure regulation. The effects of

glucocorticoids on vascular tone are discussed more thoroughly in section 1.4
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1.1.5.5 Effects on Growth and Development

Glucocorticoid excess is associated with osteopenia (decreased new bone formation
and bone resorption), with impaired calcium absorption in the intestine and kidney

(Hahn et al., 1979; Laake, 1960). Additionally, glucocorticoids have deleterious
effects on connective tissue caused by inhibition of fibroblast proliferation and
extracellular matrix synthesis (Pratt & Aronow, 1966).

Glucocorticoids are essential for foetal lung development and are used clinically to

stimulate lung maturation in premature babies (Ballard, 1987). However, excessive

glucocorticoid exposure of the foetus in utero is disadvantageous, resulting in
retardation of foetal growth (Reinisch et al., 1978), which can 'programme' an

increased risk of cardiovascular disease in later life. Perinatal manipulations of

glucocorticoid exposure in rats has been shown to permanently alter GR expression
in the brain, HPA axis responses (Meaney et al., 1994), gluconeogenic enzymes,

glucose tolerance and blood pressure (Nyirenda et al., 1998).

1.1.6 Metabolism of Glucocorticoids

The physiological actions of glucocorticoids are terminated upon conversion of the
active steroid to inactive metabolites in the liver followed by excretion by the kidney.
This process involves reduction, oxidation, hydroxylation and conjugation of

glucocorticoids, and is outlined in Figure 1.3.
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Figure 2.3 Glucocorticoid Metabolism

The actions of glucocorticoids are terminated upon conversion of active steroids to their
inactive metabolites in the liver. This involves reduction, oxidation, hydroxylation and

conjugation of glucocorticoids, and is catalysed by the enzymes indicated in boxes.
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Corticosterone (Cortisol) can be interconverted with its inactive 11 -keto-metabolite

11-dehydrocorticosterone (cortisone) by 11(3-HSD isozymes (the biology of these

enzymes is discussed in detail in section 1.2). The subsequent metabolism of
corticosterone and 11-dehydrocorticosterone follow similar paths. A-ring reduction
in the liver by 5a- or 5p-reductase is the rate-limiting step of glucocorticoid
metabolism. 5a- and 5|3-reductase can both act on corticosterone whereas, 11-

dehydrocorticosterone is metabolised by 5p-reductase only. These enzymes produce
two dihydro-stereoisomers, differing only in the orientation of the additional

hydrogen atom at carbon 5. These dihydro-metabolites are further reduced by 3a-

hydroxysteroid dehydrogenase (3a-HSD) to yield tetrahydrometabolites, the most

abundant urinary glucocorticoid metabolites. Additional reduction by 20a- and 20P-

hydroxysteroid dehydrogenases produces cortols and cortolones, which are finally
oxidised by 21-oxidase to produce cortolic and cortolonic acids. Glucocorticoids and
their metabolites are not very soluble in water, therefore, conjugation with glucuronic
acid or sulphates in the liver aids excretion.

1.2 1ip-Hydroxysteroid Dehydrogenases

As this thesis focuses upon the role of glucocorticoid metabolism in the blood
vessel wall by isozymes of 11P-HSD, the physiology of these enzymes is described
in the following section.

1.2.1 History of 11p-Hydroxysteroid Dehydrogenase

Prior to 1988, only a small number of children and one adult had been reported

suffering from a rare congenital 'syndrome of apparent mineralocorticoid excess'

(SAME) (Ulick et al., 1979; Stewart et al., 1988). Patients presented with symptoms

characteristic of excessive activation ofmineralocorticoid receptors (MR), including
severe hypertension attributed to sodium retention, low plasma renin and

hypokalemia despite low circulating plasma aldosterone levels. Although these

patients had an intact HPA-axis, and thus normal circulating levels of Cortisol

(Stewart et al., 1988), an additional feature of SAME was abnormally high
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concentrations of urinary Cortisol metabolites (tetrahydrocortisols and cortols)

compared with those of cortisone (tetrahydrocortisone and cortolones) (Ulick et al.,

1979). This was suggestive of impaired activity of 1 l^-HSD, although the relevance
of this was unclear.

It had long been known that excessive consumption of liquorice, or use of its active

ingredients (glycyrrhetinic acid and its hemi-succinate derivative carbenoxolone) for
the treatment of peptic ulcers induced a syndrome similar to that of primary
aldosteronism/ SAME (Epstein et al., 1977). The mechanism of liquorice-induce

hypertension was initially thought to be due to glycyrrhetinic acid-mediated
activation ofMR (Armanini et al., 1982). However, although glycyrrhetinic acid is
able to bind to MR, this occurs with an affinity approximately 4000 times lower than
that of aldosterone, and is therefore unlikely to be physiologically relevant (Armanini
et al., 1983). Observations that administration of dexamethasone or the MR

antagonist spironolactone ameliorated the symptoms of liquorice-induced
mineralocorticoid excess (Shackleton et al., 1980; Hoefnagels & Kloppenborg,

1983;Doll et al., 1968) whilst physiological doses of Cortisol worsened the symptoms

of SAME (Oberfield et al., 1983) suggested that an ACTH-dependent adrenal MR

agonist was responsible for these syndromes. This was supported by the fact that

liquorice-induced mineralocorticoid excess was dependent upon intact adrenal
function (Borst et al., 1953).

Demonstration that the mode of action of liquorice was to inhibit lip-HSD activity

(Stewart et al., 1987; MacKenzie et al., 1990; Stewart et al., 1990; Monder et al.,

1989) explained the paradox of MR selectivity in the presence of both aldosterone
and Cortisol, and led to the description of the mechanism involved in SAME. In
contrast to the almost ubiquitous expression of GR, MR has a more restricted
localisation (Lombes et al., 1990). In hippocampus, and when expressed in vitro,

MR can bind both glucocorticoids and aldosterone with equal affinity (Krozowski &

Funder, 1983; Arriza et al., 1987). However, in traditional aldosterone-target tissues
in vivo, such as distal nephron and colon, MR binds aldosterone but not

glucocorticoids despite approximately 100-fold greater circulating glucocorticoid
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concentrations (Sheppard & Funder, 1987). Administration of liquorice or

glycyrrhetinic acid results in inhibition of 11 P-HSD activity in mineralocorticoid-

target tissues, and thus allows glucocorticoids to bind MR (Edwards et al.,

1988;Funder et al., 1988). Similarly, SAME occurs due to mutations in the 11(3-
HSD 2 gene (Stewart et al., 1996). Hence, it was proposed that the physiological
role of 11P-HSD was to protect MR from illicit activation by glucocorticoids and
allow them to bind aldosterone (Figure 1.4).

1.2.2 11 p-Hydroxysteroid Dehydrogenase - More than one enzyme?

Although the physiological importance of 11 P-HSD activity was recognised in

terms of SAME, the conversion of Cortisol to cortisone by 11 P-HSD had actually
been studied for several decades (Amelung et al., 1953). In vitro studies had shown
that renal and hepatic 11 P-HSD functioned as a dehydrogenase (inactivating

glucocorticoids) and this was assumed to be the case in vivo. However, following

purification of 11 P-HSD from rat liver microsomes (Lakshmi & Monder, 1988), in

vitro studies showed that the direction of 11 P-HSD activity was dependent upon the
cell type in which the enzyme was expressed (Lakshmi & Monder, 1985; Agarwal et

al., 1989; Low et al., 1994a; Jamieson et al., 1995). Additionally, the Km of purified

liver 11 P-HSD was in the pM range for both Cortisol and corticosterone (Lakshmi &

Monder, 1988), therefore, this enzyme would be unable to compete with MR for
intracellular glucocorticoids (Kd in the nM range) (Arriza et al., 1987). This kinetic

information, together with the additional evidence briefly outlined below, suggested
that there could be more than one 11 P-HSD enzyme.

15



Figure 2.4 Protection of mineralocorticoid receptors by 11B-HSD

Intracellular 11P-HSD inactivates glucocorticoids in mineralocorticoid target tissues thus
allowing mineralocorticoid receptor (MR) activation by aldosterone only. Consequently,
inhibition or congenital deficiency of 11P-HSD results in illicit activation of MR by
glucocorticoids.
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Although it was initially assumed that renal 11 P-HSD was identical to liver type
11 P-HSD, patients with SAME maintained the ability to convert an oral dose of
cortisone to Cortisol, indicating that only the dehydrogenase activity, not the

reductase activity, of 11P-HSD was affected (Ulick et al., 1979; Stewart et al., 1988).

Liquorice derivatives were shown to have different inhibitory actions on 11P-HSD

activity - carbenoxolone inhibited both dehydrogenase and reductase activity, whilst

glycyrrhetinic acid inhibited dehydrogenase activity alone (Stewart et al., 1990).

Furthermore, initial immunohistochemistry and in situ studies using antibodies or

cDNA probes specific for liver 11P-HSD indicated that renal 11 P-HSD and MR
were not co-localised (Edwards et al., 1988; Rundle et al., 1989; Stewart et al.,

1991). Such discrepant results provided additional evidence for a second enzyme.

Direct evidence for the existence of a second 11 P-HSD enzyme came from

biochemical studies which identified an NAD-dependent 11 P-HSD enzyme in

aldosterone-target cells of the kidney, and in placenta, with a Km in the nM range for
corticosterone and Cortisol (Naray-Fejes-Toth et al., 1991; Mercer & Krozowski,

1992; Rusvai & Naray-Fejes-Toth, 1993; Stewart et al., 1994; Brown et al., 1993).
Eventual cloning of this second 11 P-HSD enzyme (named 11 p-HSD 2) by several

groups identified a high affinity, NAD-dependent, exclusive dehydrogenase enzyme.

The limited tissue distribution of 11 P-HSD 2 was consistent with a role in MR

protection (Agarwal et al., 1994; Brown et al., 1996a; Naray-Fejes-Toth & Fejes-

Toth, 1995).

1.2.3 Physiological Role of 11 p-HSD 1

Liver 11 P-HSD - termed 11 p-HSD 1 from this point forward - is a low affinity

NADP(H)-dependent enzyme and is expressed in a wide range of tissues including
the liver, lung, adipose tissue, gonads and the CNS (Krozowski et al., 1990). In

vitro, 11P-HSD 1 activity is bi-directional, functioning as both a reductase and a

dehydrogenase (Monder & Lakshmi, 1989). However, in primary hepatocyte
cultures and isolated purfused rat liver reductase activity predominates, suggesting
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that 11 P-HSD 1 reactivates intracellular glucocorticoids in intact tissues (Jamieson et

al., 1995; Jamieson et al., 2000). This is supported by observations from 1 lp-HSD 1

deficient transgenic mice, which cannot metabolise corticosterone from implanted

pellets of 11-dehydrocorticosterone following adrenalectomy (Kotelevtsev et al.,

1997). Therefore, 1 lp-HSD 1 may play an important role in regulating

glucocorticoid-mediated effects. Indeed, transgenic deficiency of lip-HSD 1

attenuates activation of glucocorticoid induction of gluconeogenic enzymes in fasting

animals, and inhibition of 1 lp-HSD 1 with carbenoxolone improves insulin

sensitivity in man (Kotelevtsev et al., 1997; Walker et al., 1995a). It is likely that

lip-HSD 1 also influences GR activation in other sites such as the CNS and adipose

tissue, discussed briefly below.

Glucocorticoids regulate developmental, metabolic and neurotransmitter functions
in the brain via both GR and MR (McEwen et al., 1986). lip-HSD 1 is highly

expressed in hippocampal neurones and other regions of the CNS (Moisan et al.,

1992b; Sakai et al., 1992) where it acts as a reductase to amplify glucocorticoid

action(Rajan et al., 1995). Studies in lip-HSD deficient mice support the notion

that 1 ip-HSD 1 in the brain has deleterious effects on cognitive function (Yau et al.,

2001) and may influence negative feedback regulation of the HPA axis by

glucocorticoids (Kotelevtsev et al., 1997; Harris et al., 2001).

lip-HSD 1 is expressed in adipose tissue where it functions predominantly as a

reductase (Napolitano et al., 1998). lip-HSD 1 activity is higher in omental fat

compared with sub-cutaneous fat and can be enhanced by exposure to both

glucocorticoids and insulin. It has been suggested that 11P-HSD 1 plays a role in the

development of central obesity in situations of glucocorticoid excess (Bujalska et al.,

1999). Indeed, adipose tissue from obese humans has increased lip-HSD 1 activity

(Rask et al., 2002). Also, transgenic mice over-expressing 11 P-HSD 1 selectively in

adipose tissue develop central obesity which is exaggerated on a high fat-diet

(Masuzaki et al., 2001).
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1.2.4 Physiological Role of 11 (3-HSD 2

11 P-HSD 2 has been clearly defined as a high affinity, NAD-dependent enzyme
which exclusively catalyses the conversion of active glucocorticoids (corticosterone
and Cortisol) to their inactive metabolites (11-dehydrocorticosterone and cortisone).

Congenital deficiency of 11 P-HSD 2 results in SAME, associated with severe

hypertension, which can be mimicked by inhibition of 1 lp-HSD 2 with liquorice and

transgenic deletion of the 1 lp-HSD 2 gene in mice (Ulick et al., 1979; Monder et al.,

1989; Kotelevtsev et al., 1999). This provides conclusive evidence that the role of

lip-HSD 2 in aldosterone target tissues is to protect MR from illicit activation by

glucocorticoids.

11P-HSD 2 is also expressed at high levels in the placenta where it is believed to

protect the foetus from detrimental effects ofmaternal glucocorticoids (Brown et al.,

1996a). This is supported by observations that foetal exposure to dexamethasone (a

poor substrate for 11 P-HSD 2) in utero, or inhibition of 11 P-HSD 2 by
carbenoxolone during pregnancy, reduces birth weight (Benediktsson et al., 1993;

Lindsay et al., 1998). Low birth weight offspring are 'programmed' to be

hypertensive, hyperglycemic and hypercorticosteronemic in later life, mimicking the
low birth weight-cardiovascular risk association in humans (Nyirenda & Seckl,

1998).

1.2.5 Regulation of 11 p-Hydroxysteroid Dehydrogenases

The complex tissue- and species-specific ontogenesis of 11P-HSD 1 and lip-HSD
2 indicates that the expression of these enzymes is regulated rather than constitutive

(Moisan et al., 1992b; Yang et al., 1992; Brown et al., 1996b). Indeed, several
factors have been shown to differentially regulate 11P-HSD 1 expression. Although
a significant proportion of studies have used molecular tools targeted to the 'liver'

isozyme (lip-HSD 1), there is increasing evidence that lip-HSD 2 expression is
also regulated in adults.
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Sex steroids have been shown to regulate the activity of several enzymes involved
in glucocorticoid metabolism (Yates et al., 1958; Troop, 1959), including the lip~
HSD isozymes (Ghraf et al., 1975; Condon et al., 1997). The sexual dimorphism of
11P-HSD expression and activity becomes apparent when animals reach sexual

maturity, and is partly due to the different growth hormone (GH) secretory patterns

in males and females (Smith & Funder, 1991; Low et al., 1994b). In males, GH
secretion is pulsatile (Tannenbaum & Martin, 1976), whereas in females there is a

shorter interval between the pulses of GH secretion which results in more constant

circulating GH concentrations (Eden, 1979). The differences in growth hormone

secretion, and thus 11P-HSD expression, between the sexes are in turn regulated by

oestrogen (Painson et al., 1992; Smith & Funder, 1991). In general, lip-HSD

activity and expression is lower in tissues from female compared with male animals,
however this observation is both species- and tissue-dependent. In rats, hepatic 11P-

HSD activity, and both hepatic and renal 11P-HSD 1 mRNA expression are lower in
females compared with males (Lax et al., 1978; Smith & Funder, 1991; Albiston et

al., 1995). In contrast to the rat, mouse 11P-HSD 1 expression is down-regulated in
female kidney, but not in liver (Rajan et al., 1995). Observations that total renal
11 P-HSD activity in rats and mice is not decreased in female animals, despite lower

levels of lip-HSD 1 mRNA expression, indirectly suggests that 11 P-HSD 2 maybe

up-regulated by oestrogen (Low et al., 1993; Rajan et al., 1995). Studies to

investigate the sexual dimorphism of 11P-HSD activity in humans have produced

conflicting results with increased, similar and decreased activity reported in females

(Andrew et al., 1998; Stewart et al., 1999; Finken et al., 1999; Fraser et al., 1999).

Inflammatory cytokines are known to increase the activity and expression of 11 p-

HSD 1. Tumor necrosis factor-a (TNF-a) increases renal lip-HSD 1 activity

(Escher et al., 1997), interleukins increase 11 P-HSD 1 activity in granulosa cells

(Evangelatou et al., 1997), and interleukin-ip and TNF-a increase lip-HSD 1

expression in vascular smooth muscle cells (Cai et al., 2001). In contrast, 1 lp-HSD 2

mRNA expression is down-regulated in response to these same inflammatory
mediators (Cai et al., 2001). Therefore, induction of lip-HSD 1 activity by
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inflammatory cytokines shifts the balance of local glucocorticoid metabolism to

increase the concentration of anti-inflammatory glucocorticoids. This acts as a

control system to limit the local inflammatory response.

Administration of thyroid hormone to rats acts to decrease hepatic, but not renal,

11P-HSD activity regardless of sex or age (Koerner & Hellman, 1964). In contrast,

administration of thyroid hormone in humans is thought to increase lip-HSD

dehydrogenase activity, as determined by analysis of urinary glucocorticoid
metabolites (Hellman et al., 1961; Whorwood et al., 1993).

Glucocorticoids increase lip-HSD 1 expression or activity in both human

fibroblast cell cultures and rat vascular smooth muscle cells and hepatocytes in vitro

(Hammami & Siiteri, 1991; Takeda et al., 1994b; Jamieson et al., 1999). In vivo,

glucocorticoids induce lip-HSD 1 in liver and hippocampus, whist adrenalectomy

decreases hepatic lip-HSD 1 mRNA and activity (Low et al., 1994c; Walker et al.,

1994b).

1.3 Regulation of Vascular Tone

lip-HSD isozymes have been reported in the vessel wall, so an important part of
the research presented in this thesis examines glucocorticoid effects on vascular tone
and how these may be regulated by lip-HSD activity in the vasculature.

Interpretation of this work requires an understanding of the structure and function of
the blood vessel wall, an outline ofwhich is presented below.

1.3.1 Structure of the Vessel Wall

The cardiovascular system circulates blood throughout the body via a network of
blood vessels, including large arteries and veins, which are interconnected by smaller

arterioles, capillaries and venules. The vessel wall (with the exception of capillaries)
is composed of three layers - the tunica intima, the tunica media and the tunica
adventitia (Figure 1.5) - the structure ofwhich is discussed below.
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Figure 2.5 Structure of the Blood Vessel Wall

A schematic diagram showing the three layers of the blood vessel wall - the tunica intima,
the tunica media and the tunica adventitia. EC = endothelial cells, IEL = internal elastic

lamina, VSMC = vascular smooth muscle cells, EEL = external elastic lamina.
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1.3.1.1 Tunica Intima

The tunica intima is the innermost layer of the vessel wall, a crucial component of
which is a monolayer of endothelial cells. Endothelial cells have a squamous

structure, are oriented parallel to the direction of blood flow and are separated from
vascular smooth muscle cells of the tunica media by an internal elastic lamina.
Endothelial cells of small arteries can project through small fenestrations in the
internal elastic lamina to directly contact vascular smooth muscle cells.

The endothelium plays a crucial role in regulation of vascular tone, producing
numerous vasoactive substances, which include vasodilators (e.g. endothelial nitric
oxide (NO), prostaglandins, and endothelium-derived hyperpolarising factor (EDHF)

(Palmer et al., 1987; McGuire et al., 2001)) and vasoconstrictors (e.g. endothelin-1,

angiotensin II and thromboxanes (Yanagisawa et al., 1990; Ullrich et al., 2001). In
addition to regulation of vascular tone, the endothelium also plays an important role
in modulation of inflammatory responses, haemostasis and vascular cell growth

(Furchgott & Vanhoutte, 1989).

1.3.1.2 Tunica Media

The tunica media comprises the middle layer of the blood vessel wall. The two

major components of the medial layer are the vascular smooth muscle cells and the

supporting matrix, the relative proportions of which vary between elastic and
muscular arteries.

Vascular smooth muscle cells of the medial layer are circumferentially or helically

arranged (Todd et al., 1983) and are coupled through membranous contacts called

syncytium (Hirst, 1977). These cells are able to respond to stimulation by various
blood borne factors, endothelium-derived substances and neurotransmitters to

regulate the diameter of arterial wall and hence vascular tone.
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The matrix of the medial layer determines to a large extent the mechanical

properties of the vessel wall and consists of elastin and collagen. Elastin is possibly
the most important component of the matrix in large conduit arteries, allowing the
vessel to expand and recoil rapidly in order to maintain blood pressure. Collagen
fibres in the tunica media have high tensile properties, and are important in

maintaining vessel shape in the face of high intraluminal pressure.

1.3.1.3 Tunica Adventitia

The outermost layer of the vessel wall is the tunica adventitia, the thickness of
which varies considerably depending on vessel type and location. The adventitia is

separated from vascular smooth muscle cells by the external elastic lamina and
consists of connective tissue (elastin and collagen), smooth muscle cells, fibroblasts,

macrophages and nerve cells. The adventitia also contains small blood vessels (the
vasa vasorum) which supply the vascular smooth muscle cells with nutrients. The
tunica adventitia gives stability and strength to the vessel whilst connecting it to the

surrounding tissue.

1.3.2 Vascular Smooth Muscle Cell Contractility

Vascular smooth muscle cell contraction occurs as a result of changes in
intracellular calcium concentrations. In general, intracellular calcium concentrations
are maintained at levels lower than the threshold required for contraction by action of
the calcium pump and the sodium-calcium exchange pump. When intracellular
calcium concentrations increase, calmodulin-mediated cycling of myosin and actin

cross-bridges results in contraction due to shortening of the vascular smooth muscle
cell. When intracellular calcium levels decrease, or vasodilators interfere with the

machinery required for contraction, relaxation of the vascular smooth muscle cell
occurs.
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1.3.2.1 Influence of the Endothelium

The contractile state of vascular smooth muscle cells is regulated by several factors,

including substances released from the endothelium (Figure 1.6). Therefore, proper
function of endothelial cells is crucial for the maintenance of vascular tone.

Endothelial cells are able to release vasodilators (NO, prostaglandins and EDHF)
and vasoconstrictors (endothelin-1, angiotensin II and thromboxane), resulting in
alterations in vascular tone. As the endothelial NO system is of particular relevance
to the work described in this thesis, Figure 1.7 provides a brief description of eNOS

activity. In addition to release of vasoactive substances, endothelial cells express

receptors for vasoconstrictive agents - (^-adrenoceptors (Angus et al., 1986), (3-

adrenoceptors (Trochu et al., 1999), and endothelin receptors (ETB) (Haynes &

Webb, 1998). Upon stimulation of these cell surface receptors, vasodilators are

released from endothelial cells, enabling feedback control of the extent of vascular
smooth muscle contraction.

1.3.2.2 Electro-mechanical Contraction

Electro-mechanical coupling of vascular smooth muscle cell contraction involves

changes in membrane potential. The resting potential of vascular smooth muscle
cells is determined by a potassium ion gradient across the cell membrane.

Depolarisation of the cell membrane results in calcium entry into the cell via L-type

voltage gated ion channels, and hence contraction.
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Figure 2.6 Influence of the Endothelium on Vascular Tone

The contractile state of vascular smooth muscle cells is regulated by several factors
released from endothelial cells, including vasodilators (nitric oxide (NO), prostaglandins

(PGI2 and PGE2) and endothelium-derived hyperpolarising factor (EDHF)) and
vasoconstrictors (endothelin-1, thromboxane and angiotensin II (All)).
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Figure 2.1 Endothelial Nitric Oxide Synthase Activity

The overall reaction catalysed by eNOS with its co-factors is depicted. NADPH donates
electrons (e-) to the reductase domain (Red.) of the enzyme. In the presence of bound

calcium-calmodulin, electrons flow via the redox carriers FAD and FMN to the oxygenase

domain (Ox.) of the enzyme. Interaction of electrons with the haem group and

tetrahydrobiopterin (BH4, synthesised by GTP-cyclohydrolase 1) at the active site of the
enzyme catalyses the reaction between L-Arginine and 02 to produce L-Citrulline and nitric
oxide (NO).
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1.3.2.3 Pharmaco-mechanical Contraction and Relaxation

Pharmaco-mechanical coupling of vascular smooth muscle cell contraction and
relaxation (Figure 1.8) involves receptor-mediated activation of calcium channels
and/ or the generation of secondary messengers, in the absence of changes in
membrane potential. Pharmaco-mechanical contraction is generally stimulated by
activation of plasma membrane G-protein coupled receptors (GPCR) by vasoactive
substances. The vascular smooth muscle cell response resulting from GPCR
stimulation is dependent upon the nature of the signalling cascade subsequently
activated.

Activation of Gq-coupled receptors by an appropriate agonist results in
vasoconstriction due to phosphatidylinositol breakdown. Following receptor

activation, the Gq sub-unit activates phospholipase C which in turn catalyses the
breakdown of phosphatidylinositol 4, 5-bisphosphate (PIP2) into inositol 1, 4, 5-

trisphosphate (IP3) and diacylglycerol (DAG). IP3 subsequently binds to the IP3-

receptor on the sarcoplasmic reticulum (SR) resulting in the rapid release of calcium
into the cytoplasm. DAG in turn activates protein kinase C (PKC), and thus other

phosphorylation cascades, enhancing vascular smooth muscle cell contraction.

Activation of Gj-coupled receptors can also mediate vascular smooth muscle cell
contraction. Stimulation of Gi-coupled receptors results in inhibition of adenylate

cyclase (AC), reduced synthesis of cAMP - the secondary messenger which
stimulates calcium efflux, and calcium re-uptake by the SR - and thus vascular
smooth muscle cell contraction.
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Figure 2.8 Pharmaco-Mechanical Coupling of Vascular Smooth Muscle Cell

Contraction and Relaxation

Pharmaco-mechanical coupling of vascular smooth muscle cell contraction and relaxation
involves G-protein coupled receptor-mediated activation of calcium channels and/ or the

generation of secondary messengers.
NO = nitric oxide, AC = adenylate cyclase, sGC = soluble guanylate cyclase, PKA = cAMP-
activated protein kinase, PKG = cGMP-activated protein kinase, Ca-CaM = calcium-
calmodulin complex, MLCK = myosin light chain kinase, PKC = protein kinase C, PLC =

phospholipase C, PIP2 = phoshphatidylinositol 4, 5-bisphosphate, DAG = diacylglycerol, IP3
= inositol 1, 4, 5-triphosphate ► = stimulation, ► = inhibition.
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Activation of Gs-coupled receptors by an appropriate agonist results in vascular
smooth muscle cell relaxation due to activation of AC and production of cAMP.

Receptor-independent activation of soluble guanylate cyclase (sGC) (e.g. by
endothelial NO) results in synthesis of cGMP which can also mediate vascular
smooth muscle cell relaxation. cAMP and cGMP activate the cAMP-dependent and

cGMP-dependent protein kinases - PKA and PKG respectively. Activation of these

protein kinases mediates vascular smooth muscle cell relaxation via a number of
mechanisms (Rembold, 1992), which are listed below.

1. Reduction of intracellular calcium concentrations by stimulation of calcium

uptake by the SR and efflux across the plasma membrane.
2. Inhibition of calcium release from the SR.

3. Reduction of contractile protein sensitivity to calcium.
4. Activation of potassium channels, which subsequently results in membrane

hyperpolarisation and blocks calcium entry into the cell via L-type channels.

1.3.2.4 Regulation ofReceptor-Mediated Contraction and Relaxation

Vascular smooth muscle cell responses to GPCR activation are regulated. Repeated
or prolonged stimulation of a GPCR can result in adaptive changes such as receptor

down-regulation or desensitisation. Receptor down-regulation results from either
internalisation of receptor-agonist complexes or inhibition of receptor synthesis

(Garland et al., 1994). Receptor desensitisation occurs as a result of uncoupling of a

receptor from its secondary messenger system, and is mediated by receptor

phosphorylation (Freedman & Lefkowitz, 1996). Additional regulation of receptor
activation can occur by limiting the access of a ligand to its receptor. This can be
achieved by agonist re-uptake (e.g. noradrenaline by neurones) or agonist

degradation (e.g. acetylcholine by cholinesterase).

1.4 Glucocorticoid Modulation of Vascular Tone and Blood Pressure

The focus of this thesis is the role of glucocorticoids in the regulation of vascular
tone. A possible role for glucocorticoids in the pathogenesis of hypertension has
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long been considered, as clinical syndromes of glucocorticoid excess are associated
with increases in blood pressure. Additional in vivo studies have illustrated that

adrenalectomy (i.e. removal of circulating glucocorticoids, mineralocorticoids and

adrenaline) reduces the pressor response to catecholamines. This can be mimicked

by administration of a GR antagonist (RU38486) (Grunfeld & Eloy, 1987) or

reversed following replacement of glucocorticoids, but not mineralocorticoids (Yagil
& Krakaoff, 1988; Darlington et al., 1989). The increase in blood pressure in

response to glucocorticoids cannot be entirely explained by effects in the kidney, as
treatment to normalise renal sodium handling in glucocorticoid excess does not

totally normalise blood pressure (Williamson et al., 1996). Whilst it is possible that

centrally mediated effects of glucocorticoids play a role in glucocorticoid-mediated

hypertension, there is an extensive literature which suggests that glucocorticoids

directly influence vascular tone. Indeed, both glucocorticoid and mineralocorticoid

receptors have been demonstrated in vascular smooth muscle and endothelial cells

(Marks et al., 1982: Inoue et al., 1999; Golestaneh et al., 2001; Funder et al., 1989).

Glucocorticoid excess is associated with an increased pressor response and
increased peripheral vasoconstriction during catecholamine infusion (Saruta et al.,

1986; Mendolwitz et al., 1958; Pirpiris et al., 1992) suggesting an effect of

glucocorticoids on vascular reactivity. Furthermore, in vitro studies using isolated
vessels have demonstrated that glucocorticoids potentiate contractile responses to

catecholamines (reviewed in (Walker & Williams, 1992; Ullian, 1999)). These
hormones have been shown to modulate several signalling pathways in blood vessels
at the cellular level, however the exact mechanisms involved in glucocorticoid
modulation of vascular tone remain unclear.

1.4.1 Glucocorticoid Effects on Vascular Smooth Muscle Cells

In vitro studies have shown that glucocorticoids are able to alter VSMC receptor

activity. Dexamethasone and corticosterone upregulate the expression of contractile

receptors (angiotensin II receptors and a-adrenoceptors) (Sato et al., 1994; Ullian et

al., 1996b; Haigh & Jones, 1990) and vasodilatory receptors ((3-adrenergic receptors)
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(Jazayeri & Meywr, 1988) in VSMC. In addition to their effect on receptor number,

glucocorticoids also influence intracellular signalling events downstream of receptor
activation. There is evidence to suggest that glucocorticoids are able to regulate

receptor coupling to G-proteins (Haigh & Jones, 1990), potentiate contractile

receptor-induced formation of the secondary messengers (e.g. IP3) (Sato et al., 1992)
and inhibit cGMP synthesis in response to vasodilators (Yasunari et al., 1990).
Glucocorticoids are also able to influence sodium and calcium ion flux across the

VSMC membrane (Kornel et al., 1993; Smith & Smith, 1994; Anwar et al., 1999)

As well as the actions described above, glucocorticoids also directly influence the

activity and synthesis of vasoactive substances. The rate of catecholamine clearance
is reduced by glucocorticoids (Iverson & Salt, 1970), thus extending the period of

agonist-receptor exposure.

Taking the above observations into consideration (with the exception of

upregulation of P-adrenergic receptors), the literature to date suggests that

glucocorticoids induce changes in VSMCs, which will act to potentiate vascular

contractility.

1.4.2 Glucocorticoid Effects on Endothelial Cells

In addition to their effects on VSMCs, there is increasing evidence to suggest that

glucocorticoids may also affect endothelial cell function. Glucocorticoids have been
shown to increase the production of vasoconstrictors (e.g. angiotensin II and

endothelin-1) (Mendelsohn et al., 1982; Morin et al., 1998), and inhibit the release of
vasodilators (e.g. prostaglandins) (Goppelt-Struebe, 1997; Sato et al., 1992;
Rosenbaum et al., 1986; Jun et al., 1999) from endothelial cells. Whilst the

production ofNO from the inducible form of nitric oxide synthase (iNOS) is known
to be inhibited by glucocorticoids (Radomski et al., 1990; DiRosa et al., 1990;

Knowles et al., 1990), this is unlikely to be relevant under physiological conditions
when this enzyme is not expressed. However, there is now increasing evidence to
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suggest that glucocorticoids may regulate endothelial cell NO production by the
constitutive (endothelial) form ofNOS (eNOS).

Prolonged perfusion of the rat mesenteric arcade with dexamethasone impairs
vasodilatation to acetylcholine, as does topical overnight application of
beclomethasone to human dermal vessels (Walker et al., 1995b). In addition, oral
administration of glucocorticoids has been shown to impair human forearm dilatation

during acetylcholine infusion (Mangos et al., 2000). A glucocorticoid-mediated
effect on eNOS activity is supported by observations that administration of L-

arginine, the substrate for endothelial nitric oxide synthase (eNOS) can normalise
blood pressure in ACTH-mediated hypertension (Wen et al., 2000). Although the
exact mechanism of glucocorticoid action remains unclear, recent evidence suggests

that glucocorticoids may inhibit the expression of eNOS (Wallerath et al., 1999). It
is also possible that glucocorticoids indirectly affect eNOS activity, as

glucocorticoids inhibit L-arginine transport into cells (Simmons et al., 1996) and can

inhibit the synthesis of co-factors essential for eNOS activity. Inhibition of the

activity of GTP-cyclohydrolase 1 at a level distal to gene transcription by

glucocorticoids (Hattori et al., 1997), results in reduced synthesis of

tetrahydrobiopterin (BH4) - a co-factor essential for correct coupling of eNOS and
efficient production ofNO (Vasquez-Vivar et al., 1998; Schmidt et al., 1992). This

glucocorticoid-mediated inhibition of BH4 synthesis has been shown to attenuate

endothelial cell function in isolated blood vessels (Johns et al., 2001).

Consequently, glucocorticoid effects on endothelial cell function are likely to

impair vasodilatation and, thus, in conjunction with glucocorticoid actions at the
level of the VSMC, further potentiate vascular contractility

1.4.3 Modulation of Vascular Tone by 11 p-Hydroxysteroid Dehydrogenases

As tissue glucocorticoid activity is determined by the activity of the lip-HSD

isozymes, glucocorticoid-mediated alterations in vascular tone may be modulated by
1 ip-HSDs in the blood vessel wall. Whilst the observed increases in blood pressure
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in 11 P-HSD 2 deficiency are likely, in part, to be a result of altered sodium handling
in the distal nephron, several studies suggest that alterations in vascular function may
also be important. Therefore, it is possible that 11 P-HSD isozymes in the blood

vessel wall play an important role in the regulation of glucocorticoid-mediated

changes in vascular tone.

1.4.3.1 11J3-HSD Activity and Expression in the Vasculature

In order to gain insight into the roles of lip-HSD 1 and lip-HSD 2 in the

vasculature it is important to determine the presence of lip-HSD activity and the

specific sites of expression of these isozymes within the blood vessel wall. Whilst
several studies have previously described 11 p-HSD activity and expression in blood

vessels, the lip-HSD isozyme responsible for the observed activity and the exact

cellular localisation of 11 P-HSD 1 and 11 p-HSD 2 remain unclear.

Vascular 11 P-HSD activity was initially observed in rabbit aorta and rat mesenteric
arteries (Kornel et al., 1982; Funder et al., 1989) and has since been investigated in

blood vessels and cultured vascular cells from several species. 11 P-HSD activity is

greater in smaller blood vessels from rats compared with larger conduit vessels,
therefore 11P-HSD isozymes are appropriately sited to modulate vascular tone in
resistance arteries and hence influence blood pressure (Walker et al., 1991b).

However, whilst NADP-dependent 11 P-HSD activity has been demonstrated in

homogenates of rat aorta, caudal artery and mesenteric artery (Walker et al., 1992a;
Walker et al., 1991b), NAD-dependent activity in these vessels is negligible (Walker

et al., 1992a). This co-factor specificity of lip-HSD activity in rat blood vessels

suggests that 11 P-HSD 1, but not 11 P-HSD 2, is active in the vessel wall. However
this is inconsistent with the expression studies described below.

The 11 p-HSD 1 isozyme has been detected in rat mesenteric artery and aorta by
northern blot (Takeda et al., 1993; Brem et al., 1995), and specifically localised to

VSMCs in these vessels by in situ hybridisation , immunohistochemistry, and RT-
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PCR (Walker et al., 1991b; Brem et al., 1998). Recent immunohistochemical

investigations have suggested that this isozyme is also expressed in adventitial
fibroblasts of rat vessels (Brereton et al., 2001). In contrast, the presence or absence

of 11 (3-HSD 2 in VSMC is less clearly defined. 11P-HSD 2 mRNA was not detected

in cultured VSMCs from rat aorta (Brem et al., 1998), yet, both 11 P-HSD 1 and 11P-
HSD 2 mRNA have been detected in cultured VSMCs derived from human coronary

arteries (Hatakeyama et al., 1999). Moreover, there are conflicting reports

suggesting both the presence and absence of 11P-HSD 2 immunoreactivity in
VSMCs in human dermal and intra-renal arteries respectively (Smith et al., 1996;

Kyossev et al., 1996).

Endothelial cell expression of 11 P-HSD isozymes is less well defined. Activity and

RT-PCR studies suggest that both 11P-HSD 1 and 11 P-HSD 2 are expressed in rat

aortic endothelial cells (Brem et al., 1998), yet in situ hybridisation and

immunohistochemistry specific for 11 P-HSD 1 have failed to detect endothelial cell

specific expression of this isozyme (Walker et al., 1991b). Additionally, whilst a

recent study has reported the presence of 11 p-HSD 2 immunoreactivity in human

glomerular endothelial cells, this is only apparent using electron microscopy,

(Kataoka et al., 2002), and not apparent in other blood vessels (Smith et al., 1996).

The observed differences in 11P-HSD expression in VSMCs and endothelial cells
described above could be species specific, or they could reflect different expression

patterns in blood vessels from distinct vascular beds. Alternatively, these differences
could be due to experimental anomalies; key issues include the specificity of
antibodies used (Krozowski et al., 1995; Kyossev et al., 1996), and the validity of

studying 11P-HSD expression in cultured cells when, by analogy with liver and

adipose tissue, 11 P-HSD expression is sensitive to culture conditions (Napolitano et

al., 1998; Jamieson et al., 1995). Unfortunately, it therefore remains unclear where

within the vessel wall 11P-HSD 1 and 11P-HSD 2 are expressed.
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In addition to the uncertainty which surrounds the specific cellular localisation of

11P-HSD isozymes in the blood vessel wall, it remains unclear which isozyme is

actually responsible for the observed 11 P-HSD activity in vascular preparations.

Furthermore, the directionality of 11 p-HSD activity in the blood vessel wall has not

yet been clarified. Although lip-HSD 2 is believed to be an exclusive

dehydrogenase in vascular tissues (Souness et al., 2002), the specific directionality of

lip-HSD 1 activity in the vessel wall is less clear. Whilst lip-HSD 1 is thought to
be an exclusive reductase in vivo (Kotelevtsev et al., 1997; Jamieson et al., 1995;

Jamieson et al., 2000), this enzyme exhibits bi-directional activity in VSMC

homogenates, cultured VSMCs, and in intact rat aortic rings in vitro (Monder &

Lakshmi, 1989; Brem et al., 1995; Brem et al., 1998; Souness et al., 2002). The

striking change in the directionality of 11P-HSD 1 activity between intact tissues and

homogenates/ cultured cells is argued to be a result of release of this enzyme from its
intracellular environment (Leckie et al., 1998). It is possible therefore, that the

described 'bi-directionality' of 11 p-HSD 1 in cultured VSMCs and intact aortic rings

is due to cell damage in vitro, and thus, liberation of 11P-HSD 1 into culture
medium.

1.4.3.2 Effect of 11fj-Hydroxysteroid Inhibition/ Deficiency on Vascular
Function

Whilst the exact cellular localisation of vascular 11 P-HSD 1 and 11P-HSD 2

remains unclear, there is an extensive literature which clearly suggests a role for

either or both 11 P-HSD isozymes in the modulation of vascular tone.

Congenital deficiency of lip-HSD 2 in the SAME is associated with enhanced

vascular contractility to both glucocorticoids and catecholamines (Walker et al.,

1992b). In addition, non-specific inhibition of 11 P-HSD activity following excessive

consumption of liquorice (in humans) or administration of its active ingredients (in

rodents) potentiates vasoconstriction to glucocorticoids and endothelin-1 respectively

(Teelucksingh et al., 1990;Ruschitzka et al., 2001;Quaschning et al., 2001).

Furthermore, patients with 'essential hypertension' or a predisposition to develop
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hypertension have impaired 11P-HSD 2 activity with enhanced vascular sensitivity
to glucocorticoids (Walker et al., 1993; Walker et al., 1998), whilst genetically

hypertensive rats also have impaired vascular 11 p-HSD activity (Takeda et al.,

1994b; Takeda et al., 1994a: Takeda et al., 1993). These pharmacological studies

support a role for 1 lp-HSDs in the modulation of vascular tone, and highlight that it
is 11P-HSD 2 dehydrogenase activity that is of particular importance in the

regulation of glucocorticoid-mediated alterations in vascular tone.

Additional support for a role of 11 P-HSDs in the modulation of vascular tone arises
from in vitro studies. Several studies using isolated vessels have demonstrated that
inhibition of 11P-HSD activity increases aortic sensitivity to vasoconstrictors in a

glucocorticoid-dependent manner (Walker et al., 1994a; Brem et al., 1997; Ullian et

al., 1996b). However, it should be noted that some earlier studies used liquorice
derivatives to inhibit enzyme activity that have since been shown to be toxic to

endothelial cells (Ullian et al., 1996a) and that this may influence the interpretation
of these studies. Nevertheless, more recent studies inhibiting 11P-HSD activity at

the level of mRNA translation show similar alterations in vascular contractility

(Souness et al., 2002). Antisense oligonucleotide inhibition of 11P-HSD 1 and lip~
HSD 2 in rat aortic rings in the presence of corticosterone enhances contractile

responses to the a i-adrenergic receptor agonist phenylepherine, whilst the ability of

11-dehydrocorticosterone to enhance this contractile response is diminished by llp-
HSD 1 inhibition (Souness et al., 2002). This functional study provides the only
functional evidence for a role of 11P-HSD 1 in the modulation of vascular tone,

whilst other studies (as discussed) have highlighted a role for 11 P-HSD 2. Inhibition
of 11 P-HSD 2 in cultured endothelial cells in vitro with glycyrrhizic acid or antisense

oligonucleotides has been shown to increase the expression of endothelin-1 and the

angiotensin II receptor respectively (Quaschning et al., 2001; Ruschitzka et al., 2001;

Hatakeyama et al., 2000). These experiments demonstrate that alterations in 11P-
HSD 2 activity in cultured cells in vitro are able to induce changes in vascular cell

function, in the absence of potential indirect in vivo effects (e.g. increases in blood
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pressure). Thus, there is evidence to support a functional role of 11P-HSD isozymes
in the vessel wall in the modulation of vascular reactivity.

To date, the presence of both 11P-HSD 1 and 11 p-HSD 2 in the blood vessel wall
has made it difficult to determine the specific contribution of each isozyme to the
observations described above. However, the availability of homozygous transgenic

mice deficient in either lip-HSD 1 or lip-HSD 2 (Kotelevtsev et al., 1997;
Kotelevtsev et al., 1999) has been invaluable in providing an insight into the roles of
individual 11P-HSD isozymes in the regulation of vascular tone and blood pressure.

Transgenic deletion of 11P-HSD 2, but not lip-HSD 1, results in severe

hypertension with altered vascular reactivity (Kotelevtsev et al., 1999; Hadoke et al.,

2001), clearly demonstrating an isozyme specific effect on vascular function.
Thoracic aortae from these animals show enhanced contractile responses to

noradrenaline, with impaired sensitivity to endothelium-dependent and -independent

vasodilators, consistent with impaired aortic endothelial cell dysfunction. Whilst the
exact mechanisms of these changes in vascular reactivity are as yet undetermined,

they are unlikely to be a consequence of the increased blood pressure in these

animals, as chronic renal mineralocorticoid excess does not replicate these changes

(Hadoke et al., 2001).

That transgenic deletion of 11P-HSD 1 does not have a consequence on either blood

pressure or vascular contractility may suggest that the role of this enzyme in the
blood vessel wall is not concerned with modulation of vascular reactivity. This
would contrast with several of those studies described above. However, with regards

to other possible functions of lip-HSD 1 in the vasculature, a recent report has

indicated that VSMC expression of 11P-HSD 1 mRNA and reductase activity is up-

regulated by inflammatory cytokines (Cai et al., 2001). It is possible therefore, that
this isozyme plays an important role in the modulation of other glucocorticoid-
mediated events in the vasculature, such as local regulation of inflammatory

responses in the vessel wall in the development of atherosclerotic lesions.
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1.5 Hypothesis & Aims

Whilst the evidence for a link between glucocorticoid metabolism by 11 P-HSDs in
the vasculature and alterations in vascular reactivity is strong, the exact mechanisms

underlying glucocorticoid-mediated changes in vascular tone remain unclear. Taking
the evidence presented above into account, it was hypothesised that 11P-HSD 2 and

lip-HSD 1 in the vessel wall function together to maintain the correct balance
between receptor-active and receptor-inactive glucocorticoids. Furthermore, it was

proposed that 11 p-HSD 2 is specifically expressed in vascular endothelial cells
where it is essential to inactivate glucocorticoids, thus preventing endothelial cell
corticosteroid receptor activation and glucocorticoid-mediated impairment of the

endothelial nitric oxide system. Hence, variations in lip-HSD 2 activity could

disrupt the balance between active and inactive glucocorticoids and consequently
inhibit the production of endothelial nitric oxide, resulting in the increased vascular

tone observed in 11 P-HSD 2 deficiency.

In order to investigate this hypothesis, the following aims were addressed:

1. To determine the presence and specific cellular localisation of 11 P-HSD 1 and

11 P-HSD 2 in the vessel wall

2. To investigate the mechanisms involved in glucocorticoid-mediated alterations in
vascular tone and to assess the influence of vascular 11 P-HSDs in modulation of
vascular function.
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Chapter 2

Materials and Methods
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2.1 Materials

Unless otherwise stated all chemicals, reagents and drugs were purchased from

Sigma, UK. All HPLC grade solvents were purchased from Rathburn Chemicals,
UK. All enzymes for molecular biology were purchased from Promega, UK. All

radioactivity was purchased from Amersham, UK. Sources other than these are

indicated.

2.2 Buffers and Solutions

Box Buffer: 20ml 20xSSC (saline sodium citrate) buffer, 50ml deionised formamide
made up to 100ml in DEPC-treated water.

DEPC-treated water: Distilled water mixed with diethylpyrocarbonate (DEPC; 1

drop/ 100 ml), shaken and left for 1-24 hours prior to autoclaving.

Deionised formamide: 150ml Formamide mixed with 15g Amberlite ion exchange
resin (BDH, UK) for 1 hour, filtered twice to remove Amberlite and stored at -20°C.

1Kb DNA ladder: 20pg 1Kb ladder (Gibco, UK), in 200pl distilled water with 10%

(v/ v) loading buffer.

High potassium-physiological saline solution (KPSS): 124mM KC1, 1.17mM

MgS04, 25mM NaHC03, 1.18mM KH2P04, 0.03mM K2-EDTA, 2.5mM CaCl2,
5.5mM D-glucose in distilled water, pH 7.4. Stored at 4°C.

2xHybridisation buffer: 1.2M NaCl, 20mM Tris-HCl, 2x Denhardts, 2mM K2-

EDTA, 0.2mg salmon sperm DNA, 0.2mg yeast tRNA and 2g dextran sulphate made

up to 10ml in DEPC-treated water, stored at -20°C.
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Krebs'-Ringer Bicarbonate (KRB) Buffer: 118mM NaCl, 3.8mM KC1, 1.19mM

KH2PO4, 2.54mM CaCb, 1.19mM MgS04, 25mM NaHC03 in distilled water, pH
7.4. Stored at 4°C and supplemented with 0.2% glucose immediately before use.

Loading buffer: 40% sucrose w/ v, 0.25% bromophenol blue (w/ v) in distilled
water.

4% Paraformaldehyde in 0.1M phosphate buffer: 20mM NatyPCU, 80mM

Na2HPC>4 in 11 DEPC-treated water, heated to 80°C prior to addition of 40g

paraformaldehyde. Stirred for 1 hour to dissolve and stored at 4°C.

Phosphate buffered Saline (PBS): 0.1M phosphate buffer with 137mM NaCl,
2.7mM KC1 in distilled water, pH 7.4, autoclaved before use.

Physiological saline solution (PSS'): 119mM NaCl, 4.7mM KC1, 1.18mM MgS04j
25mM NaHC03, 1.18mM KH2P04, 0.03mM K2-EDTA, 2.46mM CaCl2, 5.5mM D-

glucose in distilled water, pH 7.4. Stored at 4°C.

2xPre-hybridisation buffer: 1.2M NaCl, 20mM Tris-HCl, 2x Denhardt's, 2mM K2-

EDTA, lOmg salmon sperm DNA, 0.2mg yeast tRNA made up to 10ml in DEPC-
treated water, stored at -20°C.

lOx Reverse Transcription buffer: 0.1M Tris-HCl, 0.5M KC1, 1% Triton X (ready
mixed from Promega).

RNase Buffer: 0.5M NaCl, lOmM Tris-HCl, ImM K2-EDTA in 10ml distilled
water.

2Ox Saline Sodium Citrate buffer (SSC): 3M NaCl, 0.3M Na citrate in 11 DEPC-
treated water, pH 7, autoclaved before use.
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IOxTBE buffer: 0.9M TRIZMA base, 0.9M Boric acid, 20mM K2-EDTA in
distilled water.

TE buffer: lOmM Tris-HCl, ImM EDTA, pH 7.5, autoclaved before use.

Thermophilic DNA polymerase lOx reaction buffer: 500mM KC1, lOOmM Tris-
HCl and 1% Triton X (ready mixed from Promega).

5xTranscription optimised buffer: 200mM Tris-HCl, 50mM NaCl, 30mM MgCE,
and lOmM spermidine (ready mixed from Promega).

2.3 Drugs and Steroids used in Myograph Studies

Acetylcholine (ACh): 54.51mg ACh dissolved in 30ml distilled water (final
concentration 10~2M). 500pl aliquots stored at -20°C.

Corticosterone: 34.65mg corticosterone was made up to 10ml with ethanol (10" M

solution), then 10pl was added to 10ml DEPC-treated water (10"5M solution).
Filtered through a sterile micro-filter into a fresh tube, stored at 4°C.

Dexamethasone: 39.25mg dexamethasone was made up to 10ml with ethanol (10"
2M solution), then 1Opl was added to 10ml DEPC-treated water (10"5M solution).

Filtered through a sterile micro-filter into a fresh tube, stored at 4°C.

5-Hydroxytryptamine (5-HT): 11.62mg dissolved in 30ml distilled water (final
concentration 10"3M). 1ml aliquots stored at -20°C.

2MPotassium Chloride (KCl): 14.91g dissolved in 100ml distilled water. Stored at

4°C.

Nco-Nitro-i-Arginine (L-NNA): 65.76mg dissolved in 30ml distilled water (final
concentration 10"2M). 1ml aliquots stored at -20°C.
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3-Morpholinosydnonimine (SIN-1): 51.08mg dissolved in 30ml distilled water

(final concentration 10" M). 1ml aliquots stored at -20°C.

Noradrenaline (NA): 95.79mg dissolved in 30ml distilled water (final concentration

10"2M). 1ml aliquots stored at -20°C.

2.4 Animals

MF1 mice were obtained from Harlan Orlac, UK at 8-10 weeks of age.

Homozygous null lip-HSD 1 and lip-HSD 2 mice (MFlxl29 cross) were bred in-
house at the MFAA, University of Edinburgh, or the Biomedical Research Facility,
Western General Hospital, Edinburgh, UK. Wistar rats were obtained from Harlan

Orlac, UK.

Animals were maintained under controlled conditions of light (lights on 00800 h -

2000 h) and temperature (21-22°C), and allowed free access to standard chow

(Special Diet Services, UK) and drinking water. Mice were sacrificed by cervical

dislocation, rats were killed by exposure to CO2.

2.5 Enzymology

In vivo, lip-HSD 1 is a reductase, catalysing the conversion of inactive 11-

dehydrocorticosterone to active corticosterone (Jamieson et al., 2000). However, in
cell homogenates lip-HSD 1 is bi-directional and dehydrogenase activity

predominates (Lakshmi & Monder, 1988). Therefore, it is possible to measure both

lip-HSD 1 and lip-HSD 2 activity using a dehydrogenase assay quantified by
conversion of corticosterone to 11-dehydrocorticosterone. However, in other tissues
it has also been possible to determine which enzyme is responsible for observed

activity due to differential co-factor specificities of lip-HSD 1 and lip-HSD 2

(Krozowski et al., 1990; Naray-Fejes-Toth et al., 1991).
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2.5.1 Tissue Collection

Thoracic aortae from mice aged 12-16 weeks were placed in ice-cold PSS following
dissection. Surrounding fat and connective tissue were removed prior to freezing on

dry ice (time from death to tissue freezing approximately 60min). Kidney and liver
were routinely frozen on dry ice immediately after dissection. Tissues were stored at

-80°C until required.

2.5.2 Tissue Homogenization

To aid homogenization, individual aortae were wrapped in chilled aluminium foil
whilst frozen, placed in liquid nitrogen and crushed using a pestle and mortar.

Individual powdered aorta, and 0.25-0.5g kidney and liver were homogenised in
0.4ml and 1ml KRB buffer on ice, using an Ystral mechanical homogenizer

(Scientific Instruments Centre, UK). Homogenates were kept on ice for 10-15min to

allow any small amounts of unhomogenised tissue to sink, and the supernatant was

removed. A 40pl aliquot from each homogenate was removed for immediate protein

assay. Remaining samples were routinely aliquoted and stored at -80°C prior to

assay.

2.5.3 Protein Assay

The protein concentration of tissue homogenates was determined colorimetrically

using a Bio-Rad protein assay kit (Bio-Rad, UK). A range of protein standards (0.1-

1.2mg/ ml) was prepared in duplicate in distilled water from the provided protein
standard (bovine serum albumin). Protein assay dye reagent was diluted 1:4 in
distilled water and filtered through Whatman No. 1 filter paper prior to use. Diluted

protein assay dye reagent (1.96 ml) was added to 40pl of protein standard or

appropriately diluted tissue homogenate in a borosillicate tube, vortexed to mix and
left at room temperature for 15 min-1 hour to allow colour development.

Absorbance of samples at X595nm was measured using a Shimadzu UV/ visible

recording spectrophotometer and the concentration of protein in each sample was
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estimated from the standard curve. An example of a standard curve is shown in

Figure 2.1.

2.5.4 In vitro 11 p-HSD Assay

Preliminary studies were carried out for each tissue in order to determine the protein
concentrations required to ensure that the percentage conversion of [3H]-
corticosterone to [3H]-ll-dehydrocorticosterone by each wild-type tissue was

between 40 and 70% after 240min incubation.

Tissue homogenates at the appropriate concentration (aorta 150pg/ml, kidney 45pg/
ml and liver 10pg/ ml) were prepared in duplicate in KRB buffer, with either NAD
or NADP (2mM) and [3H]-corticosterone (114nM) in a total volume of 250pl.
Tissue blanks were prepared in duplicate in KRB buffer with NAD or NADP and

"5

[ H]-corticosterone in the absence of tissue homogenate. Co-factor blanks were

prepared in duplicate in KRB buffer with [3H]-corticosterone and tissue homogenate
in the absence of NAD or NADP. Samples were incubated at 37°C for 240min.

Following incubation, the reaction was stopped by the addition of 10 volumes of

ethyl acetate to each tube, and tubes were vortexed. The organic phase (containing

steroids) was removed to a fresh tube and evaporated under oxygen free nitrogen at

50°C.

When possible, where results between different groups of animals were to be

compared, incubations were carried out at the same time.

2.5.5 High Pressure Liquid Chromatography

The high-pressure liquid chromatography (HPLC) system comprises an auto-

sampler and mobile phase pump (Waters, UK), a symmetry shield RPig 5pm column

(Waters, UK) and a radioactivity monitor linked to a scintillation fluid pump

(Berthold, UK). The system is controlled by the Winflow computer programme

(JMBS Developments, France).
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[Protein Standard]
ug/ ml

Figure 2.1 Protein Assay Standard Curve.

A Bio-Rad protein assay kit was used to colorimetrically determine the protein
concentration of tissue homogenates. Absorbance of protein standards of known
concentrations (0.1-1,2mg/ ml) at A.595nm was measured using a Shimadzu UV/ visible

recording spectrophotometer. A standard curve was produced allowing subsequent
estimation of protein concentrations in each tissue homogenate.
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Steroid extracts from single time point experiments were re-suspended in 1ml

mobile phase (60% water, 15% acetonitrile, 25% methanol). A 180pl aliquot of each

sample was injected into the HPLC system. The flow rate of the mobile phase was

lml/ min and the flow rate of the scintillant (Quicksafe Flow 2; Zinsser, UK) was

2ml/ min to achieve optimal mixing and counting efficiency. The column

temperature was 35°C to improve peak shape and maintain stability of retention
times. Radioactive standards were injected at the start of each batch of samples to

confirm peak identity. The approximate retention times for [ H]-corticosterone and

[3H]-11-dehydrocorticosterone were 7-9min and 10-12min respectively (variation
was due to slight differences in mobile phase composition and column condition),
with greater than lmin between the two peaks. Peaks were less than lmin 30s wide
and peak height was at least 50x background. An additional peak (retention time 9-

lOmin, always less than 6% of total radioactivity) was present in a proportion of

samples. This peak was believed to be the 20p-dihydrocorticosterone metabolite of

corticosterone, however UV standards of this steroid metabolite were unavailable to

allow confirmation of this. An example of a chromatogram showing the three peaks
observed following the 1 lp-HSD assay is shown in Figure 2.2.

Following chromatography, the area under each peak was integrated using the
Winflow software and used to quantify the percentage conversion of [ H]-

•3

corticosterone to [ H]-l 1-dehydrocorticosterone i.e. lip-HSD activity. The

percentage conversion in each tissue sample was corrected for the "apparent
conversion" occurring in tissue blanks included in each experiment, which was

always <4%. 11P-HSD activity was subsequently expressed as pmol production/ mg

protein to reflect the relative activity in the different tissues studied.

48



11 -Dehydrocorticosterone Corticosterone

(min)

Figure 2.2 Chromatoqram from HPLC Separation of 1113-HSD Assay

Products

Following assay for lip-HSD activity, steroid extracts were re-suspended in mobile phase

consisting of 60% water, 15% acetonitrile, 25% methanol and injected into the HPLC system.
The flow rate of the mobile phase was 1ml/ min, flow rate of the scintillant was 2ml/ min and
the column temperature was set to 35°C. The approximate retention times for [3H]-
corticosterone and [3H]-11-dehydrocorticosterone were 7-9min and 10-12min respectively,
and the retention time of the additional, unknown peak was 9-10min as shown in the

example above.
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2.6 35S In Situ Hybridisation

In situ hybridisation allows the visualisation of the exact cellular and/ or structural
location of specific mRNAs (indicating transcription of the corresponding gene) by

hybridisation of a 35S-labelled 'antisense' RNA probe to the mRNA of interest. 35S-
UTP labelled RNA 'sense' probes of similar length, nucleotide content and specific

activity were included in each experiment in order to assess the specificity of the

hybridisation reaction.

Only RNase free, sterile solutions and equipment were used for in situ hybridisation

experiments in order to prevent degradation of target mRNA by exogenous RNases.

2.6.1 Slide Preparation

Prior to use, glass microscope slides were coated in 3-aminopropyltriethoxysilane in
order to prevent section dehiscence. Slides were racked and washed in the following
series of solutions; 0.2M HC1 for 3min, DEPC-treated water for 3min, 2% 3-

aminopropyltriethoxysilane in acetone (filtered through NaSCri) for 10s, acetone for
3min (twice), and finally DEPC-treated water for 3min. Slides were air-dried for 30-
60min before baking at 50°C for 4-16 hours. Dried slides were wrapped in
aluminium foil and stored for up to 3 months.

2.6.2 Tissue section preparation

Thoracic aortae from mice aged 12-16 weeks or rats aged 12-24 weeks were either
frozen on dry ice immediately, or placed in ice cold PSS and surrounding fat and
connective tissue removed prior to freezing on dry ice (time from death to tissue

freezing approximately 60min). Kidney and liver were routinely frozen on dry ice

immediately after dissection from the animal. Tissues were stored at -80°C until

required.

Frozen tissue sections were cut using a Leica cryostat (Leica Microsystems,

Germany). Tissues frozen at -80°C were placed in the cryostat chamber at -20°C and
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allowed to equilibrate for approximately 30min. Following equilibration, tissues
were embedded in Cryo-m-bed embedding compound (Brights, UK) and positioned
in the correct orientation for sectioning. 10pm thick sections of aorta, kidney and
liver were thaw-mounted onto 3-aminopropyltriethoxysilane-coated slides. Slides
were stored at -80°C until required.

2.6.3 Probe Templates for In Situ Hybridisation

Target specific RNA probes for mouse and rat lip-HSD 1, lip-HSD 2 and

VSMaA were produced in vitro using T3, T7 or SP6 phage polymerase systems.

The T3/ T7, T7/ T3 and T7/ SP6 promoter sequence flanked linearised cDNA

templates for mlip-HSD 2, rlip-HSD 1 and rlip-HSD 2 respectively were gifts
from Dr Megan Holmes. The T7/ SP6 promoter sequence flanked linearised cDNA

template forml ip-HSD 1 was a gift from Dr Karen Chapman. The T3/ T7 promoter

sequence flanked cDNA template for m/ rVSMaA was synthesised as described
below.

PCR amplification of an RT-PCR VSMaA product, using nested primers with
attached RNA polymerase sites, produced a T3/ T7 promoter sequence flanked
cDNA template for rat and mouse VSMaA. The initial RT-PCR amplification of

VSMaA was carried out as described in section 2.7.4. using mRNA isolated from rat

aorta. An aliquot of the resulting RT-PCR product was diluted 1:1000 in DEPC-
treated water and this dilution was used as a template for the subsequent PCR.

Degenerate, nested primers specific for VSMaA (rat and mouse sequences, Figure

2.3) flanked with the T3/ T7 promoter sequence were used. The sequence of the

upstream primer was 5'-TCT AGA TTA ACC CTC ACT AAA GGG CTC YTT
CTA TAA CGA GCT TGC-3' (where bases 1-24 encode the T3 promoter site and Y
denotes T or C). The sequence of the downstream primer was 5'-GGA TCC TAA
TAC GAC TCA CTA TAG GGT CAG GAT CTT CAT GAG GTA-3' (where bases
1-26 encode the T7 promoter site). The PCR was carried out on an Eppendorf

Mastercycler Gradient (Eppendorf, Germany) with a heated lid.
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1 GAGAAGCCCAGCCAGTCGCTGTCAGGAACCCTGAGACGCTGCTCCAGCTATGTGTGAAGAGGAAGACAGCACAGCCCTGGTGTGCGACAA
1 CCAGCCAGTCGCCATCAGGAACCICGAGAAGCTGCTCCAGCT ATGTGTGAAGAGGAAGACAGCACAGCTCTGGTGTGTGACAA

31 TGGCTCTGGGCTCTGTAAGGCCGGCTTCGCTGGTGATGATGCTCCCAGGGCTGT TT TCCCATCCATCGTGGGACGTCCCAGACATCAGGG
BITGGCTCCGGGCTCTGTAAGGCGGGCTT T GCTGGTGATGATGCT CCCAGGGCT GT TT TCCCATCCATCGTGGGACGTCCCAGACACCAGGG

101 AGT AATGGTTGGAATGGGCCAAAAAGACAGCTATGTGGGGGATGAAGCCCAGAGCAAGAGAGGGATCCTGACGCTGAAGT ATCCGATAGA
174 AGTGATGGTTGGAATGGGCCAAAAGGACAGCTATGTGGGGGACGAAGCGCAGAGCAAGAGAGGGATCCTGACCCTGAAGT ATCCGATAGA

2 71 ACACGGCATCATCACCAACTGGGACGACATGGAAAAGATCTGGCACCAtTCTTTCTATAACGAGCTTCS^EGTGGCCCCTGAAGAGCATCC
264 ACACGGCATCATCACCAACTGGGACGACATGGAAAAGATCTGGCACCAfcTCCTTCTATAACGAGCTTCGCGTGGCCCCAGAGGAGCATCC

361 GACACTGCTGACAGAGGCACCACTGAACCCTAAGGCCAACCGGGAGAAAATGACCCAGATTATGl'TTGAGACCTTCAATGTCCCCGCCAT
3 5 4 GACCT TGCTAACGGAGGCGCCGCTGAACCCTAAGGCCAACCGGGAGAAAAT GACCCAGAT TAT GT TTGAGACCT TCAATGTCCCTGCCAT

4 51 GTATGTGGCTATTCAGGCTGTGCTGTCCCTCTATGCCTCTGGACGTACAACT GGTATTGTGCTGGACTCTGGAGATGGTGTGACTCACAA
4 4 4 GTATGTGGCTATTCAGGCTGTGCTGTCCCTCTATGCT TCTGGACGT ACAACT GGTAT TGT GCT GGACTCTGGAGATGGCGTGACTCACAA

5 41 CGTGCCT ATCT ATGAGGGCT ATGCCCTGCCT CATGCCAT CATGCGTCTGGACT TGGCTGGCCGAGAT CTCACCGAOTACCTCAT GAAGAT
534 CGTGCCTATCTATGAGGGCTATGCTCTGCCTCATGCCATCATGCGTCTGGACTTGGCTGGCCGAGATCTCACCGAOq^ACCTCATGAAGAT

631 CCT3lCTGAGCGTGGCTATTCCTTCGTGACTACTGCCGAGCGTGAGATTGTCCGTGACATCAAGGAGAAGCTGTGCTATOTAGCTCTGGA
62 4 CCTfoCTGAGCGTGGCTATTCCTTCGTGACIACTGCTGAGCGTGAGATCGTCCGTGACATCAAGGAGAAGCTGTGCTATGTCGCTCTGGA
721 CTT TGAAAATGAGATGGCCACGGCCGCCTCCTCTTCCTCCCTGGAGAAGAGCTACGAACTGCCTGACGGGCAGGT GATCACCAT TGGAAA
714 CT T TGAAAATGAGATGGCCACTGCTGCT T CCT CT TCT T CCCTGGAGAAGAGCTACGAACTGCCTGATGGGCAGGTGATCACCATCGGGAA

Bll CGAACGCTTCCGCTGCCCAGAGACTCTCTTCCAGCCATCTT TCATTGGGAT GGAGTCAGCGGGCATCCACGAAACCACCTATAACAGCAT
0 D 4 TGAACGCT TCCGCTGCCCGGAGACCCT CTTCCAGCCATCTT TCATTGGAATGGAGTCGGCGGGCATCCACGAAACCACCT AT AACAGCAT

3D1 CATGAAGTGTGATATTGACATCAGGAAGGATCTCTATGCTAACAACGTCCTGTCAGGGGGTACCACCATGTACCCAGGCATTGCTGACAG
0 3 4 CAT GAAGT GTGATAT TGACATCAGGAAGGACCTCTATGCTAACAACGTCCTCTCGGGGGGCACT ACCATGTACCCAGGCATTGCTGACAG

331 GATGCAGAAGGAGATCACAGCCCTCGCACCCAGCACCATGAAGATCAAGATCATTGCCCCTCCAGAACGCAAGTACTCTGTCTGGATCGG
30 4 GATGCAGAAGGAGATCACAGCCCTCGCTCCCAGCACCATGAAGATCAAGAT T AT TGCTCCTCCAGAACGCAAATATT CTGTCTGGATCGG

1D 01 TGGCTCCATCTTGGCTTCGCTGTCTACCTTCCAGCAGATGTGGATCAGCAAACAGGAATACGACGAftGCTGGGCCCTCCATCGTCCACCG
1D 7 4 CGGCTCCATCCTGGCTTCTCTATCTACCTTCCAGCAGATGTGGATCAGCAAACAGGAGTATGACGAAGCTGGCCCCTCCATTGTCCACCG

1171 CAAATGCTTCTAAGTCCC CCCTGCTCTGCCTCTAGCACACAACTGTGAACGT T
116 4 CAAATGCT TCT AAGTCACGCCCCCACCCTCCGCCCCGCCCCCACCCCCGCCCCGCCCCCGCTCTGTCTCTAGCACACAACTGTGAATGT T

1224 TTGTGGATCAGCGCCTCCAGTTCCTTTCCAAATCATTCCTGCCCAAAGCTTTGATTTGTTACTCGTG—GTTTTTTTTAAAAATAAATCAG
1254 TTGTGGATCAGCGCCTTCAGTTCTTTTCCAAATCATTCCTACCTAAAGCTTTGATTTGTTACTCGTGTGTTTTTTTTTA—ATAAATCAG

1313 ACATGTGCTACCCTTAACTTGT AAAAAA
13 42 ACATGTGCTACCCTT—CT AAA

Figure 2.3 Homology of Mouse and Rat VSMaA mRNA

Alignment of mRNA sequences for mouse (top line) and rat (bottom line) VSMaA.
Conserved regions are shown in grey, regions homologous to 5' and 3' primers are enclosed
in arrows. PCR amplification of the region indicated produced a T7/ T3 promotor sequence

flanked cDNA template for both rat and mouse VSMaA.
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Samples were heated to 95 C for 3min for initial denaturation then underwent 5

cycles of PCR amplification (denaturation at 95°C for 45 seconds, primer annealing
at 55°C for 45 seconds and elongation at 72°C for 2min) followed by a further 30

cycles of PCR amplification (denaturation at 95°C for 45 seconds, primer annealing
at 69°C for lmin and elongation at 72°C for 2min). Upon completion of the PCR

programme, samples were incubated at 72°C for a further lOmin to ensure complete

elongation, and chilled to 4°C. This two-stage amplification protocol was utilised to

ensure efficient amplification of template DNA in the presence of primers with non¬

specific sequence at the 5' ends, and successfully produced the T3/ T7 promoter

sequence flanked VSMaA template. Analysis of a 5pi aliquot of the PCR product

by gel electrophoresis as described in section 2.7.5., ensured that the above reaction

generated a single product of appropriate size consistent with that predicted for the
VSMaA probe template (~370bp, Figure 2.4). Whilst this PCR product was not

itself sequenced, that the original VSMaA-specific primers also generated a single

product, the size of which corresponded to the predicted region of amplification,

strongly suggesting that the probe template was homologous to both mouse and rat

VSMaA mRNA.

The PCR product was subsequently purified using a QIAquick PCR Purification Kit

(QIAGEN Ltd., UK). Briefly, 5 volumes of 'Buffer PB' were added to the PCR

sample and the sample was vortexed and applied to a QIAquick spin column. The
column was centrifuged at 13,000 rpm for 30-60 seconds in order to bind the DNA to

the silica-membrane, and the flow-through (containing unwanted primers,

unincorporated nucleotides, and enzymes) was discarded. To wash away remaining

salts, 750pl 'Buffer PE' (containing ethanol) was added to the column and

centrifuged at 13,000rpm for 30-60 seconds. The flow-through was discarded and
the column was re-spun at 13,000rpm for lmin to remove residual 'Buffer PE',
which could interfere with subsequent enzymatic reactions. The template DNA was

eluted by addition of 30pl DEPC-treated water to the centre of the column. The
column was incubated for lmin at RT prior to centrifugation at 13,000rpm for lmin.
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Figure 2.4 Production of VSMaA Probe Template for In Situ Hybridisation

Following RT-PCR-mediated amplification of VSMaA from rat aortic cDNA, a 1:1000

dilution of the resulting PCR product was used in a nested PCR reaction with VSMaA

specific primers flanked with T7/ T3 promotor sequences (carried out in duplicate). Analysis
of 5pl of the resulting PCR product by gel electrophoresis demonstrated a single 370bp

product - this VSMaA specific probe template was used in subsequent in situ hybridisation

experiments. A negative control consisted of a reaction carried out in the absence of initial

RT-PCR product.
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Following purification, the template DNA was quantified using a GeneQuant RNA/
DNA Calculator (Pharmacia Biotech, Sweden). DNA was diluted 1:100 in DEPC-

treated water and the optical density at ?b260nm and A,280nm was determined to

assess concentration and purity.

2.6.4 Synthesis of 35S-UTP Labeled Ribo-Probes

See Table 2.1 for specific characteristics of probe generation.

Probe RNA polymerase Temp (°C) Probe length (nt)

m1ip-HSD 1 s T7 37 455

m11p-HSD 1 as SP6 40 455

m1ip-HSD2s T3 37 666

m11p-HSD 2 as T7 37 666

r1ip-HSD 1 s T7 37 1200

M1P-HSD 1 as T3 37 1200

r11p-HSD2s SP6 40 659

r11p-HSD 2 as T7 37 659

m/ rVSMaA s T3 37 315

m/ rVSMaA as T7 37 315

Table 2.1. Characteristics of Probe Generation for In Situ Hybridisation

M = mouse; r = rat; s = sense; as = antisense, nt = nucleotide.

For all probes (except mllp-HSD 2) 0.5-lpg of linear cDNA template (previously

generated by linearisation of plasmid DNA (containing gene specific insert) with the
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appropriate restriction endonuclease) was transcribed by incubation at the

appropriate temperature for 60-90min with ATP, CTP and GTP (lOmM each), 35S-
UTP (s.a. 800Ci/ mmol), lOmM dithiothreitol (DTT), 0.5pl RNase inhibitor, and lpl

appropriate polymerase in a total volume of lOpl lx transcription optimised buffer.

Following incubation, lpl DNase 1 (RNase free) was added and reactions incubated

at 37°C for a further 15min to degrade the DNA template, after which probes were

placed on ice for 1-5 min and purified using NICK columns (Pharmacia Biotech,

Sweden) to remove unincorporated radioactivity. The column was prepared by

washing through with 3ml TE buffer. The probe mixture was then applied to the
column. The column was washed with 400pi TE buffer and the initial elutant

discarded. Labelled probe was eluted in an additional 400pl TE buffer.

For mlip-HSD 2 probes, a slightly modified protocol was used, lpg of linear
cDNA template was transcribed by incubation at the appropriate temperature for 60-
90min with ATP, CTP and GTP (lOmM each), 35S-UTP (s.a. 800Ci/ mmol), lOmM

DTT, 0.5pl RNase inhibitor, and lpl appropriate polymerase in a total volume of

lOpl lx transcription optimised buffer. Following incubation, lpl DNase 1 (RNase

free) and 0.5pl RNase inhibitor in a total volume of lOpl lx transcription optimised
buffer was added and reactions were incubated at 37°C for a further 15min. Probes

were then placed on ice for 1-5 min and purified using NICK columns (Pharmacia

Biotech, Sweden) as described above.

For each probe, the total activity was estimated by counting lpl of probe in 1ml

PicoFluor 40 scintillant fluid (Canberra Packard, UK) in duplicate in a p-counter

(minimum activity required 2xl05 cpm/ pi). The purity of each probe was

determined by running l-2pl on a urea gel (3.6g urea, 1.32ml acrylamide, 0.1%

ammonium persulphate (v/ v), lOpl TEMED in lx TBE) and exposing the gel to
Kodak Biomax film, which should produce a single black band on the film when

developed. Probes were stored at -20°C until required, for a maximum of 3 days

(there was no evidence of probe degradation e.g. increased background/ non-specific

binding when probes were stored for this length of time).
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2.6.5 Fixation Protocol

Slides were removed from the -80°C freezer and kept on dry ice until the start of the

fixation procedure. Slides were fixed in ice cold 4% paraformaldehyde in 0.1M

phosphate buffer for lOmin, rinsed twice in lx PBS for 5min, acetylated in 0.1M
triethanolamine with 0.25% acetic anhydride for lOmin to prevent loss of signal and
rinsed in lx PBS for 3min. Following dehydration through a series of ethanol
solutions (70, 80 and 95% ethanol in DEPC-treated water) slides were air dried for
30min.

2.6.6 Pre-hybridisation & Hybridisation Steps

Following fixation, slides were pre-hybridised with 200pl/ slide of 2x pre-

hybridisation buffer diluted 1:1 with deionised formamide, at 50°C for 2h.

Dampening two layers of Whatmans No.3 chromatography paper with box buffer
humidified the slide boxes, hence preventing tissue sections from drying out.

Sense and antisense probes were thawed and added to 2x hybridisation buffer
diluted 1:1 in deionised formamide to give a final probe concentration of 20x10"6
cpm/ml. Probes were denatured at 90°C for lOmin and placed on ice before addition

of lOmM DTT. Pre-hybridisation buffer was drained from slides and 200pl

appropriate probe was applied to slides. Slides were hybridised in sealed, humidified
boxes at 50°C for an optimum of 16 hours.

2.6.7 RNase Treatment & Washes

Following hybridisation, slides were washed three times in 2x SSC for 5min and

carefully wiped dry around the sections with lens tissue. 200pl of RNase A (30mg/
ml in RNase buffer) were applied to each slide and slides were incubated at 37°C for
1 hour in humidified boxes (1 layer of Whatman No.3 chromatography paper

dampened with RNase buffer) to remove unhybridised probe.
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Following RNase treatment, slides were washed in 2x SSC at room temperature for

30min, then twice in O.lx SSC at 60°C for 60min. After washes, slides were

dehydrated through a series of ethanol solutions containing 0.3M ammonium acetate

(2min in each of 50, 70 and 90% ethanol) and air-dried.

2.6.8 Visualisation of Hybridisation

Slides were exposed to Kodak Biomax-MR film for 2-7 days. Afterwards, slides
were individually dipped in NTB-2 photographic emulsion (Kodak, UK, diluted 1:1

with DEPC-treated water at 42°C) and exposed in light-tight boxes for 5 days to 12

weeks at 4°C. Slides were developed in D19 solution (HA West Ltd, UK) diluted

1:1 with water at 15°C, fixed in Amfix solution (HA West Ltd, UK) diluted 1:5 with

water at 15°C, rinsed in water and counterstained with haematoxylin and eosin.

2.7 RT-PCR

RT-PCR allows the detection and amplification of specific mRNA species from
isolated total RNA. Using Ohgo(dT)i5 primers, the reverse transcriptase enzyme

transcribes mRNA into double stranded cDNA - the necessary template for Taq

polymerase. Subsequent PCR amplification consists of a number of cycles, during
which the cDNA template is repeatedly denatured, annealed with target-specific

primers and replicated using Taq polymerase. Following 20-40 cycles the amplified
DNA can be analysed for size and quantity using gel electrophoresis.

Only RNase free, sterile solutions and equipment were used for RT-PCR in order to

prevent degradation of target RNA by exogenous RNases and contamination of
reactions with exogenous RNA/ DNA. All reactions were prepared on ice unless
otherwise stated.
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2.7.1 Tissue Preparation

2.7.1.1 Intact Tissues

Thoracic aortae from mice aged 12-16 weeks or rats aged 12-24 weeks were placed
in ice cold PSS following dissection and surrounding fat and connective tissue were

removed prior to freezing on dry ice (time from death to tissue freezing

approximately 60min). Kidney and liver were routinely frozen on dry ice

immediately after dissection from the animal. Primary cultures of human umbilical
vein endothelial cells (HUVECs) at third passage (a gift from Mr C Mayor) were
removed from the culture flask directly into 5ml Trizol and frozen on dry ice.
Tissues were stored at -80°C until required.

2.7.1.2 Isolation ofAortic Endothelial and Vascular Smooth Muscle Cells

Thoracic aortae were dissected from mice aged 12-16 weeks or rats aged 12-24

weeks and placed in sterile PBS (with 100pg/ml penicillin, 100pg/ml streptomycin)
on ice. The surrounding fat and connective tissue was removed and a Venflon was

inserted into one end of the vessel and secured. The vessel was rinsed once with

PBS to remove contaminating blood cells and the open end was ligated. Sterile

collagenase IV solution (l-2mg/ml in PBS) was injected into the lumen and the

entire vessel was incubated at 37°C with 95% (V 5 % CO2 for 2-10 minutes.

Following incubation, the collagenase IV solution containing detached endothelial
cells was flushed from the vessel with approximately 5 volumes ofPBS into a sterile

eppendorf. The solution was centrifuged at 12,000 x g at 4°C for 5 min, the

supernatant was decanted and the resulting pellet was frozen on dry ice.

Following digestion/ removal of the endothelial cells, the vessels were opened

longitudinally and pinned out, luminal surface facing upwards. The luminal surface
was gently rubbed with a sterile cotton bud to remove any remaining endothelial
cells and rinsed twice with PBS. Under a light microscope, the medial layer was

separated from the vessel adventitia and component layers were rinsed in PBS and
frozen on dry ice. Tissues were stored at -80°C until required.
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2.7.2 RNA Extraction

RNA extraction was carried out using TRIzol Reagent (Gibco, UK) - a mono-phasic
solution containing phenol and guanidine isothiocyanate. This reagent maintains
RNA integrity whilst disrupting cells and dissolving cell components.

2.7.2.1 Homogenization

To aid initial homogenization, individual aorta, medial and adventitial strips were

wrapped in chilled aluminium foil whilst frozen, and disrupted by grinding under

liquid nitrogen in a pestle and mortar. Powdered tissue samples were placed in 1.5ml
sterile eppendorfs on dry ice and stored at -80°C until required.

lml TRIzol was added per 50-100mg tissue or powdered tissue whilst frozen and

samples were homogenized on ice using an Ystral mechanical homogeniser

(Scientific Instruments Centre, UK). Samples were centrifuged at 12,000 x g at 4°C
for lOmin to remove insoluble material and small amounts of unhomogenized tissue.
The resulting supernatant was removed to a fresh eppendorf.

2.7.2.2 Phase Separation

Following homogenisation, samples were allowed to equilibrate to room

temperature (RT) then left for 5 minutes to allow complete dissociation of the

nucleoprotein complexes. 0.2ml Chloroform per ml TRIzol used in original

homogenisation was added to each sample. Samples were shaken vigorously by
hand for 15 seconds then incubated at RT for 3 minutes. Samples were centrifuged
at 12,000 x g at 4°C for 15min resulting in a lower red phenol-containing phase

(containing proteins), an interphase (containing DNA and denatured proteins) and an

upper aqueous phase containing RNA.
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2.7.2.3 RNA Precipitation

The upper aqueous phase from each sample was transferred into a fresh eppendorf
and the RNA was precipitated by addition of 500pl isopropanol (per ml TRIzol in

original homogenisation). Following addition of isopropanol, samples were

incubated at RT for lOmin prior to centrifugation at 12,000 x g at 4°C for lOmin.
The RNA precipitate forms a visible gel-like pellet on the side of the tube.

2.7.2.4 RNA Wash

Following centrifugation the supernatant was removed and the RNA pellet was
washed with 1ml 75% ethanol (per ml TRIzol in original homogenisation). Pellets
were vortexed and centrifuged at 7,500 x g at 4°C for 5min.

2.7.2.5 RNA Resuspension

Following the RNA wash, the ethanol was removed and the pellets were briefly air-
dried for 5min, being careful not to completely dry out the RNA, which greatly
reduces solubility. RNA pellets were dissolved in 10-50pl DEPC-treated water

(depending on pellet size) by pipeting followed by incubation at 60°C for lOmin.

RNA was stored at -80°C until required.

2.7.2.6 RNA Quantification

Before use, RNA was quantified using a GeneQuant RNA/ DNA Calculator

(Pharmacia Biotech, Sweden). RNA was diluted 1:25-1:100 in DEPC-treated water

and the optical density at A,260nm and 7.280nm was determined to assess

concentration and purity.

2.7.3 Reverse Transcriptase Reaction

First strand cDNA synthesis was performed using the Reverse Transcription System

(Promega, UK), lpg of total RNA was reverse transcribed in a reaction mixture

containing 5mM MgCU, lx reverse transcription buffer, ImM each of dATP, dCTP,
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dGTP and dTTP, 20U RNasin, 0.5pg 01igo(dT)i5 primers and 15U AMV-reverse

transcriptase made up to 20pl in DEPC-treated water. Samples were incubated at

42°C for 45min followed by 5min at 95°C then 5min on ice to inactivate enzymes

and prevent binding to DNA.

Negative control reactions for each RNA sample were performed in parallel (made

up as above but in the absence of AMV-reverse transcriptase) in order to determine

genomic DNA contamination. Additionally, a negative control reaction containing
water instead of RNA was performed to determine RNA contamination of the
Reverse Transcriptase System reagents.

cDNA prepared from kidney and liver RNA were diluted to 1:10 with DEPC-
treated water prior to PCR amplification. cDNA from aortic fractions was not

diluted prior to PCR amplification.

2.7.4 PCR Reactions

5pl of cDNA template was used in each PCR reaction containing lx Thermophilic

DNA polymerase Reaction Buffer, 1.5mM MgCf, 200pM each of dATP, dCTP,
dGTP and dTTP, 40pmol gene-specific upstream primer, and 40pmol gene-specific
downstream primer made up to 50pi in DEPC-treated water. One TaqBead (1.25U)
was added to each reaction tube before starting the required PCR programme. A

negative control reaction containing DEPC-treated water rather than cDNA was

performed in parallel to determine contamination of PCR reagents.

PCRs were carried out on an Eppendorf Mastercycler Gradient (Eppendorf,

Germany) with a heated lid. Samples were heated to 95°C for 3min for initial

denaturation then underwent 35 cycles of PCR amplification (denaturation at 95°C
for 45s, primer annealing at primer-specific temperature for 30s and elongation at

72°C for lmin 30s). Upon completion of the PCR programme, samples were

incubated at 72°C for a further 5min to ensure elongation of products to full length
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and chilled to 4°C prior to gel electrophoresis. 35 cycles of amplification was used
as a standard throughout these non-quantitative RT-PCR experiments, and was

shown to enable detection of all of the genes examined. Gene specific primer

sequences and annealing temperatures are detailed in Table 2.2.

PCR Primer Sequences Annealing Cycle Product

Temp (°C) Number Size (bp)

p-jI p / |-| Upstream: 5'-AAA GTG ATT GTC
ACW GGG GCC AGC AA A-3'

1 1 (1-HSD 1 Downstream: 5'-ATC CAR AGC

AAA CTT GCT TGC-3'

58 35 m = 440

r = 460

h = 440

m 11p-HSD2

r 11p-HSD 2

h 11 p-HSD 2

Upstream: 5'-ACC CCT GCT TGG Q2
CAG CCT ACG GCA-3'

Downstream: 5'- TCA CAT TAG

TCA CTG CCT CTG TCT TG-3'

Upstream: 5-CCT GCT TGG CAG 02
CCT ATG GAA-3'

Downstream: 5'-TCA CAT TAG

TCA CTG CCT CTG TCT TG-3'

Upstream: 5'-TAG CTG CAT GGA 00
GGT GAA TT-3'

Downstream: 5'-GAA GTA CAT

GAG CCC CAG G-3'

35

35

35

144

143

479

m/ r VSMaA Upstream: 5'-TTG GAA AAG ATC
TGG CAC CAC -3'

Downstream: 5-GCA GTA GTC

ACG AAG GAA TAG-3'

58 35 370

m/ r TIE-2 Upstream: 5'-TTA CTC ART ACC 0g
AGC TCA AGG G-3'

Downstream: 5'-CAG CTG GTT

CTT CTC TCA CGT T-3'

|-| J|E_2 Upstream: 5'-TCA CTC CAG TAT g2
CAG CTC AAG GG-3'

Downstream: 5'-CAG CTG GTT

CTT CCC TCA CGT T-3'

35

35

m = 296

r = 288

300
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Table 2.2 continued.

PCR Primer Sequences Annealing Cycle Product

Temp(°C) Number Size (bp)

m/ r GR Upstream: 5'-TGT GGT TTA TAG 57 35 337
AGG GCC AAG ACT TGG-3'

Downstream: 5-GGC ACA ACT

TCC CTT TTC TGA TAT ACA C-3'

m/rMR Upstream: 5'-CTG AGG AAA ATG 57 35 g86
GTC ACC AAG TGT CCC A-3'

Downstream: 5'-CCA CGC CAC

GTG TTC TGT TAT TAC ATA-3'

Table 2.2 PCR primer sequences and programme conditions.

m mouse; r rat, h human, m/r lip-HSD 1 primers were a gift from Dr Karen

Chapman. M 11 p-HSD 2, m/r GR and m/r MR primers were a gift from Dr Roger

Brown.

2.7.5 Gel Electrophoresis

RT-PCR products were analysed by electrophoresis on a 1.8% agarose gel. Gels
were prepared by melting 1.8% (w/ v) agarose (BioWhittaker Molecular

Applications, USA) in 0.5x TBE and adding lpl/ 100ml of ethidium bromide. After

pouring into a gel mould with appropriately sized combs in place, gels were allowed
to set at room temperature then placed in 0.5x TBE in a gel tank.

lOpl 1Kb DNA ladder containing fragments ranging from 75-12,000 bases were

loaded into the first well on each gel to allow determination of product size. 5-40pl

of each RT-PCR product was mixed with 2.5pi loading buffer and loaded into
individual wells of the gel. Gels were electrophoresed at 100V for 30-45min until

64



the loading buffer band was approximately 3A of the way down the gel then

photographed under UV light at A,260nm. It should be noted that whilst not all RT-
PCR products were sequenced due to time constraints, all RT-PCR reactions resulted
in the production of a single product, which corresponded with size predicted

following primer design. Specifc regions of amplification and, where available,

sequences of generated RT-PCR products are detailed in Appendix 1 (sequencing of
RT-PCR products was carried out by DNASHEF at the University of Edinburgh).

2.8 Small Vessel Wire Myography

Use of a small vessel wire myograph (JP Trading, Denmark) allowed mounting of
aortic ring preparations and measurement of responses to pharmacological agents
under isometric conditions (where substantial shortening of the vessel is prevented).
A chart recorder attached to the force transducer recorded readings of force.

2.8.1 Preparation of Aortic Rings

2.8.1.1 Freshly Isolated Aorta

Thoracic aortae from mice aged 12-16 weeks were placed in physiological saline
solution (PSS) following dissection and the surrounding fat and connective tissue
were removed. Rings of approximately 2mm in length were prepared from each
aorta and used immediately for functional investigation as outlined in section 2.8.2.

2.8.1.2 Aortic Incubations

Aortic function was analysed in some instances following 24h incubation in order
to assess effects of prolonged exposure to physiological concentrations of

glucocorticoids on vascular reactivity. All dissection instruments and equipment
were sterilised in ethanol prior to use. Thoracic aortae from mice aged 12-20 weeks
were placed in sterile DMEM/ F12 (1:1) Nutrient Mix cell culture medium (DMEM)

following dissection and the surrounding fat and connective tissue were removed.
Each aorta was divided into three segments (approximately 5mm in length) and each
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segment was randomly assigned to one of three groups. One third of each aorta was

divided into two 2mm rings and used immediately for functional investigation. One
third was placed into a 50ml sterile tube containing 25ml DMEM (with vehicle) and
one third was placed into a 50ml sterile tube containing 25ml DMEM with 10" M

glucocorticoid (sterile filtered). Sterile rubber tubing was inserted through a small
hole in the lid of each tube and secured with tape so that the ends of the tubing were

in the upper 1cm of the incubation medium. 95% O2/ 5% CO2 was gently bubbled

through the medium without disturbing the vessel segments in the bottom of each
tube. Tubes were placed in a beaker ofwater in a water bath at 37°C and incubated
for 24 hours, after which each vessel was divided into two 2mm rings and used for
functional investigation as outlined below.

2.8.2 Myograph set-up

The set-up procedure involves mounting aortic rings on two parallel, intra-luminal,

40pm stainless steel wires attached to jaws, which in turn are attached to a moveable
micrometer and a force transducer. Set-up was carried out using a light microscope.

2.8.2.1 Mounting Procedure

The myograph chamber was filled with PSS at room temperature and the far end of
the first wire was attached to one of the jaws. The aortic ring (approximately 2mm

length) was threaded onto the wire and the free end of the wire was secured. A
second wire was aligned parallel with the aortic ring and passed through the lumen

taking care not to catch the vessel wall. When the wire was fully passed through the
vessel lumen, the jaws were tightened to grip the wire and the ends secured to the

remaining jaw. The jaws were separated slightly and the intra-luminal wires were

levelled so that they were both horizontal by gently pushing the wires up or down
with forceps as required.

Following the mounting procedure, the length of each aortic ring was accurately
measured using a travelling micrometer eyepiece attached to a light microscope.

66



After length measurement, the chamber was gently bubbled with 95% O2/ 5% CO2,

heated to 37°C and the vessels were equilibrated for 30min prior to normalisation.

2.8.2.2 Removal of the Endothelium

In some experiments, the endothelium was removed from aortic rings in order to
eliminate endothelial cell effects on vessel reactivity. The jaws of the myograph
were positioned so that they were slightly apart, but not holding the aortic ring under
tension. A fine, roughened wire was inserted into the vessel lumen and gently
rubbed backwards and forwards on the inner surface of the vessel, taking care to

avoid inserting the wire into the vessel wall or stretching of the vessel longitudinally.
In order to ensure that the endothelial cells close to and under the intra-lumenal wires

were removed, the aortic ring was carefully rotated 90° on the wires and re-rubbed.
This procedure has been proven histologically to remove luminal endothelial cells

(Osol et al., 1989). After this procedure, fresh PSS was added to the chamber and
the vessels were equilibrated for 30min prior to normalisation.

2.8.2.3 Normalisation of Lumen Size

The normalisation procedure is carried out in order to determine the internal
circumference (IC100) of the aortic rings if they were fully relaxed and subjected to a

pressure of lOOmmHg/ 13.3kPa, and to enable stretching of the vessel to its optimal

resting force.

Using the myograph micrometer, the jaws were moved together until the intra¬
luminal wires were just touching - indicated by a sudden negative reading on the
chart recorder - then moved very slightly apart to correspond to zero tension.
Normalisation was subsequently performed by subjecting each aortic ring to

incremental stretches and measuring sets of micrometer and force readings. Each

pair of readings was entered into the BASIC computer programme and the effective

pressure was calculated using the La Place equation. Incremental stretches were

stopped when the effective pressure exceeded 13.3kPa. The point on the curve

corresponding to 13.3kPa was determined and denoted as ICioo-
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Having determined the ICioo, the internal circumference of the aortic ring was set to

0.9*ICioo (ICi) which has previously been shown to be the internal circumference at

which the active force production of mouse aorta is maximal (Dr PWF Hadoke,

unpublished observation). Aortic rings were equilibrated at their optimum resting
force for 20min before the standard start procedure.

2.8.2.4 Standard Start Procedure

The standard start procedure consisted of five consecutive contractions with the
vasoconstrictors noradrenaline (NA) and potassium. After each contraction reached
a plateau, the myograph chamber was washed out several times with PSS and the

responses were allowed to return to baseline. The first two contractions were

produced using NA-K (KPSS with 10~7M NA) to produce a maximal response. The
third contraction was produced using NA-PSS (PSS with 10"7M NA) to give a pure

agonist (a-adrenoreceptor mediated) maximum response. The fourth contraction
was produced using KPSS to give a depolarising response (includes response from
released neural noradrenaline). The final contraction was produced using NA-K
after which the aortic rings should have reached maximum contractility.

In addition to re-activating the mechanical and functional properties of the vessel
and confirming viability, the standard start procedure ensures that the functional

responses were normal in appearance. A chart recorder example of a standard start

procedure clearly demonstrating the characteristic differences between endothelium
intact and endothelium denuded aortic rings is shown in Figure 2.5.

68



Figure 2.5 Standard Start Procedure in Endothelium Intact and Endothelium

Denuded Mouse Aortic Rings.

Chart recorder tracing of typical functional responses in (a) endothelium-denuded and (b)
endothelium-intact mouse aortic rings during the standard start. The standard start

procedure consisted of five consecutive contractions with the vasoconstrictors NA and K+, to
re-activate the mechanical and functional properties of the vessel. The first two and the final
contraction were produced using NA-K to stimulate a maximal response. The third
contraction was produced using NA-PSS to give a pure a-adrenoreceptor mediated

response. The fourth contraction was produced using KPSS to give a depolarising

response.
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2.8.3 Functional Investigations

Contractile and relaxation responses of aortic rings were assessed by producing
cumulative concentration-response curves (CCRCs) to receptor-dependent and

receptor-independent vasoconstrictors and vasodilators. The standard experimental

protocol outlined below was used for all functional studies unless otherwise stated.

Step 1. Mounting and normalisation

Step 2. Standard start procedure*

Step 3. Pre-contraction with 5-HT, acetylcholine CRC

Step 4. KC1 CRC

Step 5. Noradrenaline CRC

Step 6. 30 min incubation with L-NNA, noradrenaline CRC

Step 7. Pre-contraction with 5-HT, SIN-1 CRC

*Where aortic rings were incubated for '24h', the standard start procedure was

actually commenced at the 24h time point, therefore incubations outside of the

myograph actually lasted approximately 22h to allow for mounting and
normalisation of vessels.

2.8.3.1 Vasodilator Responses

Responses to vasodilators were obtained following pre-contraction with a sub-
maximal concentration of 5-HT (10~7-10~6M, to give approximately 60-80%
maximum contraction). Drugs were added in a cumulative manner (ACh, and SIN-1;
10~9- 3x10~5M) to the myograph chamber (i.e. without washout between each drug

addition), and responses were allowed to reach a plateau before addition of the next

drug concentration. Following completion of each CRC, aortic rings were washed
several times with PSS and responses were allowed to return to baseline. Aortic

rings were equilibrated for 15min between CRCs.
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2.8.3.2 Vasoconstrictor Responses

Responses to vasoconstrictors were obtained by cumulative addition of drugs (NA,
10"9- 3x10"5M; KC1, 2.5-140mM) to the myograph chamber and responses were

allowed to reach a plateau before addition of the next drug concentration. Following

completion of each CRC, aortic rings were washed several times with PSS and

responses were allowed to return to baseline. Aortic sections were equilibrated for
15min between CRCs.

2.9 Statistics

All values are expressed as mean ± standard error. Data were analysed by Student's
t-tests or Analysis ofVariance (ANOVA) as appropriate.

71



Chapter 3

Localisation of 11B-Hvdroxvsteroid

Dehydrogenase Isozymes in the

Blood Vessel Wall
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3.1 Introduction

Despite extensive investigation, studies of 11(3-HSD activity in the blood vessel

wall have failed to demonstrate which lip-HSD isozyme is responsible for

glucocorticoid inactivation (Kornel et al., 1982; Funder et al., 1989: Walker et al.,

1992a). Determination of the specific isozyme responsible for lip-HSD activity in
vascular preparations has been complicated by the presence of both 11 P-reductase

and 1 ip-dehydrogenase activity in vessel homogenates and in VSMC cultures used

in these studies (Brem et al., 1995). Additionally, the issue of whether lip-HSD 1
acts as a dehydrogenase in vascular tissues (Brem et al., 1998;Souness et al., 2002)

further complicates the differentiation between the lip-HSD 1 and lip-HSD 2

activity in the blood vessel wall. Expression studies have suggested that both 11P-

HSD 1 and lip-HSD 2 are present in the vessel wall, and while the general

consensus from the literature suggests that lip-HSD 1 expression is present in
VSMCs (Walker et al., 1991b; Takeda et al., 1994b;Hatakeyama et al., 1999), the
exact cellular localisation of lip-HSD 2 within the vessel wall remains unclear

(Brem et al., 1998; Hatakeyama et al., 1999). Neither lip-HSD activity nor

expression have previously been demonstrated in blood vessels from mice.

The lack of specific inhibitors for lip-HSD 1 and lip-HSD 2 has been a major

problem in attempts to investigate the contribution of each of these enzymes to

vascular lip-HSD activity. Therefore, the unique resource of transgenic mice with

specific deletion of either lip-HSD 1 or lip-HSD 2 (Kotelevtsev et al., 1997;
Kotelevtsev et al., 1999) provides a valuable tool with which to investigate the

presence of lip-HSD isozymes in the blood vessel wall. Observations of severe

hypertension with aortic endothelial cell dysfunction in transgenic mice deficient in

lip-HSD 2, but not lip-HSD 1 (Kotelevtsev et al., 1999;Hadoke et al., 2001), may

suggest a role for 1 ip-HSD 2 in the protection of endothelial corticosteroid receptors

from activation by glucocorticoids. The hypothesis investigated in this chapter is
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that 11 p-HSD 2 is specifically expressed in endothelial cells of the vessel wall,
where it inactivates glucocorticoids, and hence prevent glucocorticoid-mediated

dysfunction of the endothelial NO system. The aims of the studies presented were to

determine which 11P-HSD isozyme is responsible for vascular 11P-HSD activity and

to investigate the specific cellular distribution of 11 P-HSD in the vessel wall. A

range of methodological approaches was used to determine the presence of
corticosteroid receptors and the specific cellular localisation of 11 P-HSD 1 and 11P-
HSD 2 in the blood vessel wall. For the purpose of method development and

comparison, results were obtained from both rat and mouse thoracic aorta.

3.2 Methods

3.2.1 11 p-HSD Activity Studies

11 p-HSD activity was initially investigated in thoracic aortae from male MF1 mice

(n = 6), using kidney and liver as positive controls (refer to section 2.5). HPLC
3 • 3

analysis determined the percentage conversion of [ H]-corticosterone to [ H]-ll-

dehydrocorticosterone by tissue homogenates at known protein concentrations. In
additional studies, aortae (and control tissues) from MF1 mice (n = 6-12) and

homozygous transgenic mice deficient in either 11P-HSD 1 (n = 6-10) or 11P-HSD 2

{n = 6) were assayed for 11 P-HSD activity. All animals were aged 12-16 weeks.

Data are expressed as mean ± standard error and were analysed by Student's t-test or
ANOVA as appropriate.

3.2.2 11 p-HSD Expression Studies

3.2.2.1 In Situ Hybridisation

Localisation of 11 P-HSD 1 and 11P-HSD 2 mRNA expression in blood vessels was

investigated in thoracic aortae from male MF1 mice and Wistar rats (n = 4-6) using
in situ hybridisation (described in section 2.6). Kidney and liver were used as

positive controls for 11 p-HSD 1 and 11 P-HSD 2. Detection of VSMaA mRNA in
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the above tissues by in situ hybridisation was used as a positive control for the

application of this technique to blood vessels.

3.2.2.2 RT-PCR

Expression of 11 P-HSD 1 and 11 P-HSD 2 mRNA was investigated in endothelium-
intact thoracic aortae from male MF1 mice (n = 4) by RT-PCR. Kidney and liver
were used as positive controls for 11 P-HSD 1 and 11 P-HSD 2 mRNA expression.
GR and MR mRNA expression was determined in endothelium-intact aortae and
medial fractions. Aortic fractions from male MF1 mice and Wistar rats (n = 4-8)
were prepared by mechanical or enzymatic separation of luminal endothelial cells,
media and adventitia. The presence of endothelial and vascular smooth muscle cells
in aortic fractions was assessed by RT-PCR detection of endothelial cell and vascular

smooth muscle cell specific markers (TIE-2 and VSMaA, respectively). Expression
of lip-HSD 1 and lip-HSD 2 mRNA in aortic preparations was determined using

RT-PCR (n = 4-8). Expression of lip-HSD 1 and lip-HSD 2 in primary cultured
human umbilical vein endothelial cells (HUVECs) at third passage (a gift from Mr C

Mayor) was also determined, using human kidney as a positive control for mRNA

expression. Detailed methods are described in section 2.7.

3.3 Results

3.3.1 1 ip-HSD Activity in MF1 Aorta, Kidney and Liver

lip-HSD activity was present in MF1 thoracic aortae and in positive control
7 7

tissues, as indicated by conversion of [ H]-corticosterone to [H]-ll-

dehydrocorticosterone by tissue homogenates. Co-factor specificity of lip-HSD

activity was not observed, with NAD- and NADP-dependent 11P-HSD activity in

tissue homogenates not significantly different under the assay conditions used

(Figure 3.1). 11 P-HSD activity in the absence of exogenous NAD or NADP was

<0.6pmol/ ug protein in all tissues examined (Figure 3.1), thus indicating that the
lack of co-factor specificity was not due to the presence of sufficient levels of

endogenous co-factor in tissue homogenates to drive 11 P-HSD activity.
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Figure 3.1 Lack of 11B-HSD Co-factor Specificity in Mouse Tissues

11P-HSD activity is expressed as pmol conversion of [3H]-corticosterone (B) to [3H]-11 -
dehydrocorticosterone (A)/ pg protein in by homogenates of whole aorta (n = 6), kidney (n =

5) and liver (n = 6) from male MF1 mice. Hp-HSD activity was measured after 240min
incubation in the presence of either NAD or NADP or without exogenous co-factor. Data are

expressed as mean ± standard error, and were compared by unpaired Student's t-test.

76



3.3.2 11 p-HSD 1 and 11 p-HSD 2 Activity in Aorta, Kidney and Liver

Although 11 P-HSD activity was detected in MF1 thoracic aortae, the lack of co-

factor specificity in mouse tissues prevented attribution of this activity to 11P-HSD 1

or 11P-HSD 2. In order to clarify which 11 P-HSD isozyme was responsible for the
observed enzyme activity, thoracic aortae (kidney and liver as controls) from MF1

mice and transgenic mice deficient in 11 P-HSD 1 or 11 P-HSD 2 were assayed for

11 P-HSD activity.

Transgenic deletion of either 11 P-HSD 1 or 11 P-HSD 2 significantly reduced, but

did not abolish, 11 p-HSD activity in mouse aortae (Figure 3.2). Greater 11P-HSD

activity was observed in aortae from mice deficient in 11 P-HSD 2 than those

deficient in 11 P-HSD 1. However, residual 11 P-HSD activity was also observed in

aortae from mice deficient in 11 P-HSD 1. This suggests that both 11 P-HSD 1 and

11 P-HSD 2 are active in mouse aorta.

Transgenic deletion of 11 p-HSD 1 significantly reduced both NAD- and NADP-

dependent 11 P-HSD activity in kidney. However, residual 11 P-HSD activity

(suggesting the presence of 11 P-HSD 2) was significantly greater in the presence of
NAD compared to NADP, indicating co-factor preference in this tissue. Transgenic
deletion of 11P-HSD 2 tended to reduce 11 P-HSD activity in kidney, however this
difference was not statistically significant (p > 0.4). These results suggested that
both 11 P-HSD 1 and 11 P-HSD 2 were present in MF1 kidney (Figure 3.3).
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Figure 3.2 11 [3-HSD Activity in Mouse Aorta

11P-HSD activity is expressed as pmol conversion of [3H]-corticosterone (B) to [3H]-11-
dehydrocorticosterone (A)/ pg protein in homogenates of aorta from MF1 (WT, n = 12) mice
and transgenic mice deficient in 11p-HSD 1 (K01, n = 10) or 11p-HSD 2 (K02, n = 6). 11 p-
HSD activity was measured after 240min incubation in the presence of either NAD or NADP.
Data are expressed as mean ± standard error, and were compared by one-way ANOVA. *p

<0.02, **p< 0.001.
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Figure 3.3 11B-HSD Activity in Kidney and Liver

11P-HSD activity is expressed as pmol conversion of [3H]-corticosterone (B) to [3H]-11 -
dehydrocorticosterone (A)/ pg protein by homogenates of (a) kidney and (b) liver from MF1
mice (WT, n = 6) and transgenic mice deficient in 11P-HSD 1 (K01, n = 6) or 11P-HSD 2

(K02, n = 6). Hp-HSD activity was measured after 240min incubation in the presence of
either NAD or NADP. Data are expressed as mean ± standard error, and were compared by

one-way ANOVA. * p < 0.005.
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Transgenic deletion of 11 P-HSD 1 completely abolished 11 P-HSD activity in liver

suggesting that 11 P-HSD 1 was the only isozyme present in this tissue. Transgenic

deletion of 11P-HSD 2 significantly reduced NAD-dependent 11P-HSD activity in
liver compared to controls (p < 0.02). There was a tendency for greater NADP-

dependent 11 P-HSD activity in liver from mice deficient in 11 P-HSD 2, however
this was not statistically significant (p > 0.58, Figure 3.3).

3.2.3 Detection of 11 p-HSD 1 and 11 p-HSD 2 mRNA Expression by In Situ

Hybridisation

Expression of 11 P-HSD 1 and 11 P-HSD 2 mRNA in control kidney and liver from
MF1 mice and Wistar rats was consistently detected using in situ hybridisation with
S-UTP-labeled ribo-probes. Specific hybridisation was evident on

autoradiographic film and following exposure of tissue sections to photographic
emulsion.

11 P-HSD 1 mRNA expression, but not 11 P-HSD 2 mRNA expression, was

detected throughout the liver. 11 P-HSD 1 and 11 P-HSD 2 mRNA expression in

kidney were mutually exclusive. 11P-HSD 1 mRNA was detected in outer medulla

in a pattern consistent with expression in proximal tubules, whereas 11P-HSD 2

mRNA was detected in a pattern suggestive of expression in distal tubules and
cortical collecting ducts. Specific hybridisation was not observed with sense probes

in control tissues (n = 8, Figure 3.4 and Figure 3.5). Expression of lip-HSD 1 and

11 P-HSD 2 mRNA was not detected in renal or hepatic blood vessels above the
levels observed in sections hybridised with sense probes.
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Figure 3.4 11B-HSD 1 mRNA Expression in Aorta, Kidney and Liver

Anti-sense 35S-labeled ribo-probes (left hand pictures in each panel) specific for mouse and
rat lip-HSD 1 were used to detect 11p-HSD 1 mRNA in 10pm thick sections of (a, b)

kidney, (c, d) liver and (e-f) aorta from MF1 mice and Wistar rats by in situ hybridisation (n =

6). Sense probes (right hand pictures in each panel) were used as a control for non-specific

hybridisation. Following in situ hybridisation, slides were exposed to Kodak autoradiograph
film for two days (a-f).

(a) Kidney

(c) Liver

_

(e) Aorta
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Figure 3.5 11B-HSD 2 mRNA Expression in Aorta. Kidney and Liver

Anti-sense 35S-labeled ribo-probes (left hand pictures in each panel) specific for mouse and
rat 11P-HSD 2 were used to detect 11P-HSD 2 mRNA in 10pm thick sections of (a, b)

kidney, (c, d) liver and (e-f) aorta from MF1 mice and Wistar rats by in situ hybridisation (n =

6). Sense probes (right hand pictures in each panel) were used as a control for non-specific

hybridisation. Following in situ hybridisation, slides were exposed to Kodak autoradiograph
film for two days (a-f).
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Further, as a positive control with vessels, expression of VSMaA mRNA was

readily detected in thoracic aortae, small vessels in fat surrounding aorta and renal
blood vessels from male MF1 mice and male Wistar rats by in situ hybridisation

using 35S-labeled ribo-probes (w = 2). Flybridisation was not observed with sense

probes as indicated by exposure to autoradiographic film, demonstrating that the in

situ protocol used was applicable to use in blood vessels (Figure 3.6).

In contrast to control tissues, and in spite of measurable 11 [3-HSD activity in mouse

aortae, expression of llp-HSD 1 and llp-HSD 2 mRNA in aortae from male MF1
mice and Wistar rats was not detected by in situ hybridisation with 35S-labelled ribo-
probes. Although tissue sections were clearly visible on autoradiographic film,

'specific' hybridisation was not clearly detected above background levels either on

autoradiographic film or following exposure to photographic emulsion (n = 6, Figure
3.4 and Figure 3.5).

3.3.4 Detection of Hp-HSD 1 and Hp-HSD 2 mRNA expression in Mouse

Aorta, Kidney and Liver by RT-PCR

Both lip-HSD 1 and lip-HSD 2 mRNA expression were detected in thoracic

aortae and kidney from male MF1 mice by RT-PCR (n =4). lip-HSD 1, but not

llp-HSD 2, mRNA expression was detected in liver from male MF1 mice (Figure

3.7). These results are consistent with llp-HSD activity studies, and in situ

hybridisation data for MF1 kidney and liver.
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Figure 3.6 VSMaA mRNA Expression in Aorta and Renal Blood Vessels

Anti-sense 35S-labeled ribo-probes (left hand picture in each panel) specific for mouse and

rat VSMaA were used to detect VSMaA mRNA in 10pm thick sections of (a, b) aorta and (c,

d) kidney from male MF1 mice (n = 2) and Wistar rats (n = 2) by in situ hybridisation. Sense

probes (right hand picture in each panel) were used as a control for non-specific

hybridisation. Following in situ hybridisation, slides were exposed to Kodak autoradiograph
film for two days.
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Figure 3.7 Expression of 1113-HSD 1 and 11B-HSD 2 mRNA in Aorta, Kidney

and Liver

1pg of total RNA isolated from MF1 aorta (A), kidney (K) and liver (L) and was used in RT-
PCR with specific primers to detect expression of (a) Hp-HSD 1 and (b) Hp-HSD 2 mRNA.
Prior to PCR, RT reactions from kidney and liver were diluted 1:10 in DEPC-treated water.

RT-PCR products were analysed by gel electrophoresis of 40pl aortic samples and 10pl

kidney and liver samples and were of the expected size (indicated by arrows). Negative
controls included a reaction carried out in the absence of the RT enzyme for each RNA (A-
,K-, L- respectively), an RT reaction containing no RNA (RT) and a PCR reaction containing
no RT product (PCR).
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3.3.5 Detection of GR and MR mRNA Expression in Aorta by RT-PCR

Both GR and MR mRNA expression were detected in endothelium-intact aortae and
medial fractions from male MF1 mice and Wistar rats (n = 4. Figure 3.8).

3.3.6 Assessment of Endothelial and Vascular Smooth Muscle Cell Marker

Expression in Rodent Aortic Fractions by RT-PCR

Endothelium-intact mouse and rat thoracic aortae expressed mRNA for the
endothelial cell marker TIE-2 and the vascular smooth muscle cell marker VSMaA,

as detected by RT-PCR. TIE-2 mRNA expression was also detected in endothelium-
denuded rat aorta and rat adventitial fractions, but not in mouse or rat medial

fractions, or in mouse adventitial fractions. In contrast to TIE-2 mRNA expression,
VSMaA mRNA expression was detected in all aortic fractions (n = 4-8, Figure 3.9).

Several attempts were made to isolate endothelial cells from both mouse and rat

thoracic aortae using enzymatic and mechanical separation techniques. However,

despite several modifications to the experimental protocol, both TIE-2 and VSMaA
mRNA were detected in all 'endothelial cell fractions' (data not shown). More

rigorous efforts to remove vascular smooth muscle cells from these fractions only

damaged the endothelial cells resulting in limited recovery of RNA from these
fractions at levels too low for use in the following experiments.
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Rat Mouse

(a) (b)

Figure 3.8 Expression of GR and MR mRNA in Aorta

1 jug of total RNA isolated from endothelium-intact aorta (A) and media (M) from male MF1
mice and male Wistar rats and was used in RT-PCR. Specific primers were used to detect

expression of (a) rat GR, (b) mouse GR, (c) rat MR and (d) mouse MR mRNA. RT-PCR

products were analysed by gel electrophoresis of 20pl aortic samples and were of the

expected size (indicated by arrows). Negative controls included a reaction carried out in the
absence of the RT enzyme for each RNA (A- and M-), an RT reaction containing no RNA

(RT) and a PCR reaction containing no RT product (PCR).
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Figure 3.9 Expression of TIE-2 and VSMaA mRNA in Aortic Fractions

1|ug of total RNA isolated from aortic fractions and used in RT-PCR with specific primers to

detect expression of (a) rat VSMaA, (b) mouse VSMaA, (c) rat TIE-2 and (d) mouse TIE-2
mRNA. RT-PCR products were analysed by gel electrophoresis of 20pl of each sample.
Endothelium-intact aorta (A), media (M), endothelium-denuded aorta (A"E, rat only) and
adventitia (Ad) from male MF1 mice and Wistar rats were analysed and were of the expected
size (indicated by arrows). Negative controls included a reaction carried out in the absence
of the RT enzyme for each RNA (A-, A'E-, M- and Ad- respectively), an RT reaction containing
no RNA (RT) and a PCR reaction containing no RT product (PCR).
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3.3.7 Detection of 11(3-HSD 1 and 11P-HSD 2 mRNA Expression in Aortic
Fractions by RT-PCR

lip-HSD 1 mRNA expression was detected in all aortic fractions investigated i.e
endothelium-intact rat and mouse aortae, endothelium-denuded rat aortae, and in

medial and adventitial fractions from both mouse and rat aorta. In contrast, lip-
HSD 2 mRNA expression was detected only in endothelium-intact rat and mouse

aortae, endothelium-denuded rat aortae and rat adventitial fractions i.e. those

fractions expressing TIE-2. lip-HSD 2 mRNA expression was not detected in
medial fractions from mouse or rat thoracic aortae, or in mouse adventitial fractions

(n = 4-8, Figure 3.10).

3.3.8 Detection of Hp-HSD 1 and 11P-HSD 2 mRNA Expression in Human
Umbilical Vein Endothelial Cells by RT-PCR

In the absence ofpreparations of freshly isolated endothelial cells from mouse or rat

aorta, primary cultures of HUVEC cells were obtained and used as an alternative.
Detection of TIE-2 expression confirmed the endothelial phenotype of these cells

(Figure 3.11a). Both lip-HSD 1 and lip-HSD 2 mRNA were detected in human

kidney, used as a positive control. Neither lip-HSD 1 nor lip-HSD 2 mRNA were

detected in cultured HUVEC cells (Figure 3.1 lb and c).
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Figure 3.10 Expression of 11B-HSD 1 and 11B-HSD 2 mRNA in Aortic

Fractions

1 fag of total RNA isolated from endothelium-intact aorta (A), media (M), endothelium-
denuded aorta (A"E, rat only) and adventitia (Ad) from male MF1 mice and Wistar rats was

used in RT-PCR. Specific primers were used to detect expression of (a) rat 11(3-HSD 1, (b)
mouse 11p-HSD 1, (c) rat 11P-HSD 2 and (d) mouse lip-HSD 2 mRNA in aortic fractions.

RT-PCR products were analysed by gel electrophoresis of 40f.il of each sample (10|ul kidney

(K) positive control) and were of the expected size (indicated by arrows). Negative controls
included a reaction carried out in the absence of the RT enzyme for each RNA (A-, A"E-, Inl¬
and Ad- respectively), an RT reaction containing no RNA (RT) and a PCR reaction

containing no RT product (PCR).
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Figure 3.11 Expression of TlE-2, 11P-HSD 1 and 1113-HSD 2 mRNA in

Human Umbilical Vein Endothelial Cells

1pg of total RNA isolated from human umbilical vein endothelial cells (HUVECs), human

kidney (HK) and mouse kidney (MK) was used in RT-PCR. Specific primers were used to

detect expression of(a)TIE-2, (b) 11(3-HSD 1 and (c) 11P-HSD2 mRNA. RT-PCR products

were analysed by gel electrophoresis of 40pl of each sample (10pl kidney) and were of the

expected size (indicated by arrows). Negative controls included a reaction carried out in the
absence of the RT enzyme for each RNA (HUVEC-, HK- and MK- respectively), an RT
reaction containing no RNA (RT) and a PCR reaction containing no RT product (PCR).
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3.4 Discussion

The data presented in this chapter demonstrate 11 P-HSD activity and expression in
mouse blood vessels. Using transgenic mice deficient in specific isozymes of 11(3-

HSD, it is demonstrated that both 11(3-HSD 1 and 11(3-HSD 2 are active in mouse

aorta, which also expresses GR and MR. This is confirmed by detection of 11(3-HSD
1 and 11(3-HSD 2 mRNA expression in rat and mouse aorta, which occurs in a cell-

specific manner within the vessel wall.

Although 11 [3-HSD 1 acts predominantly (if not exclusively) as a reductase in

hepatic cell culture systems and in vivo (Jamieson et al., 1995;Jamieson et al., 2000;
Koteletsev et al., 1997), it has been shown to also act as a dehydrogenase in cell

homogenates and some cell culture systems (Lakshmi & Monder, 1988;Agarwal et

al., 1989; Brem et al., 1995; Jamieson et al., 1995). Whilst it is possible to

investigate 11 (3-HSD 1 reductase activity in vitro, the reductase assay employs very
different conditions (including buffer composition and pH) to the dehydrogenase

assay utilised in these studies and requires the use of freshly isolated tissues, which

presents further difficulties when investigating large numbers of tissue samples. In

contrast, the in vitro assay of lip-HSD dehydrogenase activity used in the

experiments described here is able to measure the activity of both 11 P-HSD 1 and

lip-HSD 2 (Walker et al., 1992a;Jamieson et al., 1995). Additionally, the use of

transgenic mice deficient in either lip-HSD 1 or lip-HSD 2 enabled determination
of the relative contributions of each isozyme to the dehydrogenase activity measured
in the tissues examined, thus preventing the need for assay of reductase activity.

11 p-HSD activity was readily detectable in thoracic aortae from MF1 mice, albeit at
levels much lower than that observed in both kidney and liver. However, in contrast

to reports of 11P-HSD 1 and 11 P-HSD 2 co-factor specificity in rat tissues (Walker
et al., 1992a;Lakshmi & Monder, 1988; Mercer & Krozowski, 1992), there was not

differential co-factor specificity in the MF1 aortae and control tissues examined here.

Hence, it was not possible to determine whether 11 P-HSD 1 or 11 P-HSD 2 was
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responsible for the observed activity in mouse aorta. In the absence of co-factor

specificity, the availability of transgenic mice deficient in either 11P-HSD 1 or lip-

HSD 2 allowed determination of the presence of specific llp-HSD isozymes in

thoracic aortae (and kidney and liver). The presence of residual 11P-HSD activity in

aortae from transgenic mice deficient in either 11 P-HSD 1 or llp-HSD 2 suggested

that both 11 P-HSD isozymes are active in mouse aorta. Greater 11P-HSD activity in
aortae from transgenic mice deficient in 11 P-HSD 2 than those from mice deficient

in 11P-HSD 1, may indicate that 11 P-HSD 1 is the predominant isozyme in mouse

aorta. However, the residual 11 P-HSD activity in aortae from transgenic mice

deficient in 11 P-HSD 1 suggested that 11P-HSD 2 is also active, albeit at a lower

level. As 11P-HSD 1 functions predominantly as a reductase in vivo, it is likely that

11P-HSD 2 is the sole dehydrogenase in the vessel wall. Whilst 11P-HSD 2 appears

to be responsible for only a small proportion of 11P-HSD activity in the vessel wall,
this is likely to reflect expression of this isozyme in a small number of cells (e.g.
endothelial cells which compromise a small proportion of the total composition of
the vessel), and does not argue against a role for this enzyme in the modulation of

vascular function. The presence of both llp-HSD isozymes in mouse aorta was

confirmed at the level of gene expression by RT-PCR.

11P-HSD activity in kidney and liver from transgenic mice deficient in 11P-HSD 1

or llp-HSD 2 indicated that both 11 P-HSD isozymes are active in rodent kidney as

previously reported (Edwards et al., 1988; Naray-Fejes-Toth et al., 1991), whilst

only 11 P-HSD 1 is active in liver.

It could be suggested that the lack of co-factor specificity observed in MF1 tissues
is due to the presence of more than one 11 P-HSD isozyme. However, whilst renal

11P-HSD 2 (in kidney from mice deficient in 11P-HSD 1) prefers NAD as a co-

factor, it is also able to utilise NADP. Additionally, mouse liver expresses only 11P-
HSD 1, yet this activity is not exclusively NADP-dependent as would be expected.

Co-factor specificity of mouse 11P-HSD activity has not previously been studied in
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nearly as much detail as that of rat 11 p-HSDs, reflecting a tendency for researchers

to use only the co-factor assumed to be specific for the 1 1 P-HSD isozyme of interest

(e.g. use of NADP, but not NAD, to study lip-HSD 1 activity) (Kotelevtsev et al.,

1997;Morton et al., 2001;Rajan et al., 1995). Despite this, there is evidence from
other studies to suggest that lip-HSD 1 in mouse tissue homogenates can utilise
both NAD and NADP as a cofactor (Kotelevtsev et al., 1999;Condon et al., 1997),
whilst lip-HSD 2 may utilise NADP, albeit with lower efficiency (Condon et al.,

1997). Although the exact basis for the lack of co-factor specificity of mouse 11P-
HSD isozymes described here is unknown, it is possible that subtle differences in the
structures ofmouse and rat 1 lp-HSD isozymes allows non-selectivity for co-factor.

Having determined the presence of both lip-HSD 1 and lip-HSD 2 in mouse

aorta, it was important to confirm the specific cellular localisation of these isozymes
in the vessel wall. Although lip-HSD 1 and lip-HSD 2 have previously been
detected by immunohistochemistry in blood vessels present in heart, skin and very

recently in glomerulus (Walker et al., 1991b; Smith et al., 1996;Kataoka et al.,

2002), such results have been inconsistent (Krozowski et al., 1995; Kyossev et al.,

1996). As antibodies specific for mouse lip-HSD 1 and lip-HSD 2 are not

available, in situ hybridisation was used to investigate expression of lip-HSD

isozymes in the vessel wall at the level of gene transcription. Previous studies from
this laboratory have shown expression of 1 lp-HSD 1 mRNA in VSMCs of rat aorta
and mesenteric artery using in situ hybridisation with S-UTP-labelled ribo-probes

(Walker et al., 1991b). However, despite measurable lip-HSD 1 and lip-HSD 2

activity in mouse aortae, lip-HSD mRNA expression was not detected in mouse or

rat aortic sections above levels of background signal - either after exposure to

autoradiographic film or photographic emulsion. lip-HSD mRNA expression was

not detected in renal or hepatic blood vessels, consistent with published reports. It is

possible therefore, that expression of 11P-HSD 2 mRNA in aorta is too low to be
detected by in situ hybridisation (previous histological studies have been combined
with electron microscopy to visualise 11 P-HSD 2 expression (Kataoka et al., 2002)),
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however this is unlikely to be the case for llp-HSD 1 mRNA which is readily

detected by RT-PCR.

In contrast to llp-HSD 1 and lip-HSD 2 mRNA, VSMaA mRNA expression was

readily detected in aorta, small blood vessels in the fat surrounding aorta and in

kidney and liver from both mouse and rat. Additionally, consistent detection of both

lip-HSD 1 and llp-HSD 2 mRNA in kidney in patterns consistent with known

isozyme localisation (Stewart et al., 1991; Cole, 1995; Roland et al., 1995;Lloyd-

MacGilp et al., 1999), and detection of llp-HSD 1 (but not lip-HSD 2) mRNA in
liver was observed. These observations confirmed that our in situ hybridisation

protocol worked and that this protocol could be used to detect mRNA expression in
blood vessels. Therefore, it is possible that there is an inherent problem with the

specific detection of lip-HSD mRNA in vascular tissues due to high levels of

background signal masking 'real' hybridisation when comparing anti-sense and sense

controls.

As a result of the problems experienced with in situ detection of vascular lip-HSD

mRNA, a different approach to localising 11P-HSD expression in the vessel wall was

taken. The presence of 11 P-HSD 1 and 11 P-HSD 2 in MF1 thoracic aortae was

confirmed by RT-PCR. Expression of 11P-HSD 1 and 11 P-HSD 2 mRNA in aortae

and control tissues was consistent with 11P-HSD activity in these tissues, in that
11P-HSD 1 and 11 p-HSD 2 mRNA were detected in aorta and kidney but only 11P-
HSD 1 mRNA was detected in liver. Both GR and MR mRNA expression were

present in endothelium-intact mouse and rat aorta (and VSMCs) as previously

reported (Funder et al., 1989; Wenk et al., 1981; Inoue et al., 1999). This co-

expression of 11P-HSD 1 and 11 P-HSD 2 with GR and MR in the vessel wall

suggests that the 11 P-HSD isozymes are appropriately sited to modulate

glucocorticoid access to corticosteroid receptors in the vessel wall. Although the

RT-PCR carried out here were not quantitative, 11P-HSD 1 mRNA in MF1 aorta

was more readily detected than llp-HSD 2 mRNA expression. The low levels of

residual 11P-HSD activity in aortae from transgenic mice deficient in 11 P-HSD 1,
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and low levels of 1 lp-HSD 2 mRNA in MF1 aortae suggests either that 11 P-HSD 2
in aorta is expressed at low levels throughout the vessel wall, or confined to a small

number of cells within the vessel wall (e.g. endothelial cells).

Analysis of 11 P-HSD 1 and lip-HSD 2 mRNA expression in aortic fractions

demonstrated cell-specific expression of the lip-HSD 1 and lip-HSD 2 within the
vessel wall. VSMCs (in the absence of contaminating endothelial cells as shown by

the lack of TIE-2 mRNA expression) from mouse and rat aorta expressed 1 lp-HSD 1

mRNA, but not lip-HSD 2 mRNA. This is consistent with reports of lip-HSD 1

expression in cultured VSMCs from rat aorta (Walker et al., 1991a; Brem et al.,

1998), but contrasts with observations of both lip-HSD 1 and lip-HSD 2 mRNA

expression in vascular smooth muscle cells cultured from human coronary arteries

(Hatakeyama et al., 1999). However, due to the problems encountered with

investigation of lip-HSD expression in cultured cells (discussed in Chapter 1),
caution should be taken when making comparisons between this and other studies.

11P-HSD 1 mRNA expression was also detected in endothelium-denuded rat aorta

and adventitia, both of which also expressed VSMaA. 11 P-HSD 1 mRNA

expression in adventitia could in part be attributed to detection of 11P-HSD 1 mRNA

expression in adventitial fibroblasts, as has previously been reported (Walker et

al., 1991b; Brereton et al., 2001), as well as in VSMCs of the vasa vasorum.

It was not possible to investigate 11 p-HSD 1 and 11 P-HSD 2 mRNA expression in
isolated preparations of endothelial cells from either mouse or rat aorta, due to the

difficulties encountered in the isolation of pure preparations of aortic endothelial
cells. Therefore, we were unable to determine whether or not 11 p-HSD 1 mRNA is

expressed in freshly isolated cells of this type as previously reported in cultured cells

(Brem et al., 1998). However, 11P-HSD 2 mRNA expression was detected in
endothelium-denuded rat aorta and in adventitia from rat aorta, but not in mouse or

rat vascular smooth muscle cells or adventitia from mouse aorta. The discrepancy
between 11 P-HSD 2/ TIE-2 expression in mouse and rat adventitia may reflect the

significant difference in size between these vessels. Whilst both mouse and rat
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adventitia would be expected to contain vasa vasorum and therefore express TIE-2

mRNA, it is possible that levels of expression in the smaller mouse vessel are below

the level of detection in the experiments described. The expression of 11 P-HSD 2

mRNA in aortic fractions occurred only in the presence of TIE-2 mRNA expression,

suggesting that 11 P-HSD 2 expression within the vessel wall is restricted to

endothelial cells.

In the absence of aortic endothelial cells from either mouse or rat, primary cultures
of HUVEC cells were used as a possible alternative. However, these cells did not

contain either lip-HSD 1 or lip-HSD 2 mRNA. That these cells did not express

11P-HSD isozymes does not negate the conclusions drawn from the results discussed

previously, as there are several possible explanations for any discrepancies. These
endothelial cells are derived from veins rather than from aorta and are therefore,

likely to have a different physiology. Additionally, whilst the morphology of these
cells and their expression of the endothelial cell marker TIE-2 is consistent with an

endothelial cell phenotype, it is possible that culture of these cells has altered the

normal pattern of 11P-HSD gene expression (as seen in liver and adipose cells in
culture (Napolitano et al., 1998;Jamieson et al., 1995)). These results further

highlight the uncertainties encountered when using cultured vascular cells to assess

in vivo gene expression.

The expression of 11 P-HSD 1 and 11 P-HSD 2 in different layers of the vessel wall

suggests that these isozymes differentially regulate the concentrations of active and
inactive glucocorticoids within endothelial and vascular smooth muscle cells. Thus,
these isozymes are appropriately sited to modulate glucocorticoid-mediated
activation of vascular corticosteroid receptors. The distinct cellular localisation of
11P-HSD 1 and 11 P-HSD 2 in the vessel wall suggests that these isozymes are likely
to have discrete physiological roles within the vasculature.

Several studies have shown that 11 P-HSD 1 acts predominantly as a reductase in

vivo. However, the specific directionality of 11 P-HSD 1 activity in VSMCs remains
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undetermined (Brem et al., 1995;Brem et al., 1997:Souness et al., 2002), therefore,
the role of this enzyme in the vasculature is unclear. Whilst antisense

oligonucleotide inhibition of 11 P-HSD 1 dehydrogenase activity in vitro has been

shown to enhance vascular contractility (Brem et al., 1995;Souness et al., 2002;Brem
et al., 1997), transgenic deletion of 11 P-HSD 1 does not affect either blood pressure

or vascular function (Kotelevtsev et al., 1997;Hadoke et al., 2001). This observation

suggests that 11 P-HSD 1 does not play an important role in the regulation of vascular

tone. However, reactivation of glucocorticoids by lip-HSD 1 (i.e. reductase

activity) in VSMCs may be important. Recent studies have shown that lip-HSD 1
mRNA expression is up-regulated in VSMCs following exposure to inflammatory

cytokines (Cai et al., 2001). This may suggest a key role for lip-HSD 1 reductase

activity in the modulation of vascular responses to injury or inflammation,

In contrast to lip-HSD 1, lip-HSD 2 in vascular endothelial cells is likely to

inactivate glucocorticoids and prevent detrimental effects of glucocorticoids on

endothelial cell function. This is supported by studies which have shown that

congenital deficiency, or transgenic deletion of lip-HSD 2 results in impaired
endothelial cell function, associated with increased vascular contractility (Walker et

al., 1992b;Hadoke et al., 2001). Thus, inappropriate activation of endothelial
corticosteroid receptors by glucocorticoids in lip-HSD 2 deficiency may either

directly or indirectly impair the endothelial nitric oxide system. Hence, the
endothelial cell specific expression of lip-HSD 2 in the blood vessel wall may play
a role in the modulation of vascular tone and consequently blood pressure.

In summary, it has been shown that both 1 lp-HSD 1 and 1 lp-HSD 2 are active in
mouse aorta (in the presence of both GR and MR) and that these enzymes are

differentially expressed throughout the layers of the vessel wall. 1 lp-HSD 1 mRNA,

but not lip-HSD 2 mRNA, is expressed in vascular smooth muscle cells isolated

from both mouse and rat aorta. Low levels of 11P-HSD 2 activity were observed in
whole aortic homogenates, in which endothelial cells comprise only a small

proportion of the total cell numbers. Accordingly, expression of 11 P-HSD 2 mRNA
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in mouse and rat aorta correlates with expression of TIE-2 mRNA, strongly

suggesting that 11 (3-HSD 2 mRNA expression is restricted to aortic endothelial cells.
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Chapter 4

Sexual Dimorphism of 11B-

Hvdroxvsteroid Dehydrogenase

Activity in Mice
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4.1 Introduction

The species- and tissue-specific ontogenesis of both lip-HSD 1 and 11 P-HSD 2
indicates that the expression of these enzymes is regulated rather than constitutive

(Yang et al., 1992; Moisan et al., 1992b; Brown et al., 1996b). Several factors have

previously been shown to influence the expression and activity of 11P-HSD 1 and

lip-HSD 2 in rodents, including thyroid hormones (Koerner & Hellman, 1964;
Whorwood et al., 1993), insulin (Jamieson et al., 1995), cytokines (Cai et al., 2001)
and glucocorticoids (Low et al., 1994c; Jamieson et al., 1999). Additionally, the

specific importance of gender in the regulation of both 11 P-HSD 1 and 11 P-HSD 2

activity and mRNA expression has been highlighted by a number of studies carried
out in rodents (Ghraf et al., 1975; Lax et al., 1978; Low et al., 1993; Rajan et al.,

1995). However, studies to date have not examined the sexual dimorphism of 1 ip-
HSD activity in the vasculature.

Due to the low availability of transgenic mice deficient in 11 P-HSD 1 and 11P-
HSD 2 (as a result of re-derivation of these animals to a different genetic

background, and to a lesser extent, refurbishment of our animal unit during my PhD,

and the high mortality rate of 11 p-HSD 2 deficient mice (Kotelevtsev et al., 1999)),
it was important to determine whether thoracic aortae from male and female mice
could be used interchangeably in subsequent functional investigations. Therefore,

the aim of this study was to determine whether 11 P-HSD activity in mouse aorta was

affected by gender. Although tangential to the major aims of this thesis, the results
from this study revealed surprising and potentially important insights into the role of
11P-HSD isozymes in the vessel wall.
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4.2 Methods

Detailed methods are described in section 2.5. Briefly, 11 P-HSD activity was

measured in thoracic aortae, kidney and liver from groups ofmale and female MF1
mice (aged 14 weeks, n = 6), and homozygous transgenic mice deficient in either

11 P-HSD 1 (aged 14 weeks, n = 6-8) or 11 P-HSD 2 (aged 12-20 weeks, n = 8-12).

HPLC analysis determined the conversion of [3H]-corticosterone to [3H]-11-
dehydrocorticosterone by tissue homogenates (expressed as pmol/ pg protein). Data

are expressed as mean ± standard error and were analysed by Student's t-test.

4.3 Results

Consistent with the data presented in the previous chapter, 11P-HSD activity was

detected in male thoracic aortae and in control tissues, as indicated by conversion of

[3H]-corticosterone to [3H]-11-dehydrocorticosterone by tissue homogenates. lip-
HSD activity was also detected in thoracic aortae and in control tissues from female
mice. Unless otherwise stated, there was no NAD/ NADP co-factor specificity of
11 P-HSD activity in these tissues.

4.3.1 11 p-HSD Activity in Tissues from Male and Female MF1 Mice

NADP-dependent lip-HSD activity in thoracic aortae from female MF1 mice was

significantly lower than in male mice. NAD-dependent 11 P-HSD activity was not

significantly different between male and female mice (p>0.90, Figure 4.1).

11P-HSD activity in kidneys from female MF1 mice was significantly lower than in

male mice. In kidneys from female, but not male, MF1 mice, NAD-dependent 11 p-
HSD activity was significantly greater than NADP-dependent activity (p<0.02 in

females, p>0.20 in males). In contrast to kidney, there was no difference in hepatic

lip-HSD activity between female and male MF1 mice (p>0.80, Figure 4.1).
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Figure 4.1 Influence of Gender on 11B-HSD Activity

11 p-HSD activity is expressed as pmol conversion of [3H]-corticosterone (B) to [3H]-11 -
dehydrocorticosterone (A)/ pg protein by homogenates of (a) male and female aorta, (b)
male and female kidney and (c) male and female liver (n = 6). 11 p-HSD activity was

measured after 240min incubation in the presence of either NAD or NADP. Data are

expressed as mean ± standard error, and were compared by unpaired Student's t-test.

*p<0.05.
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4.3.2 11 p-HSD Activity in Tissues from Male and Female 11 p-HSD 1
Deficient Mice

As with MF1 mice, NADP-dependent 11 P-HSD activity in thoracic aortae from
female mice deficient in 11 P-HSD 1 was significantly lower than in males. NAD-

dependent 11 P-HSD activity was not significantly different between male and female
mice (p>0.18, Figure 4.2).

11 P-HSD activity in kidneys was significantly lower in female compared with male

mice deficient in 11 P-HSD 1 (Figure 4.2). Consistent with initial enzymology

results, only extremely low levels of 11 P-HSD activity were detected in livers from

male and female 11 p-HSD 1 deficient mice (Figure 4.2).

4.3.3 11 p-HSD Activity in Tissues from Male and Female 11 p-HSD 2
Deficient Mice

Both NAD- and NADP-dependent 11 P-HSD activity in thoracic aortae from female

transgenic mice deficient in 11 P-HSD 2 were significantly lower compared with
males (Figure 4.3).

11P-HSD activity in kidneys from female transgenic mice deficient in 11 P-HSD 2

was significantly lower compared with males (Figure 4.3). 11 P-HSD activity in

livers from male and female transgenic mice deficient in 11 P-HSD 2 was not

significantly different (p>0.60, Figure 4.3).
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Figure 4.2 Influence of Gender on 11B-HSD Activity in Aorta. Kidney and

Liver from Transgenic Mice Deficient in 11B-HSD 1

11 p-HSD activity is expressed as pmol conversion of [3H]-corticosterone (B) to [3H]-11-
dehydrocorticosterone (A)/ pg protein by homogenates of (a) male and female aorta, (b)
male and female kidney and (c) male and female liver (n = 6-8). 11 p-HSD activity was

measured after 240min incubation in the presence of either NAD or NADP. Data are

expressed as mean ± standard error, and were compared by unpaired Student's t-test.

*p<0.05
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Figure 4.3 Influence of Gender on 11B-HSD Activity in Aorta. Kidney and

Liver from Transqenic Mice Deficient in 11B-HSD 2

11P-HSD activity is expressed as pmol conversion of [3H]-corticosterone (B) to [3H]-11-
dehydrocorticosterone (A)/ pg protein by homogenates of (a) male and female aorta, (b)
male and female kidney and (c) male and female liver (n= 8-12). Hp-HSD activity was

measured after 240min incubation in the presence of either NAD or NADP. Data are

expressed as mean ± standard error, and were compared by unpaired Student's t-test.

*p<0.05.
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4.4 Discussion

This study demonstrates that the activities of both 11 (3-HSD 1 and 11 P-HSD 2 in

mouse aorta (see Chapter 3) are sexually dimorphic. In accordance with previous

studies, the sexual dimorphism ofmouse 11 P-HSD activity is tissue-specific - aortic

and renal, but not hepatic, 11 P-HSD activity differs between females and males. In

the absence of llp-HSD co-factor specificity, the use of aortae (and control tissues)

from transgenic mice deficient in specific isozymes of 11P-HSD was essential for

then demonstrating that both lip-HSD 1 and lip-HSD 2 activity are regulated in a

sexually dimorphic manner.

The present study has shown that renal lip-HSD activity in MF1 mice is

significantly lower in female compared with male mice. This was due to a reduction
in both 11P-HSD 1 and 11P-HSD 2 activity, as shown with the use of transgenic
mice deficient in these isozymes. This observation is consistent with previous

reports of decreased renal 11 P-HSD 1 and llp-HSD 2 mRNA in female compared to

male mice (Rajan et al., 1995;Condon et al., 1997). However, these data contrast

with observations of total renal 11 P-HSD activity in rats, which does not differ

between the sexes despite a significant reduction in renal 11P-HSD 1 mRNA

expression in females (Low et al., 1993). It has been suggested that an oestrogen-

mediated increase in renal 11 p-HSD 2 activity in female rats compensates for the

reduced 11 P-HSD 1 activity in this tissue (Low et al., 1993; Low et al., 1994b), thus

masking a difference in total renal llp-HSD activity between the sexes. However,

there is no evidence of an oestrogen-mediated increase in renal 11 P-HSD 2 activity

in mice. These data demonstrate that the sexual dimorphism of 11 P-HSD activity

differs between rats and mice, suggesting species-specific regulation of 11 P-HSD

activity.

Hepatic 11 P-HSD 1 activity was not significantly different between female and

male mice and, therefore, is not regulated in a sexually dimorphic manner. Previous
studies in mouse liver have also shown that hepatic 11 P-HSD 1 activity and mRNA
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expression are not altered by administration, or depletion, of sex steroids (Rajan et

al., 1995). This is also consistent with observations in humans which suggest similar

levels of hepatic 11 P-HSD activity in males and females (Finken et al., 1999). In

contrast to mice and humans, hepatic 11 P-HSD 1 activity and mRNA expression in
rats has been consistently shown to be higher in males (Lax et al., 1978; Low et al.,

1993; Low et al., 1994b; Albiston et al., 1995). These observations demonstrate that

the regulation of lip-HSD activity is tissue specific, and further highlight the

species-specific differences in 11P-HSD expression.

Similar to kidney, both 11P-HSD 1 and 11 P-HSD 2 activity in thoracic aortae were

lower in female compared with male mice. However, the reduction in 11 p-HSD

activity in female MF1 mice and in transgenic mice deficient in 11 p-HSD 1 occurred

only in the presence of NADP as the exogenous co-factor. The NADP-dependent

sexual dimorphism of 11 P-HSD activity in aorta was not due to co-factor specificity
in this tissue, as NAD- and NADP-dependent activity within groups of male and
female aortae were not significantly different. It is possible, therefore, that
differences in co-factor generating systems between male and females could play a

role in this difference in activity, but the exact reasons for this difference have yet to

be determined.

The observations described in this chapter are consistent with the complex tissue-

specific regulation of 11 p-HSD isozymes. In addition, the differences in the sexual

dimorphism of 11 P-HSD activity described here in mice and previously described in

rats, highlight the species-specific regulation of these enzymes. Although it is

widely accepted that the sexual dimorphism of 11 P-HSD expression is mediated

indirectly by the influence of oestrogen on growth hormone secretory patterns (Low
et al., 1994b), the mechanisms involved in the complex tissue- and species-specific

regulation of 11P-HSD expression remain unclear despite previous investigation.

Analysis of the rat 11 P-HSD 1 gene has identified tissue-specific differential

promotor usage in liver and kidney (Moisan et al., 1992a), which is possibly due to

the differential tissue expression of regulatory/ transcription factors. However,
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whilst comparison of the rat and mouse sequences for 1 1 P-HSD 1 indicate that these

genes are very similar (Rajan et al., 1995), differences in the structure of the

promotor regions of 11P-HSD 1 and 11 p-HSD 2 have not been studied in detail, and

may be important in the species-specific regulation of isozyme expression.

The physiological relevance of the sexual dimorphism of 11 P-HSD activity is yet to
be determined. In terms of the vasculature, oestrogen-mediated reductions in 1 lp-
HSD activity could disrupt the local regulation of active and inactive glucocorticoid
concentrations in the vessel wall, contributing to differences in vascular reactivity
between females and males. It is possible, therefore, that the sexual dimorphism of
aortic 11P-HSD activity described here could be involved in differences in vascular

tone (1 lp-HSD 2) or responses to vascular injury (1 lp-HSD 1), and maybe involved
in the determination of cardiovascular risk in females and males (Weaver et al.,

1998). Although the effects of decreased aortic 11P-HSD 1 and 11P-HSD 2 activity
in females on vascular function have not been examined here, this warrants further

investigation.

In summary, there exists a sexual dimorphism of vascular 11 P-HSD 1 and 1 lp-

HSD 2 activity in mouse aorta, with lower 11 P-HSD activity in female aorta

compared with male. This prevents the interchangeable use of vessels from male and

female transgenic mice deficient in 11 P-HSD isozymes in the studies described in
this thesis. However, this observation emphasises the importance of an awareness of

physiological differences in tissues from animals of different sexes and highlights the
tissue specific regulation of these isozymes.
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Chapter 5

Effects of Glucocorticoids on

Function of Mouse Aorta In Vitro
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5.1 Introduction

Despite extensive investigation, the mechanisms by which glucocorticoids and 11 P~
HSDs influence vascular tone remain unclear. The majority of studies investigating
the mechanisms of glucocorticoid-mediated alterations in vascular function have
used isolated vessels or cell culture systems, and no studies to date have investigated
the effects of glucocorticoids on mouse vessels. Whilst these studies have provided

insight into the diversity of glucocorticoid action (e.g. effects on contractile receptors

and the production of endothelium-derived relaxing factors), they should be

interpreted cautiously. Criticisms include the use of unphysiological steroid
concentrations (Johns et al., 2001), short incubation periods (reviewed in (Walker &

Williams, 1992)), unphysiological experimental conditions (Ullian et al., 1996b) and
the use of 11 P-HSD inhibitors that are both non-selective and toxic to endothelial
cells (Ullian et al., 1996a; Brem et al., 1997). Consequently, extrapolation of these
results to glucocorticoid actions in the vasculature in normal physiology (or

pathophysiology) may not be valid.

Taking into account the difficulties encountered in interpreting the current

literature, the use of transgenic mice with specific deletion of llp-HSD 2 provides

an excellent model in which to investigate the role of glucocorticoids and 11P-HSD

isozymes in the vasculature. It was hypothesised that the functional abnormalities

previously described in aortae from mice deficient in 11P-HSD 2 are the result of

glucocorticoid-mediated alterations in endothelial cell function, consequent of

impaired local inactivation of glucocorticoids. Having confirmed that 11 p-HSD 2 is
indeed expressed specifically within the endothelial cells of this vessel (Chapter 3),
the aims of the studies presented in this chapter were to determine whether

glucocorticoid-mediated enhancement of aortic contractility is a result of a direct
effect of glucocorticoids on the vessel wall and to investigate whether deficiency of

llp-HSD 2 in the vascular endothelium potentiates glucocorticoid-mediated
alterations in vascular reactivity.
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5.2 Methods

5.2.1 Method Development

In order to obtain an in vitro model in which to investigate the effects of

glucocorticoids on the function of mouse aorta, extensive methodological

development was undertaken. Glucocorticoids are believed to mediate their effects
on the vasculature by either stimulating or inhibiting gene expression. Therefore it
was necessary to use an extended period of glucocorticoid exposure to investigate
their effects, whilst maintaining vessel viability. Studies have previously used either
short (5-6h) or prolonged (24h) incubation of rat aortic rings with glucocorticoids to
enhance contractile responses (Walker et al., 1994a; Johns et al., 2001; Ullian et al.,

1996b; Brem et al., 1997). Following our own pilot studies (in which no effect of 3h
or 6h exposure of mouse aortae to glucocorticoids was observed, data not shown)
and based on previously published data (see above), a 24h time course was chosen
for these investigations, using a pseudo-physiological concentration of lOOnM

glucocorticoid. Using modifications of protocols described in the literature, several
different conditions were tested before a satisfactory experimental protocol was
established. These are outlined in the following section and described in detail in
section 2.8.

5.2.1.1 24h Incubation in Physiological Saline Solution

Endothelium-intact thoracic aortic rings from MF1 mice were mounted in the small
vessel wire myograph, and incubated under tension in physiological saline solution

(PSS) with lOOnM corticosterone or vehicle (n = 2), at 37°C with 95%02/ 5%C02.
At 3, 6, 12 and 24h after the start of the incubation, cumulative concentration-

response curves (CCRCs) to noradrenaline and acetylcholine were obtained as

described in Chapter 2.
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5.2.1.2 24h Incubation in Culture Medium

Thoracic aortae from MF1 mice were dissected into sterile culture medium

(DMEM) and divided into two segments. One section was used for functional

analysis immediately and one section was incubated at 37°C, with 95%02/ 5%C02,

for 24h (n — 8) (Brem et al., 1997). Following incubation, vessels were cut into 2mm

rings and functional analysis of endothelium-intact and endothelium-denuded aortic

rings was performed using a small vessel wire myograph and the standard protocol
described in Chapter 2.

5.2.1.3 Effect of Incubation on 11J3-HSD 2 Deficient Aorta

As determination of the influence of 1 lp-HSD 2 on glucocorticoid-mediated effects
on vascular function was an important part of these studies, it was essential to

investigate whether the incubation conditions used were appropriate to maintain

viability of aortae from mice deficient in lip-HSD 2. Therefore, thoracic aortae

from 1 lp-HSD 2 deficient mice were dissected into sterile culture medium (DMEM)

and divided into two. One section was used immediately for functional analysis, and
one section was incubated at 37°C, with 95%02/ 5%C02, for 24h as above (n = 8).

Following incubation, functional analysis of endothelium-intact and endothelium-
denuded aortic rings was performed using a small vessel wire myograph and the
standard protocol described in Chapter 2.

5.2.1.4 Influence of L-Arginine on 11J3-HSD 2 Deficient Mouse Aorta

As described below, 24h incubation in DMEM ameliorated the functional

abnormalities of endothelium-intact lip-HSD 2 deficient mouse aorta. Following
this observation, consideration of the components of the DMEM used for these
incubations highlighted the high concentrations of L-arginine; the substrate for
eNOS. As administration of L-arginine is known to reverse the increase in blood

pressure associated with ACTH-mediated hypertension (Wen et al., 2000) and

improve endothelial cell function in isolated vessels (Rossitch et al., 1991), it was
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hypothesised that the L-arginine in this system might be responsible for the
enhancement of endothelial cell function.

Thus, thoracic aortae from llp-HSD 2 deficient mice were dissected into sterile

culture medium (DMEM) and incubated at 37°C, with 95%02/ 5%C02, for 24h in
DMEM either with or without L-arginine as above (n = 4). Following incubation,
the function of endothelium-intact aortic rings was investigated using a small vessel
wire myograph and CCRCs to acetylcholine (ACh), 3'-morpholinosydamine (SIN-1)
and noradrenaline (NA) were obtained as described in Chapter 2..

5.2.2 Effects of Glucocorticoids on Vascular Function In Vitro

5.2.2.1 24h Exposure to Corticosterone/ Dexamethasone

Thoracic aortae from MF1 mice were divided into three sections. One section was

used immediately for investigation of aortic function, one section was placed in
DMEM with vehicle and one section was placed in DMEM with lOOnM
corticosterone (n = 8) or lOOnM dexamethasone (n = 5). Aortic rings were incubated
at 37°C, 95% O2/ 5% CO2, for 24h. Following incubation, endothelium-intact and
endothelium-denuded aortic function was investigated with a small vessel wire

myograph, utilising the standard experimental protocol outlined in section 2.8.3.
Where aortic rings were incubated in the presence of glucocorticoids, steroids were

maintained at lOOnM in the myograph chamber for the duration of the functional

investigations.

5.2.3 Influence of 1 ip-HSD 2 on Effects of Corticosterone

Thoracic aortae from transgenic mice deficient in lip-HSD 2 were divided into
three sections. One section was used immediately, one section was placed in DMEM

(with or without L-Arginine) with vehicle and one section was placed in DMEM

(with or without L-Arginine) with lOOnM corticosterone (n = 4-8). Aortae were

incubated and function was subsequently investigated using a small vessel wire

myograph as described above. Where aortic rings were incubated in the presence of
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glucocorticoids, steroids were maintained at 1 OOnM in the myograph chamber for the
duration of the functional investigations.

5.2.4 Statistics

All data are expressed as mean ± S.E.M. and were analysed by paired or unpaired
Student's t-test, or two-way ANOVA as appropriate.

5.3 Results

5.3.1 Method Development

5.3.1.1 Incubation in PSS

Preliminary studies suggested loss of endothelial cell function between 6 and 12h

following incubation in PSS, as indicated by the loss of the ability to relax to

acetylcholine and loss of the modulatory effect of the endothelium on noradrenaline-
mediated contraction (data not shown). Loss of VSMC function also became

apparent after 12h, as indicated by a markedly reduced contractile response to

noradrenaline in both endothelium-intact and endothelium-denuded aortic rings (data
not shown). Corticosterone did not alter relaxation or contractile responses. Due to

the loss of vessel viability between 6 and 12h, these incubations were discontinued
after two experiments, therefore numbers were too few to carry out statistical

analysis.
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5.3.1.2 Incubation in Culture Medium

In contrast to incubations in PSS, there was no difference between functional

responses in freshly isolated aortic rings and those incubated for 24 h in culture
medium (Table 5.1). Relaxation responses to acetylcholine in endothelium-intact
aortic rings were maintained following 24h incubation in DMEM (Emax, intact
83.4±2.62 vs denuded 11.71±4.99% relaxation, p < 0.0001) (Figure 5.1a). The

modulatory effect of the endothelium on noradrenaline-mediated contraction was

also maintained after 24h incubation (Emax intact 1.22±0.18 vs denuded 3.33+0.41

mN/ mm,/? < 0.0002) (Figure 5.1b).

(a) Emax

Endothelium Freshly Isolated 24h Incubation P-Value

ACh Intact 77.95±6.89 83.40+2.62 0.53

Denuded 10.89±4.10 11.71+4.99 0.90

NA Intact 1.46±0.29 1.22+0.18 0.37

Denuded 3.80±0.51 3.33+0.41 0.51

KCI Intact 3.28±0.50 3.31+0.21 0.94

Denuded 2.77+0.38 2.99+0.29 0.66

(b) Sensitivity

Endothelium Freshly Isolated 24h Incubation P Value

ACh Intact

Denuded

7.36±0.12 7.50+0.20 0.55

NA Intact 7.37±0.07 7.42+0.02 0.54

Denuded 7.70±3.77 7.57+0.10 0.41

KCI Intact 31.55+3.84 31.38+1.85 0.96

Denuded 23.15+2.96 19.20+3.38 0.25

Table 5.1 Effect of Incubation on Aortic Function

(a) Maximum relaxation (%) and contraction (mN/ mm)) responses, and sensitivity

(expressed as -loglC50 for acetylcholine, pD2 for noradrenaline and mM concentration for

KCI) of MF1 aorta. Values represent mean ± s.e.mean (n = 5-8). Data were analysed using

unpaired Student's t-test.
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■i°g10 [NA]
■— E+ —D— E-

Fiqure 5.1 Persistence of Endothelial and Vascular Smooth Muscle Cell

Function of Mouse Aorta Following 24h Incubation in Culture Medium

Cumulative concentration-response curves to (a) acetylcholine following pre-contraction
with 5-HT (n = 4-6), and (b) noradrenaline (n = 5-8) in endothelium-intact (E+, ■) and
endothelium-denuded (E-,D) mouse aorta, following incubation in culture medium for 24h.
All points represent mean ± s.e.mean, differences between curves were detected using two-

way ANOVA. These curves were not statistically different from those obtained in freshly
isolated vessels (not shown).
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Following 24h incubation, the maximum contractile response to noradrenaline was

increased in endothelium-intact aortic rings by pre-incubation with 1OOpM L-NNA,

however the sensitivity to noradrenaline was decreased (Table 5.2). In contrast, the
maximum contraction mediated by noradrenaline in endothelium-denuded aortic

rings tended to be attenuated following exposure to L-NNA. However, similar to
endothelium-intact vessels the sensitivity to noradrenaline was decreased (Table 5.2),

probably as a result of receptor desensitisation.

Response to NA Response to NA P-Value
(after inhibition of eNOS)

Endo. Intact Emax 1.02±0.28 3.61±0.23* 0.0004

pD2 7.41 ±0.04 6.79±0.10 0.002

Endo. Denuded Emax 3.64±0.33 3.16±0.21 0.22

pD2 7.55+0.12 6.80+0.14 0.007

Table 5.2 Influence of NO Synthesis on Noradrenaline-Mediated Contraction

Following 24h Incubation in Culture Medium

(a) Maximum contractile response (mN/mm) and sensitivity (pD2) to noradrenaline in
endothelium-intact and -denuded aortic rings before and after inhibition of eNOS with

100pM L-NNA. Results are expressed as mean ± s.e.mean (n = 4), and were compared
with paired Student's t-test.

5.3.1.3 Effect of Incubation on 11J3-HSD 2 Deficient Aorta

Freshly isolated aortae from transgenic mice deficient in 11(3-HSD 2 showed
similar impaired endothelium-dependent dilatation and enhanced noradrenaline-
mediated contraction as previously described (Hadoke et al., 2001). Incubation of

aorta from transgenic mice deficient in 11(3-HSD 2 for 24h in culture medium
resulted in amelioration of the functional abnormalities in endothelium-intact rings.

The sensitivity and maximum response of lip-HSD 2 deficient aortic rings to
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acetylcholine were enhanced following incubation (Table 5.3). The maximum
contractile response to noradrenaline in endothelium-intact aortic rings was

attenuated following 24h incubation, although this did not quite reach statistical

significance. Incubation did not affect the maximum contractile response to

noradrenaline in endothelium-denuded vessels (Table 5.3).

Freshly Isolated 24h Incubation P-Value

ACh (Intact) Emax 50.84±6.95 73.22+4.44 0.04

-log IC5o 6.72±0.71 7.25±0.14 0.06

NA (Intact) Emax 2.50±0.26 1.19+0.62 0.06

pD2 7.08±0.18 6.94+0.05 0.52

NA (Denuded) Emax 3.71±0.58 3.75+0.20 0.91

pD2 7.22±0.11 7.33+0.11 0.52

Table 5.3 Effect of Incubation in Culture Medium with L-Arqinine on Function

of 11 [3-HSD 2 Deficient Mouse Aorta

Maximum responses (relaxation (%) and contraction (mN/ mm)), and sensitivity (expressed
as -loglC50 for acetylcholine and pD2 for noradrenaline) of 11p-HSD 2 deficient aorta to

acetylcholine and noradrenaline. Values represent mean ± s.e.mean (r? = 4-8). Data were

analysed using unpaired Student's t-test.

5.3.1.4 Effect of L-Arginine

Incubation in DMEM in the absence of L-arginine did not produce the amelioration
of endothelial cell dysfunction observed when L-arginine was present. Responses of

lip-HSD 2 deficient aorta to either acetylcholine or noradrenaline were not

significantly different following incubation in the absence of L-arginine when

compared with freshly isolated aortic rings (Table 5.4a). Incubation in the presence

of L-arginine significantly increased the maximum relaxation response to

acetylcholine compared with incubation in culture medium without L-Arginine
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(Table 5.4b, Figure 5.2a). In addition, L-Arginine significantly attenuated

noradrenaline-mediated contraction in endothelium-intact aortic rings (Table 5.4b,

Figure 5.2b).

(a)

Freshly Isolated Without L-Arginine P-Value

ACh Emax 47.44±10.55 55.81±3.79 0.48

-log IC50 6.78±0.11 7.60±0.04 0.005

NA Emax 2.27±0.40 1.70±0.12 0.22

pD2 6.73±0.18 6.98±0.14 0.31

(b)
With L-Arginine Without L-Arginine P-Value

ACh Emax 76.68±3.19 55.81+3.79 0.006

-log IC50 7.54±0.27 7.60+0.04 0.83

NA Emax 0.63±0.23 1.70+0.12 0.006

pD2 7.08±0.01 6.98+0.14 0.54

Table 5.4 Effect of L-Arqinine on Endothelial Cell Function in 113-HSD 2

Deficient Mouse Aorta

(a) Effect of incubation in culture medium without L-Arginine on aortic function, (b)

Comparison of aortic function following 24h incubation in culture medium with or without L-

Arginine. Values represent mean ± s.e.mean (n = 4). Data were analysed using unpaired
Student's t-test.
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(a)

-log10 [ACh]
*—With L-Arginine Without L-Arginine

-log-io [NA]
-•-With L-Arginine -a—Without L-Arginine

Figure 5.2 Influence of L-Arqinine on Endothelial Cell Function of 11B-HSD

2 Deficient Mouse Aorta

Cumulative concentration response curves to (a) acetylcholine following pre-constriction
with 5-HT, and (b) noradrenaline in endothelium-intact lip-HSD 2 deficient mouse aorta

following 24h incubation in culture medium with (■ ) or without (□ ) L-arginine. All points

represent mean ± s.e.mean (n = 4), differences between curves were detected using two-

way ANOVA, *p < 0.03, **p < 0.00001.
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5.3.2 Effects of Glucocorticoids on Aortic Function In Vitro

5.3.2.1 24h Exposure to Corticosterone

Exposure of mouse aorta to corticosterone for 24h significantly attenuated the
maximum contractile response to a high concentration potassium solution (KPSS,

during the standard start) (Emax corticosterone 2.75±0.09 vs control 3.49±0.15 mN/

mm,p <0.0006, n = 8).

Corticosterone did not affect relaxation responses to either the endothelium-

dependent vasodilator acetylcholine or the endothelium-independent vasodilator
SIN-1 (Table 5.5, Figure 5.3). Removal of the endothelium did not alter relaxation

responses to SIN-1 (Table 5.5, Figure 5.3).

Corticosterone significantly attenuated noradrenaline-mediated contraction in
endothelium-denuded, but not endothelium-intact, aortic rings (determined by
ANOVA of CCRC, Figure 5.4a). However, an attenuating effect of corticosterone
on noradrenaline-mediated contraction in endothelium-intact aortic rings was

unmasked following pre-treatment with lOOpM L-NNA to inhibit NOS activity

(Table 5.5, Figure 5.4b).

Exposure to corticosterone significantly attenuated contractile responses of
endothelium-intact aortic rings to KC1 (determined by ANOVA of CCRC, Figure

5.5a). However, although contractile responses to KC1 in endothelium-denuded
aortic rings tended to be lower following exposure to corticosterone, this was not

significantly different (Table 5.5, Figure 5.5b).
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(a) Emax

Endothelium Control Corticosterone P-Value

ACh Intact 83.4±2.62 83.35+2.33 0.85

Denuded 11.71+4.99 7.80+3.07 0.49

SIN-1 Intact 96.92+1.55 96.49+1.61 0.85

Denuded 95.71+2.83 90.07+5.77 0.53

NA Intact 1.22+0.18 0.90+0.18 0.27

Denuded 3.33+0.41 2.73+0.26 0.12

L-NNA/ NA Intact 3.61+0.23 2.88+0.19 0.04

Denuded 3.16+0.21 2.55+0.36 0.20

KCI Intact 3.31+0.21 2.90+0.13 0.11

Denuded 2.99+0.29 2.55+.20 0.23

(b) Sensitivity
Endothelium Control Corticosterone P-Value

ACh Intact 7.50+0.21 7.51+0.16 0.96

Denuded

SIN-1 Intact 6.05+0.09 6.18+0.04 0.32

Denuded 6.12+0.19 6.24+0.68 0.68

NA Intact 7.42+0.02 7.32+0.06 0.13

Denuded 7.57+0.10 7.43+0.08 0.30

L-NNA/ NA Intact 6.76+0.10 6.60+0.15 0.33

Denuded 6.80+0.14 6.72+0.12 0.68

KCI Intact 31.38+1.85 35.38+1.88 0.35

Denuded 19.20+3.38 18.14+2.76 0.94

Table 5.5 Effect of Corticosterone on Relaxation and Contraction of Mouse

Aorta

(a) Maximum relaxation (%) and contraction (mN/ mm) responses, (b) Sensitivity (expressed
as -loglC50 or pD2 for all except KC1 which is expressed as mM concentration). Values are

mean ± s.e.mean (n = 5-8) and were compared using unpaired Student's t-test.
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(a)

-log10 [ACh]

(b)

■iog10 [sin-1]

Figure 5.3 Influence of Corticosterone on Relaxation of Mouse Aorta

Cumulative concentration response curves to (a) acetylcholine (n = 4-7) and (b) SIN-1 (n =

5-8) following pre-constriction with 5-HT in endothelium-intact ( ■ / • ) and endothelium-
denuded (□ O ) mouse aorta, following incubation in culture medium for 24h with (circles)
100nM corticosterone or vehicle (squares). All points represent mean ± s.e.mean,

differences between curves were detected using two-way ANOVA.
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Figure 5.4 Influence of Corticosterone on Noradrenaline-Mediated

Contraction in Mouse Aorta

Cumulative concentration response curves to (a) noradrenaline (n = 5-8) and (b)
noradrenaline following pre-incubation with 100pm L-NNA (n = 4) in endothelium-intact PP)
and endothelium-denuded (□ /O) mouse aorta, following incubation in culture medium for
24h with 100nM corticosterone (circles) or vehicle (squares). All points represent mean ±

s.e.mean, differences between curves were detected using two-way ANOVA, *p < 0.015, **

p< 0.00001.
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Figure 5.5 Influence of Corticosterone on Potassium-Mediated Contraction in

Mouse Aorta

Cumulative concentration response curves to KCI in (a) endothelium-intact (n = 8) and (b)
endothelium-denuded aortic rings following incubation in culture medium for 24h with 100nM
corticosterone (circles) or vehicle (squares). All points represent mean ± s.e.mean,

differences between curves were detected using two-way ANOVA. *p < 0.015.
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5.2.3 24h Exposure to Dexamethasone

Exposure of mouse aorta to dexamethasone tended to attenuate the maximum

contractile response to KPSS, however, this difference did not quite reach statistical

significance (dexamethasone, 2.53±0.17 vs control, 3.10+0.21 mN/mm,p = 0.053).

Dexamethasone did not affect relaxation responses to the endothelium-dependent
vasodilator acetylcholine, but tended to increase the sensitivity of endothelium-intact
aortic rings to the endothelium-independent vasodilator SIN-1 (Table 5.6, Figure

5.6). Removal of the endothelium resulted in a small but significant enhancement of
the sensitivity to SIN-1 (IC50) in control, but not dexamethasone treated, aortic rings

(p < 0.03, Table 5.6).

Exposure of mouse aorta to dexamethasone significantly attenuated noradrenaline-
mediated contraction (determined by ANOVA of CCRC, Figure 5.7), and decreased
the sensitivity to noradrenaline in both endothelium-intact and endothelium-denuded
aortic rings (Table 5.6).

Dexamethasone significantly attenuated KCl-mediated contraction in endothelium-
intact aortic rings (determined by ANOVA of CCRC, Figure 5.8a). A similar trend
towards decreased KCl-mediated contraction was not significant in endothelium-
denuded aortic rings (Figure 5.8b).

127



(a) Emax
Endothelium Control Dexamethasone P-Value

ACh Intact 82.05±5.97 81.71+8.37 0.98

Denuded 27.92±6.38 19.86+8.94 0.48

SIN-1 Intact 100.00+0.00 100.00+0.00 1.00

Denuded 100.00±0.00 100.00+0.00 1.00

NA Intact 1.43+0.39 0.52+0.13 0.03

Denuded 2.89+0.21 2.49+0.28 0.28

KCI Intact 3.25+0.16 2.79+0.22 0.14

Denuded 2.51+0.30 2.83+0.22 0.39

(b) Sensitivity

Endothelium Control Dexamethasone P-Value

ACh Intact 7.35+0.21 7.37+0.25 0.94

Denuded

SIN-1 Intact 5.70+0.18 6.06+0.09 0.08

Denuded 6.00+0.09 6.12+0.13 0.45

NA Intact 7.44+0.05 7.10+0.13 0.07

Denuded 7.34+0.07 6.98+0.06 0.005

KCI Intact 34.40+1.40 42.17+2.86 0.48

Denuded 27.00+1.44 29.60+2.09 0.32

Table 5.6 Effects of Dexamethasone on Relaxation and Contraction of

Mouse Aorta

(a) Maximum relaxation (%) and contraction (mN/ mm) responses, (b) Sensitivity

(expressed as -loglC50 or pD2, except KCI expressed as mM concentration). Values are

mean ± s.e.mean (n = 5) and were compared using unpaired Student's t-test.
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Figure 5.6 Influence of Dexamethasone on Relaxation Responses of Mouse

Aorta

Cumulative concentration response curves to (a) acetylcholine (n = 5-6) and (b) SIN-1 (n =

5) following pre-constriction with 5-HT in endothelium-intact (■/•) and endothelium-denuded

(□ O/ ) mouse aorta, following incubation in culture medium for 24h with 100nM
dexamethasone (circles) or vehicle (squares). All points represent mean ± s.e.mean,

differences between curves were detected using two-way ANOVA.
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Figure 5.7 Influence of Dexamethasone on Noradrenaline-Mediated

Contraction

Cumulative concentration response curves to noradrenaline (n = 4-6) in endothelium-intact

( ■ I •) and endothelium-denuded (□ /O ) mouse aorta, following incubation in culture
medium for 24h with 100nM dexamethasone (circles) or vehicle (squares). All points

represent mean ± s.e.mean, differences between curves were detected using two-way
ANOVA. *p < 0.0006, ** p < 0.0004.
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Figure 5.8 Influence of Dexamethasone on Potassium-Mediated Contraction

Cumulative concentration response curves to KCI in (a) endothelium-intact (n = 5-6) and (b)
endothelium-denuded aortic rings (n = 5-6) following incubation in culture medium for 24h
with 100nM dexamethasone (circles) or vehicle (squares). All points represent mean ±

s.e.mean, differences between curves were detected using two-way ANOVA. *p < 0.02.
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5.3.4 Influence of 1 ip-HSD 2 on Vascular Function

5.3.4.1 Effect of Corticosterone in the Presence of L-Arginine

Exposure to corticosterone for 24h did not affect KPSS-mediated contraction

(corticosterone, 3.21±0.22 vs control, 3.18±0.21 mN/ mm,/? > 0.93).

Exposure of lip-HSD 2 deficient aortae to corticosterone did not affect relaxation

responses to the endothelium-dependent vasodilator acetylcholine (Table 5.7, Figure

5.9a). Corticosterone enhanced responses to SIN-1 in endothelium-denuded aortic

rings (p >0.02 using two-way ANOVA), but the trend towards enhanced
corticosterone-mediated relaxation in endothelium-intact aortic rings was not

significant (Table 5.7, Figure 5.9b). Additionally, responses to SIN-1 following

exposure to corticosterone were enhanced by removal of the endothelium (p <0.0001,

Figure 5.9b).

Corticosterone did not significantly affect contractile responses of lip-HSD 2
deficient aortae to noradrenaline, however there was a trend to suggest attenuated
contraction in endothelium-denuded vessels following exposure to noradrenaline

(Table 5.7, Figure 5.10a). No significant effect of corticosterone on noradrenaline-
mediated contraction in endothelium-intact vessels was unmasked by pre-incubation

with lOOpM L-NNA (Emaxcorticosterone3.56±0.28 vs control 3.41±0.99mN/ mm,/?
> 0.85). Corticosterone did not influence KCl-mediated contraction (Table 5.7,

Figure 5.10b).
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(a) Emax

Endothelium Control Corticosterone P-Value

ACh Intact 73.22±4.44 60.72+5.20 0.14

Denuded 16.41±6.05 9.52+5.07 0.43

SIN-1 Intact 96.79±2.07 99.86+0.14 0.06

Denuded 100.00±0.00 100.00+0.00 1.00

NA Intact 1.19±0.62 1.16+0.42 0.96

Denuded 3.75±0.20 3.12+0.46 0.21

KCI Intact 2.88±0.58 3.21+0.30 0.58

Denuded 3.05±0.29 2.93+0.45 0.82

(b) Sensitivity

Endothelium Control Corticosterone P-Value

ACh Intact 7.25+0.14 7.38+0.16 0.60

Denuded

SIN-1 Intact 5.63±0.14 5.89+0.06 0.08

Denuded 5.75+0.21 6.29+0.08 0.09

NA Intact 6.94+0.05 6.90+0.13 0.96

Denuded 7.33+0.11 6.81+0.25 0.07

KCI Intact 33.25+5.89 29.75+1.68 0.18

Denuded 24.25+2.10 27.00+8.13 0.75

Table 5.7 Influence of Corticosterone on 11B-HSD 2 Deficinet Aorta in the

Presence of L-Arqinine

(a) Maximum responses (relaxation (%) and contraction (mN/ mm)) and (b) Sensitivity

(expressed as -loglC50 or pD2, except for KCI expressed as mM concentration) of 1 ip-HSD
2 deficient aorta, following 24h incubation in culture medium in the presence or absence of
corticosterone. Values are mean ± s.e.mean (n= 5-8) and were compared using Student's t-
test.
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Figure 5.9 Influence of Corticosterone on Relaxation of 1113-HSD 2 Deficient

Aorta in the Presence of L-Arqinine

Cumulative concentration response curves to (a) acetylcholine (n = 4-7) and (b) SIN-1 (n =

4-8) following pre-constriction with 5-HT in endothelium-intact (■/'•) and endothelium-
denuded (□ O ) mouse aorta, following incubation in culture medium for 24h with 100nM
corticosterone (circles) or vehicle (squares). All points represent mean ± s.e.mean,

differences between curves were detected using two-way ANOVA. p < 0.03 (SIN-1
endothelium-denuded, control compared with corticosterone), p < 0.0001 (SIN-1

corticosterone, endothelium-intact compared with endothelium denuded).
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Figure 5.10 Influence of Corticosterone on Contractile Responses of 11(3-

HSD 2 Deficient Mouse Aorta in the Presence of L-Arqinine

Cumulative concentration response curves to (a) noradrenaline (n = 4-8) and (b) KCI (n = 4-

8) in endothelium-intact (■ 1% ) and endothelium-denuded (□ /O) mouse aorta, following
incubation in culture medium for 24h with 100nM corticosterone (circles) or vehicle

(squares). All points represent mean ± s.e.mean, differences between curves were detected

using two-way ANOVA.
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5.3.4.2 Effect of Corticosterone in the Absence of L-Arginine

Corticosterone did not affect KPSS-mediated contraction (corticosterone, 2.68±0.41

vs control, 2.58±0.32 mN/ mm,/* > 0.85 by unpaired Student's t-test).

Exposure to corticosterone did not affect relaxation responses to the endothelium-

dependent vasodilator acetylcholine or the endothelium-independent vasodilator
SIN-1 (Table 5.8, Figure 5.11). Corticosterone tended to decrease the sensitivity to
noradrenaline- and KCl-mediated contraction, but did not affect the maximum

contractile response (Table 5.8, Figure 5.12).

(a) Emax

Endothelium Control Corticosterone P-Value

ACh Intact 63.52±14.24 66.9±11.30 0.85

SIN-1 Intact 96.97±1.84 98.31+1.13 0.55

NA Intact 0.84±0.19 0.71±0.18 0.64

KCI Intact 2.12±0.46 2.31±0.26 0.73

(b) Sensitivity

Endothelium Control Corticosterone P-Value

ACh Intact 6.95±0.23 7.09+0.21 0.66

SIN-1 Intact 5.58±0.10 5.62+0.18 0.84

NA Intact 6.93+0.09 6.70+0.07 0.07

KCI Intact 55.02±2.70 63.70+2.32 0.06

Table 5.8 Influence of Corticosterone on 116-HSD 2 Deficient Aorta in the

Absence of L-Arqinine

(a) Maximum relaxation (%) and contraction (mN/ mm) responses, and (b) Sensitivity

(expressed as -logEC50 or pD2, except for KCI expressed as mM concentration) of 1 ip-HSD
2 deficient aorta following 24h incubation in culture medium without L-arginine. Values are

mean ± s.e.mean (n = 4) and were compared using Student's t-test.
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Figure 5.11 Influence of Corticosterone on Relaxation of 11B-HSD 2

Deficient Aorta in the Absence of L-Arqinine

Cumulative concentration response curves to (a) acetylcholine (n = 4) and (b) SIN-1 (n = 4)

following pre-constriction with 5-HT in endothelium-intact (■ ) mouse aorta, following
incubation in culture medium for 24h with 100nM corticosterone (circles) or vehicle

(squares). All points represent mean ± s.e.mean, differences between curves were not

detected using two-way ANOVA.
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Figure 5.12 Influence of Corticosterone on Contractile Responses of 1113-

HSD 2 Deficient Mouse Aorta in the Absence of L-Arqinine

Cumulative concentration response curves to (a) noradrenaline (n = 4) and (b) KCI (n = 4)
in endothelium-intact ( ■ / •) and endothelium-denuded (□ / O) mouse aorta, following
incubation in culture medium for 24h with 100nM corticosterone (circles) or vehicle

(squares). All points represent mean ± s.e.mean, differences between curves were not

detected using two-way ANOVA.
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5.4 Discussion

The data presented in this chapter demonstrate that incubation of vessels with

glucocorticoids in vitro attenuates vascular contractility in mouse aortae, via specific
action at glucocorticoid receptors, but does not enhance vascular contractility or

impair endothelial cell function. These actions are not influenced by protection of
endothelial corticosteroid receptors by 11P-HSD 2 as corticosterone did not alter

vascular reactivity in aortae from mice deficient in 11(3-HSD 2. Intriguingly, the

endothelial cell dysfunction observed in 11 p-HSD 2 deficient aorta was reversible by

L-arginine in vitro. This suggests that structural changes in the vessel wall are not

responsible for the altered vascular reactivity in 11 P-HSD 2 deficiency, and confirms
that the endothelial dysfunction in these vessels reflects impairment of the NO

system.

5.4.1 Effects of Incubation

Studies investigating the effects of glucocorticoids on isolated rat aorta in vitro have
used prolonged exposure to glucocorticoids in either PSS (Johns et al., 2001;Ullian
et al., 1996b) or culture medium (Brem et al., 1997; Souness et al., 2002). The
rationale behind such prolonged incubation periods reflects the time course required
for glucocorticoid-mediated alterations of gene expression. Whilst in theory,

glucocorticoid-mediated changes in gene expression could become apparent in less
than an hour, our preliminary studies indicated no effect of glucocorticoids on

vascular function after 3-6h. Therefore, we developed an in vitro model in which
mouse aorta was incubated for up to 24h at physiological temperatures, in either PSS
or culture medium, and effects on vessel function were determined.

Function ofmouse aorta was initially investigated following incubation in PSS for

up to 24h at 37°C. Whilst the endothelial function of these vessels was normal after

3 and 6h incubation, loss of endothelial cell function was evident after 12h. This was

indicated by loss of both the relaxation response to the endothelium-dependent
vasodilator acetylcholine and the modulatory effect of the endothelium on
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noradrenaline-mediated contraction at 12h. It is widely accepted that noradrenaline-
mediated vascular contractility is modulated by the presence of an intact endothelium

(Cocks & Angus, 1983) due to basal and a.adrenoceptor-mediated stimulation ofNO

synthesis (Martin et al., 1986); this mechanism has also been demonstrated in mouse

aorta (Huang et al., 1995). In addition, the impaired contractility after 24h in PSS
indicated VSMC dysfunction. Although it is possible that this loss of contractility
was a result of expression of inducible nitric oxide synthase (iNOS) in VSMC, due to

exogenous endotoxin in the incubation media (Gibraeil et al., 2000; Boyle et al.,

2000), the concentration of corticosterone used in these experiments is known to

inhibit iNOS induction (Radomski et al., 1990). Ullian et al. (1996) maintained
vessel viability following 24h incubation in PSS but performed the incubation at

room temperature. Therefore, it was concluded that endothelial cell and VSMC

viability could not be sustained for 24h in PSS at a physiological temperature.

Subsequent incubations were carried out in cell culture medium for 24h, under
sterile conditions, using a protocol similar to that described by Brem et al. (1997). It
was shown that incubation itself had no effect on the functional responses of MF1

aorta, with both endothelial cell and VSMC function maintained after 24h using this

system. In addition, use of the non-selective nitric oxide synthase (NOS) inhibitor,

L-NNA, demonstrated that there was no induction of iNOS in VSMCs of the aortic

rings during the 24h incubation. This model was subsequently utilised to investigate
the effects of 24h exposure to physiological concentrations of glucocorticoids on

aortic function.

Having demonstrated the ability to maintain viability and function of MF1 mouse

aorta for up to 24h, it was important to assess the effects of this incubation procedure
on the function of 11 (3-HSD 2 deficient mouse aorta. Freshly isolated endothelium

intact aorta from mice deficient in 11|3-HSD 2 demonstrated endothelial cell

dysfunction as previously described (Hadoke et al., 2001), manifesting as an

enhanced contractile response to noradrenaline and an impaired, biphasic relaxant

response to acetylcholine. The biphasic response to acetylcholine (seen as an initial

relaxation, followed by contraction at higher concentrations) in these vessels was
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similar to the responses seen in arteries from other hypertensive models e.g. the

spontaneously hypertensive rat, and may suggest a possible role for superoxide

production and/ or synthesis of contrctile prostaglandins in these vessels in response

to acetylcholine (Rapaport RM & Wiliams SP, 1996; Yang D et al., 2002). Whilst
the contribution of superoxide and prostaglandin production to the acetylcholine

response in 11P-HSD 2 deficient aortae was not directly investigated in these studies,
the use of superoxide dismutase and indomethacin respectively in future studies
could determine their roles in the vascular dysfunction observed.

Surprisingly, incubation of 11P-HSD 2 deficient mouse aorta for 24h in culture
medium reversed the endothelial cell dysfunction observed in freshly isolated aortic

rings. Subsequent investigations demonstrated that this amelioration of the
endothelial cell dysfunction was dependent upon the presence of L-arginine in the
culture medium. This observation suggests that supplementation of L-arginine in

vitro is sufficient to normalise the endothelial cell dysfunction observed in 11 P-HSD
2 deficient aortae and provides insight into the possible mechanisms involved in the
endothelial cell dysfunction associated with 11 P-HSD 2 deficiency. Thus, it is likely

that the alteration in endothelial cell function in 11 P-HSD 2 deficiency is not due to

permanent structural alterations, or remodelling, of the vessel wall due to the severe

hypertension in these animals. Additionally, the L-arginine mediated improvement

of endothelial cell function in 11 P-HSD 2 deficient aorta suggests that it is the

production or availability of endothelial NO rather that the sensitivity of vascular
smooth muscle cells to NO that is impaired in this model. Further, the lack of

reversibility of endothelial cell dysfunction following 24h incubation in DMEM
without L-arginine suggests that the mechanism of endothelial dysfunction is
intrinsic to the vessel, and not due to an indirect in vivo circulatory factor.

The exact mechanism by which L-arginine is able to normalise endothelial cell
function in 11 P-HSD 2 deficient aorta is unknown. Incubation of 11 P-HSD 2

deficient aortae for 24h in the absence of L-arginine had no effect on the impaired

acetylcholine-mediated relaxation or the attenuated modulatory effect of the
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endothelium on noradrenaline-mediated contraction seen in freshly isolated vessels

(Hadoke et al., 2001). This may suggest that the L-arginine-mediated normalisation
of endothelial cell function in these vessels is due to the increased availability of L-

arginine as a substrate for eNOS. However, L-arginine concentrations are not

usually limiting in vivo (Warren et al., 1994), and endothelial cells are able to re-

synthesise L-arginine from L-citrulline (Hecker et al., 1990), therefore, other
mechanisms may also be involved. It is not fully understood how the administration
of L-arginine is able to improve blood pressure in ACTH-mediated hypertension

(Wen et al., 2000), or the endothelial dysfunction in hypercholesterolemic patients

(Clarkson et al., 1996;Kawano et al., 2002) and vessels isolated from

hypercholesterolemic animals (Rossitch et al., 1991). However, there is increasing
evidence to suggest that L-arginine may increase NO bioavailability in the
vasculature by scavenging the NO inactivator - superoxide (Kataoka et al.,

2002;Wascher et al., 1997). This additional feature of L-arginine may be important
in the normalisation of endothelial cell dysfunction in 11P-HSD 2 deficient aortae.

5.4.2 Effects of Glucocorticoids

Exposure of mouse aorta to physiological concentrations of corticosterone (lOOnM
of glucocorticoid is within the range of concentrations observed in a normal,
unstressed individual) for 24h attenuated receptor-dependent and receptor-

independent contraction in an endothelium-independent manner. Although the
reduced response to noradrenaline was only apparent in endothelium-denuded aortic

rings, pre-treatment with the NOS inhibitor L-NNA unmasked an attenuated

response to noradrenaline, confirming that this effect is independent of the
endothelium. Additionally, that pre-treatment of endothelium-denuded aortic rings
with L-NNA did not enhance noradrenaline-mediated contraction demonstrated that

the attenuated vascular contractility in these vessels was not due to induction of NO

synthesis by iNOS (Gibraeil et al., 2000;Boyle et al., 2000). Corticosterone-
mediated attenuation of contraction in response to KC1 was only apparent in
endothelium-intact aortic rings. This attenuation of KCl-mediated contraction could
be masked in endothelium-denuded aortic rings as a result of damage to the vascular
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smooth muscle cells caused by removal of the endothelium. However, that both

receptor-dependent and -independent vasoconstriction were attenuated by
corticosterone suggests that the mechanism involved could be a common signalling

pathway, such as glucocorticoid-mediated alterations in ion channel function. This
was not investigated further, as such experiments were not a priority for the

investigation of our initial hypothesis. Glucocorticoid-mediated alterations in ion

transport in the vasculature have been reported previously, but, the majority of
studies suggest that these changes would result in enhanced, rather than attenuated,

contractility. For example, studies in cultured vascular smooth muscle cells have
demonstrated glucocorticoid-mediated increases in sodium and calcium influx

(Kornel et al., 1993), Na-K-ATPase activity (Stern et al., 1994), intracellular calcium
channel activity (Hayashi et al., 1991), and expression of calcium-dependent

potassium channels (Brem et al., 1999).

Exposure of mouse aorta to corticosterone did not impair endothelial cell function,

thus, there was no indirect enhancement of vascular contractility. There was no

evidence of altered responses to the endothelium-dependent vasodilator acetylcholine
or to the endothelium-independent vasodilator SIN-1 following exposure to

corticosterone. This suggests that corticosterone did not affect the endothelial NO

system, or the ability of VSMCs to respond to NO.

There is a discrepancy between the glucocorticoid-mediated alterations in vascular
function reported here and those of enhanced vascular contractility and impaired
endothelial cell function described in the literature (Souness et al., 2002;Brem et al.,

1997;Johns et al., 2001). However, it should be noted that decreases in contractility
of rat aorta following exposure to corticosterone have been reported previously

(Walker et al., 1994a). These differences could reflect a number of experimental

variations, as the in vitro effects of glucocorticoids on vascular function have largely
been investigated in rat aorta (Brem et al., 1997;Ullian et al., 1996b) using supra-

physiological concentrations of glucocorticoids (Johns et al., 2001). It is therefore

possible that there exists a species difference in the susceptibility of blood vessels to
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glucocorticoids, or that alterations in vascular function following exposure to high
concentrations of glucocorticoids are not relevant physiologically.

As corticosterone is able to activate both GR and MR (Krozowski & Funder, 1983;
Arriza et al., 1987), it was possible that corticosterone was having opposing effects
at these receptors, thus masking GR mediated enhancement of vascular contractility.
In contrast to the glucocorticoid-mediated impairment of endothelial cell function,
mineralocorticoid hypertension is associated with enhanced production of endothelial
NO (Bockman et al., 1992). It was, therefore, essential to investigate the effects of a

specific GR agonist on function of mouse aorta, and experiments were performed
with dexamethasone. Exposure of mouse aorta to lOOnM dexamethasone for 24h
resulted in similar functional alterations to those observed with corticosterone.

Consistent with responses following exposure to corticosterone, noradrenaline- and
KCl-mediated contractions were attenuated by dexamethasone. However, in contrast

to corticosterone, dexamethasone attenuated contraction to noradrenaline in both

endothelium-intact and -denuded aortic rings and also reduced the sensitivity of
endothelium-denuded vessels to noradrenaline. This difference could be due to

either the greater affinity of dexamethasone for GR compared to corticosterone

(Funder et al., 1973), and thus an enhanced effect, or due to the greater variability
seen in control endothelium-intact aortic rings in this experiment. However, the
similar effects of corticosterone and dexamethasone on vascular function suggest that

GR, and not MR, specifically mediates the attenuation of vascular smooth muscle
cell contraction seen in this model.

Dexamethasone did not alter relaxation responses to acetylcholine or SIN-1. In
these experiments however, relaxation to SIN-1 in control vessels was enhanced by
removal of the endothelium. This enhancement of relaxation following the removal
of the endothelium has been previously documented and attributed to the loss ofNO-
mediated inhibition of soluble guanylate cyclase (Shirasaki & Su, 1985). It is
unclear why this effect of the endothelium on responses to SIN-1 was not apparent in
all experiments.
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A role of ll(3-HSDs in the vasculature may be crucial in interpretation of the
studies discussed above. As both corticosterone and, to a lesser extent,

dexamethasone are inactivated by 1 lp-HSD 2 (Albiston et al., 1994), endothelial cell

expression of this enzyme may protect endothelial GR from activation, thus

preventing glucocorticoid-mediated impairment of the endothelial NO system.

Previous studies investigating the in vitro effects of glucocorticoids on aortic
function have required co-incubation of vessels with inhibitors of 1 lp-HSD to

achieve an enhanced contractile response (Brem et al., 1997; Souness et al., 2002).
In order to investigate the effects of corticosterone on vascular function in the
absence of glucocorticoid inactivation, studies were repeated using aortae from

transgenic mice with specific deficiency of 11P-HSD2. Whilst, 24h exposure of

lip-HSD 2 deficient vessels to corticosterone (either in the presence or absence of

L-arginine) did not have a great effect on vascular function compared with control

vessels, there were some subtle alterations. Corticosterone significantly enhanced
the relaxation responses of endothelium-denuded aortic rings to SIN-1 but not

acetylcholine in the presence of L-arginine. SIN-1 is able to mediate vasodilatation
via release ofNO (and superoxide), with the simultaneous formation of peroxynitrite

(Hogg et al., 1992) and thus activation of potassium channels (Zhao et al., 2000; Liu
& Gutterman, 2002). As responses to acetylcholine were unaffected by

corticosterone, it is unlikely that the effect of corticosterone on responses to SIN-1 is
mediated via the NO-cGMP pathway, possibly suggesting an effect of corticosterone
on VSMC potassium channels. In addition to the effect on SIN-1 responses, there
was a tendency for corticosterone to decrease the sensitivity of endothelium-denuded
aortic rings to noradrenaline-mediated contraction in the presence of L-arginine and
in endothelium-intact aortic rings in the absence of L-arginine. While this may

suggest that corticosterone is having an attenuating effect on contraction in these
vessels similar to that in MF1 aorta, there is no evidence to suggest that the
endothelial cell dysfunction and enhanced contractility observed in freshly isolated
vessels are a result of direct actions of glucocorticoids on the vessel wall.

145



In conclusion, glucocorticoids attenuate vascular contractility of mouse aorta in a

receptor- and endothelium-independent manner in vitro. Glucocorticoids do not

enhance contractility or impair endothelial cell function in this model. This is not

due to opposing actions of glucocorticoids at GR and MR, nor is it due to

inactivation of glucocorticoids by endothelial cell 11 P-HSD 2. That corticosterone

did not further enhance contractility or impair endothelial cell function in 1 ip-HSD 2

deficient aorta suggests that glucocorticoids do not directly mediate the endothelial
cell dysfunction seen in lip-HSD 2 deficient aortae. However, whilst the

endothelial dysfunction in 11P-HSD 2 deficiency was unaffected by the incubation

protocol, inclusion of L-arginine in the culture medium restored endothelial cell
function. These observations confirm that this endothelial dysfunction is due to

impairment of the endothelial nitric oxide system, and could suggest that an indirect
mechanism (such as hypertension), or circulating factor in vivo is unlikely to be

responsible for the endothelial cell dysfunction in 11 P-HSD 2 deficiency. The

aetiology of this endothelial cell dysfunction therefore remains obscure.
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Chapter 6

Conclusions
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Despite extensive investigation, the specific role of glucocorticoids and 11 P-HSD

isozymes in the regulation of vascular tone had not been determined with any

certainty. Hence, the research presented in this thesis aimed to determine the

presence and exact cellular localisation of 11 (3-HSD isozymes in the blood vessel

wall, and to investigate whether direct actions of glucocorticoids on the vasculature

contribute to the alterations in vascular function associated with 11 p-HSD 2

deficiency.

6.1 Presence and Distribution of 11 p-HSD Isozymes in the Blood
Vessel Wall

The activity and expression of 11P-HSD isozymes in the vasculature has been

thoroughly investigated. However, the exact contribution of 11 P-HSD 1 and llp-

HSD 2 to the activity observed in vascular tissues, and the specific cellular
localisation of these isozymes remains unresolved. There are several possible
reasons for this ambiguity, including the use of cultured cells and non-selective

inhibitors of 11 P-HSD activity. It is possible that the expression patterns of 11 P~
HSD isozymes may be altered in cultured cells, rendering these systems irrelevant to
in vivo physiology. Moreover, the use of non-selective, or incomplete, inhibitors of
11P-HSD activity has prevented clear definition between the activity of 11 P-HSD 1

and 11 P-HSD 2 in a tissue that is believed to express both isozymes.

The availability of the unique resource of transgenic mice deficient in either 11P-

HSD 1 or 11 P-HSD 2 has been pivotal to the studies presented in this thesis,

providing a valuable tool with which to investigate 11 P-HSD isozymes in the blood

vessel wall. Phenotypic evaluation of 11 P-HSD deficient mice had previously

demonstrated that 11 P-HSD 2, but not 11P-HSD 1, played a key role in the

regulation of blood pressure and vascular tone. Indeed, mice deficient in 11P-HSD

2, but not 11 P-HSD 1, are severely hypertensive and demonstrate enhanced vascular

contractility, associated with aortic endothelial cell dysfunction. Thus, it was
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hypothesised that 11 P-HSD 2 was present in endothelial cells of the vessel wall

where it prevents glucocorticoid-mediated disruption of the endothelial nitric oxide

system. In order to address this hypothesis was, it was necessary to determine the

presence of 11P-HSD isozymes, and specific cellular localisation of 11P-HSD 1 and

11P-HSD 2, in the vessel wall.

The studies presented in Chapter 3 are the first to show that both 11 P-HSD 1 and

11 P-HSD 2 are active in mouse aorta. Although 11 p-HSD activity was demonstrated

in wild-type mouse aorta, the lack of 11 P-HSD co-factor specificity in aortic

homogenates prevented determination of the specific isozyme responsible for activity
in this tissue. Thus, the use of aortae from transgenic mice deficient in either 11P-

HSD 1 or 11 P-HSD 2 was essential in order to demonstrate clearly that both 11P-

HSD isozymes were present. Detection of 11 p-HSD 1 and 11 p-HSD 2 mRNA in

wild-type aorta by RT-PCR confirmed the validity of the 11P-HSD activity data

obtained from the transgenic animals. RT-PCR also confirmed the presence of both

glucocorticoid and mineralocorticoid receptors in mouse aorta. Thus, the co-

expression of 11 P-HSD isozymes and corticosteroid receptors supports a role for

11 P-HSD isozymes in the local regulation of glucocorticoid action in the blood

vessel wall.

Investigation of gender differences in 11 P-HSD activity was not a specific aim of

this research. However, the shortage of transgenic mice deficient in 11 P-HSD 1, and

11P-HSD 2 especially, made it necessary to determine whether male and female

animals could be used interchangeably. Sexual dimorphism of 11 P-HSD activity had

previously been shown in the rat, but this phenomenon had not been investigated in
vascular tissues. Thus, the tissue-specific sexual dimorphism of 11 p-HSD activity in
the vasculature has been described for the first time in Chapter 4. The availability of

transgenic mice deficient in specific 11P-HSD isozymes was central to the
determination of the relative contributions of each isozyme to the sexual dimorphism
of 11 P-HSD activity observed in wild-type mouse aorta and kidney (but not liver).
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Consequently, it was demonstrated that the activities of both 11 p-HSD 1 and lip-

HSD 2 in mouse aorta (and kidney) are lower in females compared with males. The

physiological relevance of this observation in the vasculature is unclear. However,

although these observations are not central to this thesis, this aspect of 11 p-HSD

physiology does warrant further investigation, as the sexual dimorphism of 11P-HSD

activity may influence responses to vascular injury (e.g. in atheroma or restenosis).
In addition, the tissue-specific sexual dimorphism of 11 p-HSD activity highlights
subtle differences between male and female physiology, which should be taken into
account when using animals of different sexes.

The studies described above had clearly demonstrated that both 11 P-HSD 1 and

11P-HSD 2 are active in mouse aorta, therefore it remained to be determined where

exactly these enzymes were expressed in the vessel wall. Histological localisation of
11P-HSD isozymes in the vessel wall was not possible. Firstly, there are no

antibodies available that are specific for mouse 11 P-HSD 1 and 11 P-HSD 2, thus

preventing localisation of protein expression. Secondly, application of our in situ

hybridisation protocol to 11P-HSD isozymes in the vessel wall was unsuccessful.

Despite consistent detection of 11 P-HSD 1 and 11 P-HSD 2 mRNA in control tissues,

and detection of VSMaA mRNA both in aorta and smaller vessels, there was no

detection of either 11 P-HSD 1 or 11 P-HSD 2 in the vessel wall. This suggested that

expression of 11 P-HSD mRNA in the vessel wall occurs at levels too low to be

detected by this technique. That histological approaches to the localisation of 11P-
HSD 2 to endothelial cells have only been successful when used in conjunction with
electron microscopy supports this theory.

Initial detection of both 11 P-HSD 1 and 11 P-HSD 2 mRNA expression in mouse

aorta using RT-PCR had been successful. Therefore, this technique, in association
with the development of methods with which to separate vessels into their

component layers, was applied in order to determine the specific cellular localisation
of 11 P-HSD isozymes in the vessel wall. This showed that 11 P-HSD 1, but not 11P-
HSD 2, is expressed in medial and adventitial fractions, indicating expression of
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11P-HSD 1 in VSMCs and possibly adventitial fibroblasts. In contrast, lip-HSD 2

expression was co-localised with that of TIE-2, strongly suggesting that the

expression of this enzyme in the vessel wall is restricted to endothelial cells.

Therefore, the specific localisation of 11P-HSD 2 in endothelial cells supports the

hypothesis that this enzyme may be involved in modulation of glucocorticoid effects
on the endothelial nitric oxide system.

6.2 Effects of Glucocorticoids on Vascular Reactivity

It was hypothesised that the endothelial dysfunction, and consequent enhancement
of vascular contractility, previously observed in aortae from transgenic mice
deficient in 11 P-HSD 2 is a direct effect of glucocorticoid-mediated impairment of

the endothelial nitric oxide system in the absence of 11P-HSD 2 activity specifically
in endothelial cells. Thus, the aorta was used to investigate the mechanisms by

which glucocorticoids and 11P-HSD isozymes influence vascular function.

Glucocorticoid-mediated enhancement of vascular contractility and impairment of
endothelial cell function has previously been investigated using a variety ofmethods,
often employing prolonged incubations of isolated vessels in the presence of

glucocorticoids in vitro. Unfortunately, the exact mechanisms of glucocorticoid
action remained unclear, and the current literature lacks a single robust model of in
vitro incubation. Therefore, extensive methodological development was necessary in
order to maintain vessel viability and assess the effects of incubation on vascular

reactivity, prior to investigation of glucocorticoid actions. Incubation of wild-type
mouse aorta in cell culture medium at 37°C with 95% CV 5% CO2 for 24h was

shown to effectively maintain endothelial cell and VSMC viability, without affecting
the functional responsiveness of the vessel.

An intriguing observation to arise from these studies was that the endothelial cell

dysfunction seen in aortae from transgenic mice deficient in 11P-HSD 2 was

essentially normalised following prolonged in vitro incubation in cell culture
medium. Normalisation of this endothelial dysfunction was specifically mediated by
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the presence of L-arginine in the culture medium, suggesting that the endothelial cell

dysfunction in aortae from transgenic mice deficient in 11 P-HSD 2 is not due to

permanent changes in the structure of the vessel resulting from the severe

hypertension in these animals, but reflects impairment of the NO system. It is

unlikely that the effects of L-arginine on endothelial cell function in 11 P-HSD 2

deficient aortae are merely attributable to a lack of substrate availability in these

vessels, yet, the exact mechanism by which L-arginine is able to improve endothelial
function remains unclear. However, the persistence of endothelial cell dysfunction in
vessels after incubation without L-arginine would suggest that the mechanism
involved is intrinsic to the vessel rather than an in vivo factor. These results

highlight the potential therapeutic benefits of L-arginine in the treatment of

endothelial dysfunction and thus, the amelioration of hypertension in 11 p-HSD 2

deficiency. Therefore, further in vivo studies will be worthwhile to address this.

Use of the incubation protocol outlined above enabled analysis of the specific
effects of glucocorticoids on vascular function. Exposure of wild-type mouse aorta

to physiological concentrations of corticosterone resulted in an endothelium-

independent and receptor-independent attenuation of vascular contractility. There
was no evidence of enhanced aortic contractility or impaired endothelial cell function

following exposure to corticosterone. This was not due to opposing effects of
corticosterone mediated by glucocorticoid and mineralocorticoid receptor activation,
as dexamethasone - a glucocorticoid receptor specific agonist - produced similar
alterations in vascular function. Nor was it due to inactivation of glucocorticoids by

endothelial cell 11P-HSD 2 activity, as the enhanced contractility and impaired

endothelial cell function in 11 P-HSD 2 deficient aorta were not exacerbated by in

vitro exposure to corticosterone. The discrepancy between these effects of

glucocorticoids on vascular function and those reported in the literature may reflect a

species difference between mice and rats, or subtle differences in the methodological

approach. However, these results indicate that the endothelial cell dysfunction
associated with 11 P-HSD 2 deficiency is unlikely to be due to direct effects of

glucocorticoids on the vessel wall.
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6.3 Summary

In summary, the research presented in this thesis demonstrates that 11 P-HSD 1 and

11 p-HSD 2 are ideally localised in the blood vessel wall to influence the activation
of corticosteroid receptors, and thus, regulate vascular function. However, direct

exposure of aortae to glucocorticoids in vitro did not replicate the endothelial cell

dysfunction seen in 11 P-HSD 2 deficiency. These results suggest that the

mechanisms of glucocorticoid interactions with the vasculature may be more

complex than previously appreciated.

6.4 Future Studies

The work presented in this thesis has provided a basis for future work aimed at

assessing the physiological roles of 11 P-HSD isozymes in the vasculature. Some

possible studies are highlighted below.

The use of aortic homogenates to assess 11P-HSD activity as described in this

thesis does not address the key question of the directionality of 11 p-HSD isozymes

in the vessel wall. The availability of transgenic mice deficient in specific 11 p-HSD

isozymes will provide a vital tool in the future development of an intact aortic ring

assay of 11 P-HSD activity, and the consequent determination of 11P-HSD

directionality in the vessel wall, which has not previously been possible using 11 P~

HSD inhibitors or antisense technology.

The influence of gender on the sensitivity of vessels to glucocorticoid-mediated
alterations in vascular function remains another important issue to address.

To date our studies have concentrated on the influence of glucocorticoids and 11P-
HSD isozymes on aortic reactivity/ function. The aorta has provided a useful model
for the investigation of vascular physiology, especially within the context of the
endothelial nitric oxide system, which is believed to be less important in smaller
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resistance arteries, yet impaired in glucocorticoid-mediated hypertension. However,

there are limitations in the use of this large conduit vessel when studying the
mechanisms of hypertension, as blood pressure is determined by the tone of smaller
resistance arteries. Therefore, additional studies investigating the activity and role of

11P-HSD isozymes in resistance arteries from distinct vascular beds are now being
carried out.

Studies in the laboratory aimed at the investigation of the modulatory roles of 1ip-
HSD isozymes on both vascular structure and the regulation of local responses to

inflammation and injury in large and small blood vessels have commenced

Finally, the possibilities for reversibility of the endothelial dysfunction using L-

arginine in transgenic mice deficient in 11 p-HSD 2 is an attractive possibility for an
in vivo anti-hypertensive treatment.
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Appendix 1

Alignment of Primer Sequences

used in RT-PCR
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For each gene of interest the complete or partial coding sequence (or the sequence

derived from sequencing or the RT-PCR product) is shown and the regions

corresponding to both upstream and downstream primers used in RT-PCR as

described in Table 2.2 are enclosed in block arrows. Where primer sets were used in
more than one species, those sequences are aligned with regions of homology

highlighted.

1ip-Hydroxysteroid Dehydrogenase 1

Top line - Mouse mRNA for 11P-HSD 1

Middle line - Rat mRNA for 11 P-HSD 1

Bottom line - Human mRNA for 11 P-HSD 1
1 G G ATG JiGA.CA.GJL AG GAT AG AG AG GAGGAGAGAGACAG JtaCJUSAAC AG JLACC

-JkTTC AG AG GC 1GC TCCgTG

*T*ci^®LcIelJkci ACC|A:
AAT "El>

AfC AC CTATAATATCSAC AG ATI r

All 11GCGAJC1G11 C1G TC TC A1GimTC TGACCT

AAAT GGAAGGAGTTCC TAACAlii"

3
AT AG

_r AC AG
THcaga

SjlicGTAAAT GCAAAAA. AAA
■G

|TTT ATAJtATTC*T fOfC 1G C
1 332

1321 Tffg:CT|fI|iftjC TTGAGCT TATT CAGG ATG GT TC TT TAAAC CATAAJlC 1G TACAATG
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11 P-Hydroxysteroid Dehydrogenase 2

Top line - Mouse DNA for 11P-HSD 2 gene exons 2-5

Bottom line - Rat mRNA for 11P-HSD 2

1
B 1

3 6
161

ID"?
241

1 B 6
321

24 3
4 D 1

C CAAACCC AC TATC CC1 CC CACC CC ACC CT GG 1G TIC CT CI GC ACT CC G1 CT CCT GG CC CAGAG TC CC 1C ICG GC GC1C C

C CA AC CCG GC CC CC GCC CC TC CC TAGAC CG GC CG GGC CC CG AAGTC
CJSAGAAA«T AAGG TXTAT CAATCACAT TT CATC G
aIgIIg cfc TCgc Cf|§Ccj§CCMS GCC GG CG CC T

BAT AJBCTATAggGAJJiAiATAflABi— ACAACllTCAflA GAMBT GATHCTCAJBB- -HTTBA- -HKABC T|GCCC
|GC tHIg CTj||||CTCBBclCG CHclmCTGfljGgTjCTGfGC TCMM! TGCfTCTCfjfC cgCCfCTTpG§C clcgfe
AfflG -1ATAAC ABABAT||T§TAA«pAJffAAG GCACBCHAG TGTgH»GApWfAClT|
cgc cgGCT GCC|G|TC|C|AC TCHc T#1 GCCAGCgcH^jCT CC CggCC CC fflGCTG C ftcl

BXBG AAWIBCATIGCfl^ CT AChQC -TSCC TJ|
gcgc ct j§G§|c cGlccicMccMe|||; cBroil

CCCATACCTS
CC TG eTGGCi

IllcT CCC GC GG TG CTC AT CACC

■■■■■■■■■■ATGCCATCj

32 3 SGTCC CCTAC4 iMBzeUMEzezeczccccicAJWse
3C CACAGCATAT4 B 1 CCtisc*ac*c*aeik*c?ecczcc fTG cGCTGGCCIT.GAAGS TCCTGC AGATG CACCTCACCAA<

4 D 3
561

4 B 3
6 D 6

563
6 D 6

64 3
6 B 3

T GG GT GGG TACG AG CGG GAGG AAGG GAG TG CATG TTT GC TG TC AGG AT CACC TGAAC CT TC CCT CT GC TT TTATG CC TC C

AGG CCTCTCCGCTCTCSTTAA.
CA.AT CCT CGCC TCAAC AT C S TAGizeseccat c*ccaac*GTCT.CCACXGCTAJSTTICI

aaccccc*cc*cccac
TfllCCGH

AACT CCT CT TC CACTC AG AG AC AAAGC CG TAAAG CACC TG CTATC GC CT G

'.AC AC. ATCCC ATACjepCTGCTTGCCA

llMllfiMM

GT|j hG AG TT CAGGT TT GG CG TGG AC AC CC ATG CAGC AG GGACG TG TG G
GT GGT TT AT AT TAAAT AG AT TAATG GC CT TTG GG CT CT TCT GG CT GC T

1 123 GCTTCCTG AC CT TG TCACC CC TT CC TCAGC TG

1 2 D 3
9 B D

1591
1 3BD

1 6"? 1 p£ 111—111mewmCAC-CCC AGCACCTCCAAGICTCCTACTCAG fCTCTCSG ACCTC TCCTCTCCTTC T TCucm!ICAC
145D GCTGATGC CGAS,TCCAGGCCCGGGACG■■-■^^pCTGAICCTCTCSG AOGTC TCCTCTG CTTC ATC1*1||TGT
1 5 D
1 52 9

—sine
:*« aa**c

nKfia
*e*ccc* caaoa*meanccc

111* AGC TG AC TG CCT GG TT GC CTG GG TG AC AGG CATG GC GAT AT CACAC
TAGAATGGGAC.ACAT .ACT GTTTCC.

2D7D |
1 B31 |
2 14 B AGATT GGG TATT TC TTG GG AG AT CT TGG GACT CATCAGG GG AG CTG AG CATG TTC CC CACACAC TC CG TG GTACG TATC T

2 22 B G CT GACCT CAGG CAAAT CT TG TC CC TAG GT CT GAGTT TC TT CATAC TG AG AT GAAGC TAAT GGC TAAT TT CAG GAGT TAC

2 3DB ACG GC TTAGT GAAG CAG TT AG GC AAGTG TG CC AC TTC TAGA
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11 (3-Hydroxysteroid Dehydrogenase 2 (Human)

Top line -mRNA for 11 p-HSD 2

Bottom line - sequence derived from RT-PCR product

161
1

2-41
1

321
1

-3 D 1
1

■4B1
1

5 hi
1

1119
■436

C CC CC CCCM GC CG C1G lJk.CC CC CG ClkC 1C CG CG CCC CC GC C7 JIGAJtC CT CT CTC 7C CC CG C1C CC CG GC CCG GC CC CC G

C CC CC CCC CC CC CC ACC CC CC 1C CC CCC CC AT CG ACC CC TC CC CTT CG CC CT CCC CC CC CC CCT CC CT CC TCC TC CC TC C

C CG CG CCC TC CT CC AGC TG CT CC CC TCACACC TC CCT CT CC CCCCCCCGCTC CTG CC CC CCCTCCCGCTC CTC CC CC CC C

T CC AC TCC CT CT CC CAG CC CC TC CT CCC CC CC CC CGC CC CACT CGC CC TC CT CGC CC CC CC CCC CT CC AT CCC CT TC TC C

C CC CT CCC CC CC CC CCACC CC CT CC CCC TC CC CACTC CC CC CC TCC TC AT CACCG CC TC TC ACT CT CC TT TTC CC AACC A

C AC CC CCAAG AAAC TCC AC TC CATC CCC TT CACG CTC CT GC CC ACC CT AT TC GAG TT CAAC ACC CC CC CT CCC AT CC AC C

T CC CT ACC TC CT CC TCC CC TC CC CT AAG GC TC CT CCACATC CACCT CACC AAACC AG CACACAT TAGC CG CTT GC TACAC

T TC AC CAACC CC CACAC CACC AC CACCC CC CT CT CCC CC CT CC TCAAC AACC CAG CC CACAATC AACT AC TTC CT CATC C

CCACCTCTCTCC ACTCCCC AC TT TC CCC ACCTGC ATC CACG TC AJ^SZTCTTTl
TTNNjjKNNCNl

T'CCeeCMC*«C:«C IM8C-Sic I
TCCCCCTCCTCCCCACCTA

CAC TACT AC CTC CC TC AACCC CT CC CC CCC CG CT TC C
NNNNNNN HAAAAAM CM NNNMNNNN

ATC AG TC AC TC tCT CC CT CC ACC AC TC CACCC TC CC CACCC TC CC AC TAG CC CACC ACACC AC CC A

127B G CC CAGGACC CAAACCT CACCCCCCCCCCTTCCC CAG CACTCCCTCCCTC AC CCATG TC CACCT AT CC CC CAC CC AC TCC

1 3 S B ACC AC AGG AG CC TC CCT CACC CT TC CTT CC TC CC CCAAAAC CC CCACC AT TACCATC CC CC AAC TC TC CT CCACC CT CC C

1 -4 3 B CTAAACAATCCC AC CCC CACT TC AT CCC CACTCCCCATG CCCAATC CAGC CCCGGTC AC CCCAACC TTTCCCACT CAGC C

1 51B TCTGCCCCTCTCCACTGTTTC AT CACCC CAAACACCCTCCTCC CAC AACC CTCTACCCT CCACC TTCC AC AAC TCCC CTC

1 5 9 B C AT CC CAC TC TC AT CCAAC AC TT CACTC CAGC CT TTC AC AC CACTC TC CACATAC TC CC TC TCC AAAC TAACC AC TC AC T

1G7B ACC TC CCT TCGC CACCC CCTC AG GATTC TT TC TC CCC ACCACTCCCTC AC TC CTC CAAT TC ACC CC TAAATCC CAAG TC T

1 "7 5 B CTCTT CACTC CCTC AAG AATT AG CC CCC CAAC TACAC ACCCCC AACCC AC AG CCAAC CATC TAG TC TACT TCC CAAT TC C

1 B 3 B C AC ATTTT AAAT AAACACAAATT TT TAT TT CT TC TA
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Vascular Smooth Muscle a Actin

Top line - Rat mRNA for Vascular Smooth Muscle a Actin

Bottom line - Mouse mRNA for Vascular Smooth Muscle a Actin
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TIE-2

Top line - Rat mRNA for TIE-2 (partial sequence)
Bottom line - Mouse mRNA for TIE-2

1 G GG AAG1C GC AAAG 11G 1C AG 11 CI 1GAAACC 11 CCC AG GG AG 1CA1CCI CA1C1 CI GG AC GC1 GG A1 GG GGAGA1C1G G

B 1 G GAAG 1A1 GG AC 1C 111 AG CC GG CI 1AG 11 CI CI GIG GAG1 CAGC11GCI CC 111 A1 GG AC 1AG 1AGAAG GIG CC A1 GG A

1 e 1 CCI CA1C11G A1 CAA11 CC CI AC CI C11 CI CI CI GA1 GC CG AAACA1C CC 1C ACC 1GCAll GCC 1C 1G GG 1GG CACC CC C

1
24 1 A1C AG CCC A1 CACC A1AGG AAGG GAC111G AACC C11 AA1G AACCACC AC CAAGA1C CAC1 GGAGG 11 AC 1CAAG A1 G1 C

321 ACC AG AGAA1 CC CC GAAAAAAC11C 111 GG AACACAG AAAAGGCCAC1 AACA11AA1CC1GC11 A111C1C1C AAGC1CC

4D1 AG11C GAG GACAGG C1A1AAG CA1ACGC AC CA1G AAG A1 GCG1 CAACAAG CC ICC 11CC1ACC1CC1AC111AAC 1A1G A

1
4B1 CCG1GGAC AJGGGGAGA1 AA1C1G AACA1 A1C111CAAAAAGG1G11 AA11 AAAGAAG AAGA1GC AG1C A111ACAAAAA1

5 £ 1 GGC1C C11 CA1C CAC1C AG 1G CC CC GCC A1 GAAG 1AC CI GA1A1111AGAAG 11C AC 11 GC CGC A1 GC 1C AGC CC CAGG A

64 1 1GC1GG1G1C1AC1CGGCC AGG1 AC A1ACC ACGAAACC1C11C ACC1C AGCC11C ACCAGGC1C A11G11CGG AG A1G1G

"72 1 AAGC1CAG AAC1CCCCCCCCC AC1C1AGCCG1CC11C1AC1 AC11CCAAG AACAA1CCAC1C1CCC A1CAAGA1ACCCCC

BD1 G AA1G CA111 CC CC ICC 1G GC 111A1CG CG AG AACA1CI GAGAAAG CI 1G 1C AGC CC CACACA111 GC CAGGACC 1G 1AA

B B 1 AGAAA.CC1 CI AG 1G CAC CAGAAG GA1GC AAC1 CI 1A1 CI G11C 1G1CI CC CAGAC CC 11 AC GGG 1G 11 CC 1G1 GC CACAG

961 GC1GG AGGGGC11GCAC1GCAA1GAACC A1CCCC A1C1GC11AC1ACGGACC AGAC1G1 AAGC1CAGG1CCCAC1G1 ACC

1
1D41 AA1GAAGAGA1A1G1GA1CGG11CCAAGCA1GCC1C1CC1C1CAAGGA1CGCAAGGGC1GCAG1G1GAGAAAGAAGGCAG

1
1 121 GCC AAGGA1G AG 1C CAG AG A1 AG AGGA111 GC CAGA1 CACAll CAAG1 AAAG AG1 CC AAAA111 AACCCC A1C1CCAAAG

12D1 C CI C1CCC1CGC CAC1ACC 1AC1 AG 1CAAG AAA1 GAC CC 1AG1 CAAGC CAGA1GC CACAG1 GC1 CC AACC AAA1G AC 11 C

12 B1 AAC 1A1AC AG A1 CG 111 CI CAG1 CG CCA1All CAC1C 1C AACC GAG 1C 11 AC C1C CI GAC1 CAG CAG1 CI CCG 1C 1G CAC

13 61 1 CI GAACACAG1 GG C1G GG A1 GG 1G CAAAACC CI 11C AACA11 ICC G1 CAAAG11 CI 1C CAGAG CC CC 1G CAC GC CC CAA

1
1 44 1 A1G 1GAll GACAC1 GGACA1A AC 111GC 1A1C A1 CAA1A1C AG C1C 1G AG CC 11AC111 GG GGA1G GACC CA1 CAAA1C C

1
1 521 AAG AAGC1111C 1A1AAAC CI G1 CAA1C AG CC CI CGAAA1ACA11G AAG1 GACGAA1 GAGAll 11C AC 1C 1CAAC 1AC11

1 6D1 GGAGCCCCGG AC 1G AC1 AC CAGC1C1C1G1GC AG C1GCCCCG1CC1GG AG AG CGI CC AG AACGG CA1CC1GGG CC 1G 1G A

1 6 B 1 G AC GA111 AC AACAGCG 1C 1A1C GG AC1 CCCI CC ICC AAGAGG 1C1 CAG1 CI CC1 GC CAAAAAG CC AG AC AGC 1C 1AAA1

17 61 11G AC 11G GC AACC CA1 A111 AC AAAC1 CACAAG A1C AA1111 A1C 1G GAAG ICG AG AG GC GA! CC CI GC AAACAAC AAG

1 B41 1GA1C AGC AG AACA1CAAAG1 CC CI GCC AACC 1G ACC 1C GG 1G CIAC1 GAGC AAG 11 AG1CCCC AG GG AG CAG 1ACACAC

1 921 1CCGAGC1 AG AG1C AAG AC CAAC GC GCAGC GG CAG1C CAG1 GAAGAAC 1C AGGGCC1GG ACCC11AG1GACA11C1CCC1

1
2 DDI CC1CAAGC AG AAAACA1 CAAG A1C1CCAAG A1CAC1G AC1CCACAGC1 A1 CC 111 CI 1C CACAA1AC1 GC A1GGC1A11C

2 DB1 G A111C11CC A1 CA1CA1C e)ft£l A1 AAGC11C AG GGC AAAAA1 GAACACC AG CACl

2 6 ffiffijJlc "AjCff f»A *
2161

1 D 6
2241
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25"?
24D1

|CC CA.CAA77 7A7C C7C 7C CI TG JlC7 GG AA7G ACA7C AAC7 7

7 CAAC ACC 7G A7 CG GAG AG GG CAAC 777 GG CC AG G77 C7 GAAG GCACG CA7C AAG AAGG A7 GGG 77 AC GG A7G GA7G CC G

C CA7C AAG AG CA7G AAAGAG7 A7 GC C7C CAAACA7GA7C AC AG GGAC77CGC AGG AG AAC7 GCAGG 77 C7 77G 7AAAC7 7

G GACACCA7C CAAACA7 CA7C AA7C 7C7 7G GG AG CA7 G7 GAAC ACC GAGG C7 A77 7G 7ACC 7 AG C7 A7 7G AG7 A7 GC CC C

G CA7G CAAAC C7 CC 7GG AC 77 CC 7G CG7 AAGAGC AGAC7 GC 7AGAG AC AG AC CC7 GC 77 77 GCC A7 CG CC AAC AG 7ACAG

C 77 CC ACAC7 G7 CC 7CC CAAC AG C7 7C7 7C A7 77 7GC 7G CAGA7G7 GG CC CG GGG GA7G GAC7AC7 7G AG CCAGAAACAG

7 77 A7 CCACAGG GACC7 GG C7 GC CACAAAC A7 77 7AG 77 CG 7G AAAAC 7ACA7AG CC AAAA7AG CAGA77 77C GA77 G7 C

ACG AG G7C AAGAAG 7G7 A7 C7 GAAAAAG AC AA7G CCAAG GC 7C CCAC7 GC G7 7GG A7 GG CAA7C GAA7 CAC7G AAC7 A7 A

G 7G 7C 7A7 AC AACC AAC AG 7G A7 G7 C7G G7 CC 7A7GG 7G 7A77 GC7 C7 GG CAGA7 7G 77 AG C77 AG GAGG CAC CC CC 7AC

7 GC GG CA7 GACG 7G CGC GG AG C7 C7 A7G AG AAGC 7AC CC CAGG GC7 AC AG GC 7GG AG AAGC CCC 7G AAC7 G7G A7 GA7G A

G G7 G7 A7G A7 C7 AA7CACACAG7 GC 7GG AG GG AG AAG CC 77 A7 G AG AG AC CA7CA77 7G CC C AG A7 A7 7G G7G 7C C7 7AA

ACACC A7G C7 GG AACAACG GAAG AC A7ACG 7G AACAC CACAC7 G7A7G AG AAC77 7ACC 7A7GC AG GAA7 7GAC7 GC 7C 7

G CG GAAGAAG CAGC C7ACAGC AG AAC7C 77 CA7G 7AC AACG GC CA7 77 C7 CC 7
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TIE-2 (Human)

1 cttctgtgct gttccttctt gcctctaact tgtaaacaag acgtactagg acgatgctaa

61 tggaaagtca caaaccgctg ggtttttgaa aggatccttg ggacctcatg cacatttgtg

121 gaaactggat ggagagattt ggggaagcat ggactcttta gccagcttag ttctctgtgg

181 agtcagcttg ctcctttctg gaactgtgga aggtgccatg gacttgatct tgatcaattc

241 cctacctctt gtatctgatg ctgaaacatc tctcacctgc attgcctctg ggtggcgccc

301 ccatgagccc atcaccatag gaagggactt tgaagcctta atgaaccagc accaggatcc

361 gctggaagtt actcaagatg tgaccagaga atgggctaaa aaagttgttt ggaagagaga

421 aaaggctagt aagatcaatg gtgcttattt ctgtgaaggg cgagttcgag gagaggcaat

481 caggatacga accatgaaga tgcgtcaaca agcttccttc ctaccagcta ctttaactat

541 gactgtggac aagggagata acgtgaacat atctttcaaa aaggtattga ttaaagaaga

601 agatgcagtg atttacaaaa atggttcctt catccattca gtgccccggc atgaagtacc

661 tgatattcta gaagtacacc tgcctcatgc tcagccccag gatgctggag tgtactcggc

721 caggtatata ggaggaaacc tcttcacctc ggccttcacc aggctgatag tccggagatg

781 tgaagcccag aagtggggac ctgaatgcaa ccatctctgt actgcttgta tgaacaatgg

841 tgtctgccat gaagatactg gagaatgcat ttgccctcct gggtttatgg gaaggacgtg

901 tgagaaggct tgtgaactgc acacgtttgg cagaacttgt aaagaaaggt gcagtggaca

961 agagggatgc aagtcttatg tgttctgtct ccctgacccc tatgggtgtt cctgtgccac

1021 aggctggaag ggtctgcagt gcaatgaagc atgccaccct ggtttttacg ggccagattg

1081 taagcttagg tgcagctgca acaatgggga gatgtgtgat cgcttccaag gatgtctctg

1141 ctctccagga tggcaggggc tccagtgtga gagagaaggc ataccgagga tgaccccaaa

1201 gatagtggat ttgccagatc atatagaagt aaacagtggt aaatttaatc ccatttgcaa

1261 agcttctggc tggccgctac ctactaatga agaaatgacc ctggtgaagc cggatgggac

1321 agtgctccat ccaaaagact ttaaccatac ggatcatttc tcagtagcca tattcaccat

1381 ccaccggatc ctcccccctg actcaggagt ttgggtctgc agtgtgaaca cagtggctgg

1441 gatggtggaa aagcccttca acatttctgt taaagttctt ccaaagcccc tgaatgcccc

1501 aaacgtgatt gacactggac ataactttgc tgtcatcaac atcagctctg agccttactt

1561 tggggatgga ccaatcaaat ccaagaagct tctatacaaa cccgttaatc actatgaggc

1621 ttggcaacat attcaagtga caaatgagat tgttacactc aactatttgg aacctcggac

1681 agaatatgaa ctctgtgtgc aactggtccg tcgtggagag ggtggggaag ggcatcctgg

1741 acctgtgaga cgcttcacaa cagcttctat cggactccct cctccaagag gtctaaatct

1801 cctgcctaaa agtcagacca ctctaaattt gacctggcaa ccaatatttc caagctcgga

1861 agatgacttt tatgttgaag tggagagaag gtctgtgcaa aaaagtgatc agcagaatat

1921 taaagttcca ggcaacttga cttcggtgct acttaacaac ttacatccca gggagcagta

1981 cgtggtccga gctagagtca acaccaaggc ccagggggaa tggagtgaag atctcactgc

2041 ttggaccctt agtgacattc ttcctcctca accagaaaac atcaagattt ccaacattac

2101 acactcctcg gctgtgattt cttggacaat attggatggc tattctattt cttctattac

2161 tatccgttac aaggttcaag gcaag&atga agaccagcac gttgatgtga agataaagaa

2221 tgccaccjJtc attcagtatc agctcaagg1>^ctagagcct gaaacagcat accaggtgga

2281 catttttgca gagaacaaca tagggtcaag caacccagcc ttttctcatg aactggtgac

2341 cctcccagaa tctcaagcac cagcggacct cggagggggg aagatgctgc ttatagccat

2401 ccttggctct gctggaatga cctgcctgac tgtgctgttg gcctttctga tcatattgca

2461 attgaagagg gcaaatgtgc aaaggagaat ggcccaagcc TTCCAAi^CG tgagggaaga

2521 accagctgIg cagttcaact cagggactct ggccctaaac aggaaggtca aaaacaaccc

2581 agatcctaca atttatccag tgcttgactg gaatgacatc aaatttcaag atgtgattgg

2641 ggagggcaat tttggccaag ttcttaaggc gcgcatcaag aaggatgggt tacggatgga

2701 tgctgccatc aaaagaatga aagaatatgc ctccaaagat gatcacaggg actttgcagg
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2761 AGAACTGGAA GTTCTTTGTA AACTTGGACA CCATCCAAAC ATCATCAATC TCTTAGGAGC

2821 ATGTGAACAT CGAGGCTACT TGTACCTGGC CATTGAGTAC GCGCCCCATG GAAACCTTCT

2881 GGACTTCCTT CGCAAGAGCC GTGTGCTGGA GACGGACCCA GCATTTGCCA TTGCCAATAG

2941 CACCGCGTCC ACACTGTCCT CCCAGCAGCT CCTTCACTTC GCTGCCGACG TGGCCCGGGG

3001 CATGGACTAC TTGAGCCAAA AACAGTTTAT CCACAGGGAT CTGGCTGCCA GAAACATTTT

3061 AGTTGGTGAA AACTATGTGG CAAAAATAGC AGATTTTGGA TTGTCCCGAG GTCAAGAGGT

3121 GTACGTGAAA AAGACAATGG GAAGGCTCCC AGTGCGCTGG ATGGCCATCG AGTCACTGAA

3181 TTACAGTGTG TACACAACCA ACAGTGATGT ATGGTCCTAT GGTGTGTTAC TATGGGAGAT

3241 TGTTAGCTTA GGAGGCACAC CCTACTGCGG GATGACTTGT GCAGAACTCT ACGAGAAGCT

3301 GCCCCAGGGC TACAGACTGG AGAAGCCCCT GAACTGTGAT GATGAGGTGT ATGATCTAAT

3361 GAGACAATGC TGGCGGGAGA AGCCTTATGA GAGGCCATCA TTTGCCCAGA TATTGGTGTC

3421 CTTAAACAGA ATGTTAGAGG AGCGAAAGAC CTACGTGAAT ACCACGCTTT ATGAGAAGTT

3481 TACTTATGCA GGAATTGACT GTTCTGCTGA AGAAGCGGCC TAGGACAGAA CATCTGTATA

3541 CCCTCTGTTT CCCTTTCACT GGCATGGGAG ACCCTTGACA ACTGCTGAGA AAACATGCCT

3601 CTGCCAAAGG ATGTGATATA TAAGTGTACA TATGTGCTGG AATTCTAACA AGTCATAGGT

3661 TAATATTTAA GACACTGAAA AATCTAAGTG ATATAAATCA GATTCTTCTC TCTCATTTTA

3721 TCCCTCACCT GTAGCATGCC AGTCCCGTTT CATTTAGTCA TGTGACCACT CTGTCTTGTG

3781 TTTCCACAGC CTGCAAGTTC AGTCCAGGAT GCTAACATCT AAAAATAGAC TTAAATCTCA

3841 TTGCTTACAA GCCTAAGAAT CTTTAGAGAA GTATACATAA GTTTAGGATA AAATAATGGG

3901 ATTTTCTTTT CTTTTCTCTG GTAATATTGA CTTGTATATT TTAAGAAATA ACAGAAAGCC

3961 TGGGTGACAT TTGGGAGACA TGTGACATTT ATATATTGAA TTAATATCCC TACATGTATT

4021 GCACATTGTA AAAAGTTTTA GTTTTGATGA GTTGTGAGTT TACCTTGTAT ACTGTAGGCA

4081 CACTTTGCAC TGATATATCA TGAGTGAATA AATGTCTTGC CTACTCAAAA AAAAAAAA

193



Glucocorticoid Receptor

Top line - Rat mRNA for GR (partial sequence)
Bottom line - Mouse mRNA for GR (partial sequence)

24H1
2 395

2 5 51
2 47 3

2 541
2 5 52

2 951

3 D41 ATCCCCAGCTCCTTCAC ACCTTTCCTAC ACCCTAACATT AATT TCC CT CT CAAAATC CC TC CCT CC TT CT ACCCTCTTCC

3 121 C AC CACCT ATCACAAGACC ACAC AAA77CAC7CAGAT CT CC AG TAT TCTTCT 7AAAAAG CICTT ACTCTC TAT AT A1C1G

3 2 D1 C11CC A7G CAGAA77ACA7 AG CC 7G AGCAC AT TACAT AG GC TG AGC AG ATTAACCGT CC TAACTGG TG TAGAC CACC TAG

3 2 B1 TCC AGTGACCTTCTCCCTAAACCCTCGATC ATCGTTACACAAG ACTCCTCCC AAAACACTAACT ACCAAAACCCCCCTTT

3 3 61 C CATC TAATC CACC ATC TC TT CAAT GGG GAGATAGCAAC CAAG CCC GT AAAT C AG CT CT TT CAG GACC TT CTG GAGT GG T

3 441 T TG CATAACATT TT AAAAT GT AT TATTC CAGATAGCC AG CT CT CAT AAAG CC CAG AG AT TG TTT AATC AG ACC AACT AAC

3 521 T TC TC TCATT AAAC TTACC CC CAAC TAAAT CG CT AATAC AG CAAGAATGG CT AGACACCCATTT TC ACAT CTC AC CC GC A

3 6 D1 C CG AT TGGTCTAGC TCT CATC GT GC TCAGG AG AATCAGC TACT GAT TT TT GTTAC TT AG AATNT TCAG GACTC GC AT TT N

3 6 H1 T CC NN CTACACATC CCT AC AT GT GC CAT AG AATTTAACACAAGTCC TG TG AACTTCT TC AC ATT GAGAAT TAT CATT TT A

3 7 61 AAC AAAAC AG AAGC ACT AG TAGC CC TTT CT NT GT GCACC TT AC CNN CT TT CT NTG AC TC AAAGC TT AATATGC TT AC TAA

3 041 CCC AC AAG AAATCNGATTTCH ACTT AAAGGCGCC AAATT ATTTGTCTAAT AG AAAAACTGAAAATCTAAT ATT AAAAAT A

3 921 T GAAACTT CT AATATAT TT TT AT AT TTACT TATAGTT TC CATATAT AT CATATCGGT AT TC ACT GATC TT CGC AAAG GC A

4 D D 1 AAG GG CTACT GC AG CTT TACATC CAATT TATT AACTG AC TG TAAAATAGC TC TAT AG TAAT AAC AATG AC TTT TACT GAG

4 D B 1 ATT GC TTT AT CATC ACATC TT AT AT ATT TT TC GT AGG CG TC AAAGAAATATT GAT GG AT AT GAT AG CC TATAT CATT TAA

4 161 TNG TATAT AAAACC ATN CAAACACG CCT 7AAC CC GTC TT GC AAANN AAAATACCT TT GT TC TAAGC TAGG GAAGC CAGC N

4 241 CCACANNCCCCCCCTGTGT ATNCCAGCTTCCCACCCTCGCATNNAACACATCNAN AGCCCATCT AATTCCNTACCTCCAT

4 321 C TAAT TAC CT CACC ACC CATC AT CC TGT CAGT CN AGG NN NG GT TAT TAAATC CCC CG TT AT ACT AATATAAAT AG CANAG

4 4 D 1 AAC GG TGG CG CT CACCT CT GT TC CAGGC GC CG CAGTAGC AG GG TTATT TT CC ATG CAGC CT CCC GACAAG GTT AG CAGAG

4 4 B1 G CAGG CTT TG GC AAGTT TG GC CT GG CGT GC AT AG AGG CACC AC CAACATC TAAAC CT AAAG AGC CC AT AG GAACC CAAG A

4 5 61 ATACACTAAT CC TC CCC AC CC TT CAATAGT CC AT TTC CAAG TAAGATG AG GACAT GC TT AT GTT TT CT TT GAATG CT TT T

4 641 ACAAT GTT CT TATT TTC AG TATT TT GCACAAATT ATT TAAT AAAAAAG TATAATT TC AATT CTC TC TAAAAGC GATT GT 1

4 721 C AG TT TGT AATG GT TTAAATT GG TC TCAAACT AC TTT AACATAATT GT AACC CAG CT GG AT CTG AAAT TT ATG GT GC CT A

ACT GT CAG AG AC GG ACC CC AC CT AAACC AC CC TG CCC AACT CC ATC TG GT TC AAC TT TC TC ACT CAGAAC TTT AC AC TT G

G CT GG GTAAAAC TT TCT AG AC TT TC TCT TG GT GT ATT TT TC CC ATG TATAGT TAG CATC GT ATT TT GATT TAT GC AT GC A

G CT CG TT TCT CT TC AATAATT TT TG TAT TC CAGT TAT TG TACAGCT GT TT AAG
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Mineralocorticoid Receptor

Top line - Rat mRNA for MR
Middle line - sequence derived from RT-PCR product from rat aortic RNA
Bottom line - sequence derived from RT-PCR product from mouse aortic RNA

1 Jk.CJk.CJk.CJtC JkC JkC JkC JkGA JkC CACT CI CTAJkC CACT C1C TATC GC CGACCTC 1C JkCC GG CC JkC CCC JkG CC CI CCAJkG GG CG G

1

HI CCAJkACCCCCCCTTCCCCCCT JkC CCCNGCCCCCT CTT JkC CCCTCCACTCCTC CCC TCCCCCCJtC CTCC JkG JkGT CACC CCC

1

lfil Jk.CC CC JkJkC CAGC JkG CCC CG GJkGJkCC CCC CG CC CC CJkG CAJkC CC C JkC 1GC7GCCCJk.CC CC CN CGI CC 7C JkC JkGC CC CCTCC

1

241 CCC CG GIT 1AAT GC CGC CG GC TC GC CGG CG CC CC CTC CAJkC JkC CGI AT CT GC JkCT GT CG CT CTATT JkC TC TJkC CC JkC CG T

1

32 1 C JkGTAGGGCG JkCTCCCGCC AT TG CT JkTCCTCTCC JkTC CT CATT CCC CATC JkG CCACT AT TG G JkC TT GC TG GTAGC GG CG C

1

A D1 C JkC CG CCG GAGG CG CCG GG JkG TC TC GCT GC CC CC CTC CC CC GC CCACC CT CC CTAJkC AT CT CCT JkG AAJkACCT AT CG JkAA

1

4B1 C CA JkAGGC TACC JkC JkCT CT CC CT CAJkGC CC TAGACAT GG JkAJkG GCG CT GG JkC TCAJkC TG TC TCAGACC TT CCAGC GT TC T

1

5 El TCACTTCC AC CT GC AGAGACC JkC CACTC JkG JkACAJkCT JkC AT GG JkGATT CT CAJkCC TC JkG CT CCG TT TC CC CTC CT AT TC C

1

6 A 1 G JkACAJlCACT JkC TC JkJkC GAJkG CACC JkJkAGAJkAJkG C JkC GAAT TACTC CC TT JkC ATT CACC JkAG JkC JkATACT CCG TC TG CG A
1
1

72 1 T TT TG CCATC JkC AT ATT JkAJkACT GAGCT CG JkATC CJkACC AACT TTC JkG CC JkC GGT JkC CT CACTCCATC CG TTT AT AT AT C
1
1

BD1 C AT TC TGT CAGAGATGC CC JkG TACACTT JkC CATC JkCC JkC JkACC JkJkC JkACC JkACCC TC JkG CC CAACAJkAGATTT AT CAJkAA
1
1

BB1 C AT GG JkGC AC CT CG TGAAC TT TT AC AAACACAAT CCT CACAGG TCCTCCACACTC JkG TG CT ATC JkG CACACCTTTGACGT
1
1

9 61 C AT TC ATG CC TG JkC TCT GC JkG CC TC CAT CAAT CG TCG CC CC TT CCG TG CC AT CCT GAJkG JkG CCC TATC AT CTG TC AT GAG

1

1 LA 1 AJkG JkG CTC TT CT GT T JkG CACC CC GC TGAJkC AT GG CAT CT TC JkG TAT CC JkG CC CTC TG GG CATCAJkC TC CATGT CC TC CT C

1

1 121 C AC CACTAGC TT TG CTACT TT CC CAGTG CACACT CCC AT CACT CJkAGG JkACC TCACT GACATGC TC CC CC JkGT GT CG JkAA

1

1 2 D 1 ACAGAGGCTC JkACC TCACACACC CC CJkC JkC AT GC CJkG CAJkCCTCCC CTCCCC TCT TT CAJkG TCC AT TG JkG CJkC CATC JkAA

1

1 2 B1 TCTCC JkAT CTCC JkG CCC TCCAJkG TCJkTTGC JkG TGTJkAJkATC TCCJkG TCTCCAGTC CAJkATAJkCGTCCCTC TCC GCTC CTC

1

1361 T CT CT CCAGC CC GG CAAAT CT CAJkC J. JkC TC JkAGG TGC TC CG TT TCC JkC CC CT TCC JkACA JkC JkCC JkACAAT JkGATC CACAC
1
1

1 441 T CT CC JkGC CC GACAGCC JkG CACACT GGG CT CC AT CCG CAGC CC CAT CACC JkATGC CT TC JkG CTATG CC JkC TTC JkC GC CC T

1

1 521 TCTGCTGG JkG CCGG TGC CATC CAGGJkTGTGGT TC CTACT CC JkG JkCACC CACGJkCAJkAGG TG CTC JkC GACG TTC CTTT CCC

1

1 E D1 T JkACACJkG JkG CAJkG TCG JkG JkAGG CC JkTC TC CAAT CCT CT GACT GGC CC CC TC JkJkC AT TC TC CJkC TACATAJkJkATC JkG JkAC
1
1

1 EB1 C JkG ATCCCGCTTTC JkGC JkGTTCCTCTCT JkG CACC JkJkACACC JkA JkAT CACC CCCJkC TT CTCC ATT CTCTGT JkCC JkATA JkAC
1
1

17 El C JkACACTC JkAGC JkAGCACT CATC TT CJkG CCCCCTCTTTT JkA JkG CCAJkC CCCACCC TC JkACC CATTT CC AT TCATC CATC C
1
1
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141
1
1

21
1
1

l D 1
1
1

0 1
1
1

61
1
1

4 1
1
1

121
1
1

ID1
1
1

01
1
1

61
1
1

41
1
1

21
1
1

ID1
1
1

101
1
1

61
1
1

41
1
1

21
1
1

D 1
1
1

01
1
1

61
1
1

41
1
1

21
61
61

C TC CI JkCZ TT TC CT TTATC CATC AT AAC CACT AT TAT TC CC TATCACC AATC TTACC AC CACCT CT CC CC CCC TT TC AT C

C TACC TCC CACC AC ACC CC AT TC CC ACT CC CC AT TAACC AACAACC AC AT CATCC CACC TATTACC CT CAACC CACC AT C

C CATC ATC TC CT AT CCT TC CT CT GAATT CC CC TC CAC AC TC CT TTC AC TACC CCATT CG TC CTC AACC TACAATATC TT T

ATC AC CCT CACC TACAC AC CAAT CT TTC CAAC AC TTC AC TT CC TTC CC AC CT CTC AATACATTACT CC AATCATC CAAAC

C AC AC CCT CACC TC TCATC TAGC AC A AC TC AT CC CTATC CC CT CCT AC AC TACAT TC CACAAAACC TC TC AAC CT CT AC T

T TACC AAC TC TT TC TAC TC CATC CT CAACACC TT CCAAC AT CT CTT TC CT CT CTC CACATC ACC CT TC TC CCT CT CACT A

T CC CC TAG TC AC CT CTC CC AC CT CC AAACT CT TC TTC AAAACACCC CT GC AACCC CAAC AC AAC TATC TC TCT CC TC CAA

G AAAT CAC TG CATT ATT CATAAC AT TCC CC CAAAGAACT CT CC TGC CT CC AC CCT CC AC AAATC CC TT CAACC TC CC AT C

AAC TT ACC AC CT CC AAACT CAAACAACC TC CC CAACT TAAAAC CCC TC CACG ACC AC CAAC CAC AC CACC CCC CACC AC C

C CC AC CCC AC AC TC CAC AACACC CG ACC AC AT AC ATC CC TC CC ACC AACC AG CCATC GC TC AAC TC TC CC CTC CT CC CC C

ACC TC ACC TC CATT ACC CATC CACT CAC AC CATC CCC CC CC AT CAT CC TC CACAACATC GAGCC TC AC AC CCT CT AT CC A

C CC TACCACAAT TC CAACC CC CACACCC CC CACACCC TC CT CT CCACC CT CAACC CC CT GC CAC CC AAAC ACATC AT CC A

C CT CC TCAAC TC CC CCAAG CT AC TT CCACC AT TT AAAAACT TC CCT CT CC AG CAC CAAATC ACC CT CATC CAC TATT CT T

C CATC TCT CT AT CATCC TT CC CT TT CAC TT CC AC ATC CT AC AAACACACC AACAC CC AACT CCT CT AT TT TCC TC CACAC

C TACT TTT TAAT CAACACAAC AT CC ATC AC TC TC CCATC TATC AAC TC TC CC ACC CC AT CC GCC AC AT CACCC TT CAAT T

C CT CC CCC TC CACC TCACC TT TC AC CAC TACT CC ATAAT CAAC CTT TT CC TC CTACT AACC ACACT TC CAAAACATC CC C

T CAAC ACC CACC CT CCATT TC AC GAGAT CACC AC AAATT AC AT CAAAG AA ZT CAC CAAAAT CCT CACC AACTG TC

ACT TC TCC AC AC AC TTC CC AC AG CT TCT AC CAAC TCACC AACC TTC TACACT CCATC CATC ATC TC CT CACTMC CT CC T

ACAAT TCT CC TT CT ACACC TT CC CACAATC CC AC CCT CT CAAC CTC GACT TT CCC CC CATC CTG CT CC AG ATC AT CACC G

ACC AC CTC CC AAAC CTC CACT CT GGCAATC CC AAACC CC TT TACTT TC AC AC AAACT CACC CCACATACC CCC CACC AAG

AAC TT CCC CT TAAC TTT CC C|

ccITC]
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3 6 01 i-C
141
14 D

jgfTilgp
- CCTGAGC TGALCTAAGCH2ACTCTTCCCTCTCCACTCCC fcCATGTTCCCGT TC CTCTG CATCA

2 9 9 C1C1C GCTTCTTTTCWtWCCTT CAAAGCACT AG AGA

^IQffiAAC TGTCC CC 1ACCGGG CACG TT TTT 1C 1G CAT

AJH NNC

3 996 C GC TG GCA1ACG CAC1C CT TAGXpfc CCATTTATTAll TAAT TACAA1C GA1AAGA1G IT AAATG CC TT GG TTT CAAATT T

4 D7 6 CTAGT ATC TATT GT GTT GG CT TT AC AAATAAT TT TTT GC AG TC TTT TT GC TG TGC TG TATATTACT GT ATGTATAAATTC

4 15b T GAAG GAG CTCAAACAAGG TG TAAG GAG CT TT TG TAAAT GAAACAC AT TACAAAAAAGT CT TTAAT GG TT AAT AG GT TG A

4 2 3 6 ATGGG AAAGT AT TT TTG AAAG AATT CTATT TT GC TGG AG ACTATTT AAGT AC TAT CT TT CT CTAAACAAG GTAAAAT TT T

4 316 C TT TT GTA AC CT GAGAT GC TC TG CATGC GT AC TG ACC GT TT AC ACT GT AT TT AAG AG AG AC AAACC TG TG CCT TT TT TT A

4 3 9 6 G CT TC ATATC TAAT TTACC AT TT TACAG TC TG TT CTAAATAAC CAC AC TT AG ACC TC TT CG GTT GT CT CT AAG CC TT TC T

4 47 6 ACT TT TTC AG TACT ATT TG TT TT GT TCT TG GT CT CCC GC GT GG GAAGT GT TC GTG AC AC TC TAG TG CC CAGCT GT GG CT T

4 55 6 C TG CT TCT TCCCGC TTC CATC CGGG ATG CT CT GG CAG TG TC CT GCAGC TC CT GGC AG GT GACAG GAAC CACTG GT CC TG A

4 636 C AG TGCTCTCCTCC CCC CT CT CT CATAACAAG CACAG CC TCCTCTCTC AG AAAGG GAGACT GCAAAGATC GCC CAGAGAC

4 716 C AC AATTC TC CC AT TTC CACAAAAT CTC AT TT TC TCC TC TT GG GGAAAAT AT TCC AT GC AC CCT CC AC AC CTG TC AAAG A

4 7 9 6 T CACAAAG CC CC CT CTAGC CT TG GACAG GG TC TT CAC TC CT GG AGC CG GT CATGG CC AC AG CAAAT AT GG CAG CAGG TAC

4B76 ACC CAACT CATC TC CCT ATGACT CACAC AG AATG GCG TG GAGACCC AC AG AT CAC TAGAAG GTT TT TAGATTT TT TAAC G

4 95 6 T AG GT TTT AAAAAT GAAAATT TT AT ACATAAACAGTT TT GG AG GAAAAAAAC CAC AAAAAC ACT AC CAAT CAT CT AAGC A

5 D 3 6 AGACACTC CC AC TAAAATT TT AATT CAT TAAT CT CTC CAAT AC TCATC CG AT TTATG GC TT TTT TC TT GC CCC AAAT CAC

5 116 AGACATTT GT GT AT CTC TG GG GAAC TTC GG TATT GAT TG CACT AAATG AT CT CTT GATAGAGGC CAAATT AAT CT TT CAA

5 196 ACATG CTG ATGACT CTC AG AATT CC CAM HACC TAAGC TC ACCC AGAAG GC TG GGG CAAG GC TTG AG TG GG TCAGC GT TT C

5 27 6 C AC AG CCT TC AC CATGC AG GC AACATTACC GTGTCTCTC AC AC GAC GC CT GC CTT CT GC AACGC GAGACC CAG CG AC GC T

5 3 5 6 G AACT CAG AG GG TG GGC CC TT TC TT ACATC AT TT GCACC TT CAAGG AT TT AT TTATAGG CAGAT CT TT AG ACACACT CAA
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Endothelial Cell Dysfunction in Mice After
Transgenic Knockout of Type 2, but Not Type 1,

11 /3-Hydroxysteroid Dehydrogenase
Patrick W.F. Hadoke, PhD; Clare Christy, BSc; Yuri V. Kotelevtsev, PhD; Brent C. Williams, PhD;
Christopher J. Kenyon, PhD; Jonathan R. Seckl, PhD; John J. Mullins, PhD; Brian R. Walker, MD

ackground—11 j3-Hydroxysteroid dehydrogenase (11 /3HSD) isozymes catalyze the interconversion of active and inactive
glucocorticoids, allowing local regulation of corticosteroid receptor activation. Both are present in the vessel wall; here,
using mice with selective inactivation of 11/3HSD isozymes, we test the hypothesis that ll/3HSDs influence vascular
function.
ethods and Results—Thoracic aortas were obtained from weight-matched male wild-type (MF1X129 cross+ +),

1 1/3HSD1~'~, and 11 /3HSD2 mice. mRNA for both isozymes was detected in wild-type aortas by RT-PCR. 11/3HSD
activity in aortic homogenates (48.81 ±4.65% conversion) was reduced in both 11/3HSD1" " (6.36±2.47% conversion;
/><0.0002) and 11 /3HSD2"/_ (24.71 ±3.69; P=().()02) mice. Functional responses were unaffected in aortic rings
isolated from 11/3HSDP'~ mice. In contrast, aortas from llj3HSD2~'~ mice demonstrated selectively enhanced
constriction to norepinephrine (Emax 4.28±0.56 versus 1.72±0.47 mN/mm; P=0.004) attributable to impaired
endothelium-derived nitric oxide activity. Relaxation responses to endothelium-dependent and -independent vasodila¬
tors were also impaired. To control for chronic renal mineralocorticoid excess, MF1 mice were treated with
fludrocortisone (16 weeks) but did not reproduce the functional changes observed in 11/3FISD2mice.
inclusions—Although both 11/3HSD isozymes are present in the vascular wall, reactivation of glucocorticoids by
11/3HSD1 does not influence aortic function. Mice with 11 /3HSD2 knockout, however, have endothelial dysfunction
causing enhanced norepinephrine-mediated contraction. This appears to be independent of renal sodium retention and
may contribute to hypertension in 1 1/3HSD2 deficiency. (Circulation. 2001;104:2832-2837.)

Key Words: hydroxysteroid dehydrogenases ■ hypertension ■ aorta ■ endothelium ■ vasoconstriction

he 11 )3-hydroxysteroid dehydrogenase (11 jBHSD) enzymes
- catalyze the interconversion ofactive and inactive glucocor-
oids. Two isozymes have been identified: 11/3HSD21-2 is a
hydrogenase and converts Cortisol (corticosterone in mice)
to its inactive metabolite, cortisone (11-dehydrocorticoste-
ne), whereas 11/3HSD13 is predominantly a reductase in vivo
d regenerates Cortisol from cortisone (corticosterone from
-dehydrocorticosterone). 11 /3HSD2 is expressed in the distal
phron, colon, and sweat glands, where it protects mineralo-
rticoid receptors from inappropriate activation by glucocorti-
ids (reviewed in Reference 4). Deficiency or inhibition of
/3HSD2 results in activation of renal mineralocorticoid recep-
rs by glucocorticoids, producing the syndrome of "apparent
ineralocorticoid excess," with its characteristic sodium reten-
in, hypokalemia, and hypertension. 1 lj3HSDl is expressed in
any tissues in which mineralocorticoid receptors are not
esent, including liver and fat; its likely role is to reactivate
ncocorticoids and thereby maintain activation of glucocorti¬

coid receptors at sites where they have most influence on
metabolism.4'5

Both 11/3HSD1 and 11/3HSD2 are expressed in the vascu¬
lar wall, although their exact localization remains unclear.
11/3HSD1 has been demonstrated in rat vascular smooth
muscle,6 and 11/3HSD2 has been detected in human vascular
smooth muscle7 and cultured rat endothelial cells.8 Glucocor¬
ticoid and mineralocorticoid receptors are both expressed in
blood vessels, and corticosteroids have diverse actions on

vascular function.9 The presence of 11 /3HSDs suggests that
they influence vascular function by regulating local concen¬
trations of active glucocorticoids in the vascular wall. Inhi¬
bition of 11 j3FISDs potentiates the effects of glucocorticoids
in isolated vessels in vitro10'" and in dermal and forearm
circulation in vivo,12-13 but it is not clear which 11/3HSD
isozyme is responsible for these effects. Isozyme-specific
inhibitors of 11/3FISD are not available, and the nonselective
inhibitor carbenoxolone damages endothelial cells in vitro.14
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We recently developed genetically manipulated mice deft-
ient in either 11/3HSD15 or 11/3HSD2.15 We have now used
tese to test the hypothesis that 11 /3HSD isozymes influence
ascular function in mice. We aimed to elucidate the respec-
ve importance of each isozyme, identify the pathways
ffected by glucocorticoid metabolism in the vessel wall, and
ssess the relevance of these changes in vascular function to
ypertension.

Methods
*lice

/ ^USD-Knockout
enetic inactivation of 1I/3HSD15 and 11 /3HSD215 isozymes was
tscribed previously. We investigated homozygous null (—/-) male
ice from both transgenic groups and matched controls (first
.-ncration MF1XI29 cross). 11 /3HSD1mice (n=IO) were age-
atched (99±3 versus 100±2 days) and weight-matched (39±2
:rsus 37± 1 g) with controls. 11/3HSD2""" mice (n=8) tended to be
der (123±ll versus 98±4 days; P=0.07) than weight-matched
7±2 versus 39±2 g) controls.
hronic Mineralocorticoid Excess
lineralocorticoid excess was produced in MF1 mice by subcutane-
ts implantation under halothane anesthesia of a pellet impregnated
ith fludrocortisone (50 mg as a 1:4 mixture of fludrocortisone
etatc and Silastic elastomer (MDX4-4210; Dow Chemical Corp).16
x-week-old, male MF1 mice (Bicester, UK) were treated with a

ngle fludrocortisone-impregnated (n=12) or elastomer-only
= 12) pellet for 102±8 days. Three fludrocortisone-treated mice
ere killed because of wound breakdown, and 1 control mouse was
ilhanized after injuring a forelimb.

'lood Pressure
lood pressure in the knockout strains has been reported else-
here.515 In mice treated with fludrocortisone or vehicle, systolic
ood pressure was measured by tail-cuff plethysmography in
mscious, restrained, warmed mice17 from age 13 weeks («30 g
idy weight).

issue Preparation
ice were killed by cervical dislocation or decapitation, and organs
ere weighed. The entire thoracic aorta was removed into physio-
gical saline solution (PSS) containing (mrnol/L) NaCl 119, KC1
7, CaCl2 2.5, MgS04.7H20 1.17, KH2P04 1.18, NaHCCF, 25,
,EDTA 0.026, and D-glucose 5.5). Two rings, 2 mm in length, were
ken for immediate functional studies. Sections of tissues from
lockout and control mice were frozen in dry ice and stored at
70°C for enzyme activity assays and reverse transcription-poly-
erase chain reaction (RT-PC'R).

1 /3HSD Activity
s previously described,6 ,8 aortas were homogenized in Krebs-
inger buffer at pH 7.4, and protein was measured colorimetrically.
vitro, 11/3HSD1 is an NADP(H)-dependent 11 j3-oxidoreductase,
hereas 11/3HSD2 is exclusively an NAD-dependent 11/3-
hydrogenasc. Dehydrogenase activity was determined6*18 by mea-
rcment of the conversion of 100 nmol/L [3H]corticosterone to
l]l 1-dchydrocorticosteronc in the presence of 200 /xmol/L NAD
NADP at 37°C for 240 minutes.

etection of 11/3HSD mRNA
>tal RNA was extracted from aorta, kidney, and liver from MF! mice
th TRizol (Gibco) and quantified with UV spectroscopy. Total RNA
jug) was reverse transcribed with oligo (dT) primers with a cornmer-
tl kit (Promega). Ten to 100 ng reverse-transcribed RNA was primed
th oligonucleotides specific for 1I/3HSD 1 (5'-AAAGCTTG-
i'ACWGGGGCC'AGCAAA-3' [where W indicates A or T] and
•AGGATCCARAGCA-AACTTGCTTGC-3') and 1I/3HSD 2 <5'-
2CCCTGCTTG-GCAGCCTACGGCA-3' and 5'-TCACATTAGT-

CACTGCAGCTG TCTTGG-3')- RT-PCR was performed as described
previously19 with different annealing conditions for 11/3HSD1 (30
seconds at 56°C) and 11/3HSD2 (1 minute at 62°C). Aliquots of each
RT-PCR reaction mixture (40 /xL aorta; 5 p.L kidney and liver) were
eiectrophoresed on a 2% agarose gel that was stained with ethidium
bromide and photographed under ultraviolet light.

Functional Investigations
Two rings from a test (transgenic or fludrocortisone-treated) animal
and 2 from a control were analyzed in parallel. Each was suspended
on 40-jtim wires in a myograph containing PSS at 37°C, perfused
with 95% 02/5% CO., for measurement of isometric force. The
endothelium was removed from 1 ring from each mouse by rubbing
the luminal surface, and the length of each ring was measured.
Normalization was achieved by stepwise incremental stretches of

the vessel and application of the LaPlace relation (P=T/r, where P is
the transmural pressure, T is the wall tension, and r is the internal
radius of the vessel) to determine the internal diameter under an
effective intraluminal pressure of 13.3 kPa (/„»). Arteries were
stretched to their optimum resting level (0.9 lum). The arteries were
contracted twice with NE-K (a mixture of 0.1 yumol/L norepineph¬
rine [NE] in KPSS [PSS containing 125 mmol/L K+]), once with NE
alone, once with KPSS alone, and finally with NE-K. Cumulative
concentration-response curves were obtained for 5-hydroxytryptamine
(5-HT; 1 nmol/L to 30 /xmol/L), KCI (2.5 to 320 mmol/L), and NE (1
nmoi/L to 3 /xmol/L). Vasodilator responses were obtained for acetyl¬
choline (AC'h; 1 nmol/L to 30 pmol/L) and the nitric oxide (NO) donor
3'-morpholinosydnonimine (SIN-1; I nmol/L to 30 pmol/L) in vessels
precontracted w ith 0.3 p.mol/L 5-HT. The influence of the endothelium
on adrenoceptor-mcdiated contraction made adrenoceptor agonists un¬
suitable for precontraction of these vessels. Preliminary investigations
indicated that 5-HT was a suitable alternative.
In some vessels, concentration-response curves to NE were

repeated after incubation (30 minutes) with the NO synthase (NOS)
inhibitor /VG-nitro-L-arginine (10 "4 mol/L).

Drugs
Fludrocortisone acetate was obtained from 1CN Biomedicals Inc,
SIN-1 from Alexis, [Tljcorticosterone from Amersham Life Sci¬
ences, high-performance liquid chromatography solvents from Rath-
burn Chemicals Ltd, and other chemicals from Sigma BDH.

Statistics
Results are mean±SEM for n mice. Enzyme activities were compared by
1-way ANOVA. Contractions are expressed as force per unit length of
vessel (mH'mrn) and as percentage of the maximum response to KPSS (to
control for vessel size). Relaxation is expressed as percentage of precon¬
traction with 5-HT. Sensitivity to agonists is expressed as negative loga¬
rithm of the concentration necessary to produce 50% of maximum re¬
sponses (pD2 for constrictors; -loglC,, for dilators). Response curves for
control and experimental tissues were compared by 2-way ANOVA with
Tukey post hoc test The effects of A/°-nitro-L-arginine were analyzed by
Student's paired I tests.

Results

Detection of mRNA for 11/3HSD Isozymes in
Normal Mouse Aorta
RT-PCR amplification products of 450 and 144 bp for
11/3HSD1 and 11/3HSD2, respectively, were detected in
aortas (Figure la). U/3HSD2 mRNA was also detected in
kidney, but not liver, whereas 110HSD1 mRNA was identi¬
fied in both tissues.

11 /3HSD-Knockout
As described previously,15 11 /3HSD2 mice had enlarged
kidneys (1.08±0.05% body weight) compared with controls
(0.82 + 0.05% body weight; P=0.002).
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gure 1.11 /3HSD isozymes in mouse aorta. A, 11 /3HSD1 and 2
RNAs in kidney (K), liver (L), and aorta (A) from MF1 mice
?tected by RT-PCR. B, Enzyme activity. NAD- (open) and NADP-
atched) dependent 11 /3HSD activity as percentage conversion of
irticosterone to 11-dehydrocorticosterone in aortic homogenates
om wild-type (n=12) and 11/3HSD1"'" (n=10) or 11/3HSD2"'-
=6) mice. Values are mean±SEM. *P<0.002, "P<0.0005,
'=0.055 vs wild-type by 1-way ANOVA and Tukey post hoc test.

'tzyme Activity
AD-dependent and NADP-dependent enzyme activities were
nilar in aortas from wild-type mice (n=12). Enzyme activities
:re reduced, but not abolished, in 1 lj3HSDC'~ mice (Figure
>, /-*<0.001; n=10). Activities were also lowered in mice
;king 11/3HSD2 (n=6), but to a much lower degree (Figure
>), with the reduction in NAD-dependent activity achieving
ily borderline significance (P=0.055).

iscular Function in ll(MSDl~/~ Mice
E-mediated contraction was similar in intact aortic rings
Dm lljSHSDl"'- and wild-type mice (Figure 2a). Both
moval of the endothelium (Figure 2a) and inhibition of
OS (not shown) increased the amplitude of this response

9 8 7 6 5

Norepinephrine (-LogM)

P<0.0001

7 6 5 4

Norepinephrine (-LogM)

Figure 2. Concentration-response curves to NE in intact (open)
and denuded (solid) aortic rings from transgenic (squares) mice
and wild-type (circles) controls. Responses were obtained in (a)
11 /3HSD1 -knockout mice (n=10) and (b) 11 (JHSD2-knockout
mice (n=8). Each point represents mean±SEM as percentage
maximum response to 125 mmol/L potassium (KPSS). *P<0.03
and NS, not significant vs intact arteries from knockout mice by
2-way ANOVA and Tukey post hoc test.

equally in both groups. NOS inhibition had no effect on
denuded arteries (not shown). Contractile responses to 5-fIT
and K.C1 (Table 1) and dilator responses to ACh and SIN-1
(Table 2) were also similar in aortas from 11/3 IISDC' and
wild-type mice.

Vascular Function in 11 fiHSD2~'~ Mice
In contrast, in intact aortas from 11/3HSD2~'~ mice, NE-
mediated contraction was substantially greater than in wild-

iBLE 1. Maximum Contraction (E^x) and Sensitivity (pD2) to NE, 5-HT and KCI in Aortas From 11(IHSD_/" Mice and Controls (+/+)
NE 5-HT KCI

Emax, mN/mm Emax, %KPSS p02 Emax, mN/mm Emax, %KPSS pD2 Emax, mN/mm pD2
th endothelium (n)
11 /3HSD1 (10) 2.07±0.40 103.4±13.9 7.34 ±0.07 5.21 ±0.50 288.8 ±23.5 6.76±0.07 1.99±0.18 1.55±0,03

11/3HSD1+'+ (10) 1.54 ±0.56 67.4±19.0 7.41 ±0.14 4.49±0.50 229.7±25.5 6.81 ±0.08 1,84±0.19 1.60±0.02

11/3HSD2-'- (8) 4.28±0.56* 146.0 ±16.7* 7.47±0.05* 6.63±0.40* 231.2± 12.9 6.85±0.07 2.37±0.26 1.63±0.02*

11/3HSD2+/+ (8) 1.72 ±0.47 73.8±22.0 7.76±0.16 5.35±0.31 229.4 ±21.1 6.66±0.08 1.74±0.16 1.51 ±0.02

thout endothelium (n)
11 /3HSD1 (8) 4.17 ±0.27 190.8 ±13.8 1.48 ±0.19 5.12±0.50 235.9±19.8 7.26±0.09 1.48±0.19 1.55±0.08

11 /3HSD1+,+ (8) 3.48 ±0.60 155.2±29.0 7.51 ±0.09 5.11 ±0.20 223.4 ± 14.1 7.08±0.15 1.70±0.16 1.65±0.06

11/3HSD2"'" (8) 4.32±0.34 209.1 ±16.6 7.58+0.10 4.69±0.39 226.7 +: 18.2 7.13±0.08 1.71 ±0.22 1.66±0.02*

110HSD2+/+ (8) 4.76±0.44 216.9±29.5 7.54±0.10 5.69±0.32 253.5±22.6 7.15±0.08 1.92±0.14 1.53±0.02

Results are mean±SEM for (n) mice. EmM values for NE and 5-HT are given in mN/mm and as percentage maximum response to KPSS.
*P<0.05 vs wild-type by Student's unpaired t test.
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TABLE 2. Maximum Relaxation (Ema„) and Sensitivity (—logIC50) to ACh and
SIN-1 Obtained in Aortas From 11 /3HSD1 mice and Matched Controls {+/+)

Acetylcholine SIN-1

Fmaxt % I09IC50 Fnaxi % —loglCso
With endothelium (n)

11/3HSD1(10) 65.5+10.5 7.51 ±0.19 96.5±1.6 6.11 ±0.18

110HSD1+,+ (10) 64.1 ±9.5 7.66±0.16 99.1 ±3.3 5.86±0.17

Without endothelium (n)

11/3HSD1-'- (8) 1.1 ±4.8 134.9±11.8 6.15±0.17

11 /3HSD1+,+ (8) 11.4+7.4 115.6±5.3 6.46±0.07

Results are mean±SEM for aortas from (n) mice.

pe controls and was unaffected by removal of the endothe-
im (Figure 2b). Thus, responses to NE in intact and
muded aortas from 11/3FISD2 mice were similar to those
denuded vessels from wild-type mice. Aortas from

/3HSD2 mice also showed enhanced contractile sensi-
rity to KC1 (Table 1), but this was much less substantial
an the difference in NE responsiveness and was not
idothelium-dependent. Contraction to 5-HT was not differ-
it in Hj3HSD2~'~ and wild-type mice (Table 1).
Inhibition ofNOS enhanced the response to NE in intact (but not
nuded) aortas from wild-type (1.47±0.36 versus 3.54±0.46
N/mm; P<0.001; n=12) but not 11/3HSD2"'" (4.25±0.73 ver-
s 4.94±0.73 mN/mm; P=0.29; n=5) mice. Responses to ACh
:re impaired in aortas from 11/3HSD2 mice (Figure 3a).
:sponses to SIN-1 were potentiated by removal of the endotheli-
n but were impaired in aortas from 11 /3HSD2~ '~ mice whether or
it the endothelium was present (Figure 3b).

hronlc Exogenous Mineralocorticoid Excess
lplantation of fludrocortisone pellets temporarily inter-
pted weight gain (for =7 days). Fludrocortisone increased
art weight (0.63±0.02% body weight versus 0.50±0.03%
>dy weight; P=0.006) and kidney weight (0.91 ±0.07%
idy weight versus 0.77+0.02% body weight; P=0.04) but
d no effect on liver, adrenal, and thymus weights. A trend
ward higher systolic blood pressure induced by fludrocor-
one was not significant (123±7 mmHg [n=8] versus
6±5 mm Hg [n=9]; P=0.38).

iscular Function
E-mediated contraction was not significantly different in aortas
>m mice receiving fludrocortisone or vehicle (Figure 4),
hough there was a trend for a small increase in responsiveness
NE with fludrocortisone in intact vessels. Contractile re-

onses to 5-HT and KG and dilator responses to ACh and
N-l were unaffected by fludrocortisone (Table 3).

Discussion
lis investigation, using unique 1 lflllSD mice, clarifies a
mber of contentious issues concerning the role of 11J3HSD
zymes in vascular tissue. We conclude that both isozymes
i present in the mouse aorta. Furthermore, 11/3HSD2,
her than 11/3HSD1, influences vascular tone in mice. Thus,
ribition of 11/3HSD2 is likely to account for previously
served effects of nonselective 11/3HSD inhibitors on vas¬

cular function in vitro1011-20 and in vivo.12-13-21 11/3HSD2
appears to mediate its effect on vascular function directly in
the vessel wall, rather than indirectly through its actions in the
kidney, because vascular changes in llj3HSD2 deficiency
were not reproduced by chronic renal mineralocorticoid
excess induced by fludrocortisone administration. Finally, the
altered vascular function associated with 11/3HSD2 defi¬
ciency is consistent with impaired inactivation of glucocorti¬
coids in endothelial cells, resulting in inhibition of NO
generation and thus enhanced contractility to NE.
Enzyme activities and RT-PCR show both lljSHSD

isozymes in mouse aorta. Their cofactor specificity is not as
clear-cut as in rat,18 and similar activities were observed with
NAD and NADP. 11J3HSD1 has been detected in several

(a)

Acetylcholine (-LogM)

(b)

SIN-1 (-LogM)

Figure 3. Concentration-response curves to (a) ACh and (b)
SIN-1 in intact (open) and denuded (solid) aortic rings from
11/3HSD2"'" (squares) and wild-type (circles) mice. Each point
represents mean±SEM. *P<0.01 vs knockout mice by 2-way
ANOVA and Tukey post hoc test.
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also suggest that inhibition of dehydrogenase activity (by
either isozyme) is functionally important.20-21 In vivo dehy¬
drogenase activity of vascular 11 /3HSD1 has not been ex¬
cluded by the present investigation, but the marked contrast
between the effects of knockout of the 2 isozymes suggests
that 11/3HSD2 provides the major vascular dehydrogenase
activity, loss of which results in increased intracellular
glucocorticoid levels and impaired action of the endotheli-
um-derived NO system. The role, if any, of 11 )3HSD 1 in the
vessel wall remains obscure.

11 j311SD2 also has important effects elsewhere. Loss of renal
11 ]3HSD2 results in activation ofmineralocorticoid receptors by
glucocorticoids.15 Previous investigations, however, suggest that
this is unlikely to account for the changes in vascular function.
In hypertensive models, increased contractile responses occur
with most agonists and are not endothelium-dependent. More¬
over, induction of renal mineralocorticoid excess with deoxy¬
corticosterone acetate and salt in rats resulted in enhanced
endothelial NO generation,22-23 rather than impaired NO activity.
Finally, 11 /8F1SD inhibitors affect vascular function in isolated
vessels10-11 as well as in vivo.12-13

Possible indirect effects of renal 110HSD2 inhibition were
addressed by chronic fludrocortisone administration to MF1
mice. This reproduced the cardiac and renal hypertrophy
detected in 11/3HSD2~'~ animals, but not the abnormalities of
vascular function. Blood pressure in fludrocortisone-treated
mice was not as high as in 11J3HSD2"'" mice; this is not
surprising, because induction of mineralocorticoid hyperten¬
sion in rodents usually requires salt loading and/or partial
nephrectomy. It is possible, however, that either the vascular
dysfunction is indirectly mediated in 11 (3HSD2 mice by
more severe hypertension or vascular dysfunction in the
11 /3F1SD2" " mice explains their more severe hypertension. The
difference between 11 /3HSD2 and fludrocortisone-treated
mice also suggests that vascular dysfunction in llj3HSD2~~
mice is not mediated by vascular mineralocorticoid receptors
and is most likely to be mediated by the glucocorticoid receptor.

TABLE 3. Maximum Response (Emx) and Sensitivity (pD2
Fludrocortisone-Treated and Control Mice

or -logics) in Aortas From

Fludrocortisone Control

Fmax pD2/—loglCso Fmax pD/HoglCso
With endothelium

NE 5.56 ±0.33* 8.35±0.25 4.35±0.37 7.94±0.19

5-HT 6.44±0.27 7.32 ±0.10 6.37±0.22 7.04±0.10

KCI 3.11 ±0.35 1.77 ±0.07 3.57±0.25 1,73±0.04

ACh 62.7 ±9.2% 7.13±0.14 62.9±8.5% (9) 7.42±0.23 (9)
SIN-1 79.4 ±11.7% (7) 6.54 ±0.50 (7) 99.9±1.9% 6.85±0.26

Without endothelium

NE 5.25±0.29 8.21 ±0.16 5.28±0.30 8.01 ±0.07

5-HT 5.35 ±0.47 7.84±0.09 5.26±0.33 7.53±0.14

KCI 2.67 ±0.32 2.02±0.13 2.69±0.36 2.01 ±0.11

SIN-1 99.6 ±1.7% (7) 7.08±0.32 (7) 104.3±2.2% 7.18±0.18

Results are mean±SEM. Data from 9 fludrocortisone-treated and 11 control mice, except where denoted in
parentheses. EITOK values are expressed in mN/mm for vasoconstrictors and % relaxation for vasodilators. *P<0.05
vs intact control by Student's unpaired f test.

Norepinephrine (-LogM)

gure 4. Concentration-response curves to NE in intact (open)
id denuded (solid) aortic rings from control (squares) (n=11)
id fludrocortisone-treated (circles) (n=9) mice. Each point rep-
sents mean±SEM as percentage maximum response to
?5 mmol/L potassium (KPSS). NS indicates not significant vs
tact arteries from control mice by 2-way ANOVA.

ood vessels,6 but data for 11 /3HSD2 are inconsistent.7
I /3HSD1 mice have negligible 11/3HSD activity at sites
which only the type 1 isozyme is expressed (eg, liver) but
trmal 11/3HSD2 activity (eg, in kidney).5 Therefore, the
sidual activity in aortas from these mice indicates the
esence of 11/3HSD2. Moreover, this is not "compensatory"
ir knockout of 110HSD1, because mRNA for both isozymes
as detected in wild-type aorta. The residual activity in
1/fIlSDl aortas and the modest effect of 11/3HSD2-
lockout on activity are consistent with mouse 11/3HSD2
tpression being restricted to endothelial cells,8 whereas
I /3HSD1 is expressed in vascular smooth muscle cells.6 The
nail contribution to total activity made by 11/3HSD2 could
us reflect the relative sparsity of endothelial cells. Potent
activation of glucocorticoids may occur, however, within
e endothelium.
Before the cloning of 11/3HSD21-2 and recognition of

I /3HSD1 as a predominant reductase in other cells,4 the
lility of llj3HSD inhibitors to potentiate the effects of
ucocorticoids on vascular function10 13 was attributed to

hibition of lljSHSDl dehydrogenase activity. Recent data
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Whether glucocorticoid receptor expression is altered in the
:ssel wall in 1 l/3HSD-knockout animals has not been tested
;re, but available data suggest very limited dysregulation of
ceptor expression in other tissues.24
The mechanisms by which glucocorticoids affect vascular
me remain controversial.9 Key targets include inhibition of
0 synthesis and potentiation of contractile responses to
E.25-26 In mouse aorta, NE-mediated contraction is charac-
ristically dependent on endothelium-derived NO. The pres-
lt results are consistent with an enhanced glucocorticoid
'feet in the endothelium to inhibit NO generation. Responses
1 5-HT and KC1 (which are not profoundly influenced by the
idothelium) were unaffected. The only discrepancy is that
isponses to S1N-1 were not enhanced in 11/8HSD2 defi-
ency, as would be expected if basal NO generation were
npaired.27 This suggests an additional impairment of soluble
janylate cyclase activity (the target for NO in smooth
luscle), which may be a feature of hypertension per se.28 It
mains to be seen whether similar impairments are evident in
distance arteries from these animals.
Ifthese findings in mice can be extrapolated to humans, they may
tve important pathophysiological implications. In conduit vessels,
idothelial function may be important in atherogenesis and arterial
tmpliance. There is also evidence that the same mechanisms
terate in resistance vessels. A patient with congenital 11(31 ISD2
jficiency displayed enhanced vasoconstrictor responses in the
irearm and dermal vasculature.13 Nonselective 11 /3HSD inhibitors
so potentiate vasoconstriction in the forearm and dermal resistance
:ssels of healthy volunteers.12'13 Most intriguingly, vascular
1/3HSD activity is impaired in several hypertensive animal mod-
s29,3° anj J ] |3HSD2 activity is impaired in some patients with
sential hypertension.31 It remains to be seen whether a defect in
tscular inactivation ofCortisol contributes to the enhanced vascular

sponsiveness to glucocorticoids32 and endothelial dysfunction
/ident in patients with essential hypertension.
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