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ABSTRACT

Corticosteroid hormones are produced by the adrenal glands and exert a wide
variety of developmental, homeostatic and adaptive effects on the body. They are

described as either mineralocorticoids (mainly aldosterone) or glucocorticoids
(Cortisol in man, corticosterone in the rat) and mediate their actions by binding to two

types of intracellular receptor. The mineralocorticoid receptor (MR, type I) binds
both aldosterone and physiological glucocorticoids with equal and high affinity,
whilst the glucocorticoid receptor (GR, type II) binds both physiological and
synthetic glucocorticoids with high affinity, but shows very low affinity for
aldosterone. Despite this unusual receptor profile and the fact that circulating
glucocorticoid levels can be a thousand-fold greater than those of aldosterone, the
mineralocorticoid is still able to exert its effects on the body by binding MR. This is
due to the protective role played by the intracellular enzyme 11 (3-hydroxysteroid
dehydrogenase type 2 (11P-HSD2) which selectively catalyses the conversion of
active glucocorticoids to their inert metabolites. In this way, 11P-HSD2 not only
prevents glucocorticoids from illicitly occupying aldosterone-selective MR, but also
determines their access to GR, thereby modulating glucocorticoid action both in the
periphery and in the brain.

This thesis describes the partial cloning of a mouse 11 p-HSD2 cDNA which
was used to generate riboprobes for determining 11P-HSD2 mRNA expression in the
adult mouse brain by in situ hybridisation. Comparison with 11P-HSD2 distribution
in the adult rat brain revealed distinct species differences; in the mouse, expression
was found exclusively in the nucleus of the solitary tract (NTS) whilst the rat brain
showed additional 11P-HSD2 expression in the subcommissural organ (SCO), the
ventromedial nucleus of the hypothalamus (VMN) and the amygdala. MR in these
regions are thought to mediate the central actions of aldosterone on blood pressure,

cardiovascular function and salt appetite, suggesting 11P-HSD2 may be the
mechanism by which these MR remain aldosterone-selective. The rat displays a

marked need-free salt appetite and also readily consumes salt solutions when
rendered sodium deficient by adrenalectomy or mineralocorticoid treatment. This
behaviour is not seen in the mouse and may account for the reduced 11P-HSD2
expression in its brain. Expression of lip-HSD2 in rat brain was also examined
following manipulation of salt balance by providing animals with a high or low salt
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diet for 14 days. Expression in the SCO was not affected by this regime, suggesting
11P-HSD is not a variable component of the SCO-adrenal negative feed-back loop.

11P-HSD2 was also studied in the neonatal rat brain where widespread
expression was seen across the thalamus and external granular layer of the
cerebellum, both areas associated with continued postnatal neuronal development.
11 P-HSD bioactivity was initially high but fell away during the third postnatal week,
correlating well with the pattern ofmRNA expression. These findings suggest 11P-
HSD plays a different role during development, possibly protecting sensitive
neurones from the potentially harmful effects of glucocorticoids by inactivating these
hormones before they can bind GR. Neonatal rats treated with an inhibitor of 11 P~
HSD did not show similar morphological changes in cerebellar morphology as those
animals treated with a synthetic glucocorticoid, indicating that 11P-HSD2 is not the
sole mechanism for maintaining an optimal glucocorticoid environment during early
postnatal development. Instead, animals receiving the 11 P-HSD inhibitor actually
showed a slight increase in brain weight at the end of treatment, possibly due to the
drug affecting another enzyme system.

In conclusion, I propose that 11P-HSD2 plays a dual role in the brain; during
development, its predominant action is to protect developing neurones by modulating
glucocorticoid access to GR, whilst in the adult, it ensures that those MR which
mediate the central actions of aldosterone on blood pressure and salt appetite, remain
aldosterone-selective.
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CHAPTER ONE

INTRODUCTION

1.1 Adrenal Corticosteroid Hormones

Corticosteroid hormones are described as either glucocorticoids
(predominantly Cortisol in man, corticosterone in the rat and mouse) or

mineralocorticoids (mainly aldosterone), depending on their actions in the body.
These are very potent hormones and affect systems as diverse as our body's
breakdown of carbohydrate, protein and fat for energy utilisation, the sensitivity of
our immune system, our salt and water balance, the maintenance of our blood
pressure and even our mental well-being (Hseuh and Tuck, 1990; Pescovitz et al.
1990; Miller and Tyrrell, 1995).

Cortisol and corticosterone are secreted by the cells of the zona fasciculata of
the adrenal cortex and are under the control of the hypothalamic-pituitary-adrenal
(HPA) axis. This is a neuroendocrine axis which regulates glucocorticoid hormone
production, both in response to stressors, and as part of the daily circadian rhythm in
glucocorticoid secretion (Figure 1.1). Corticotrophin-releasing hormone (CRH) and
arginine vasopressin (AVP) are released from neurones of the hypothalamus into the
hypophysial portal vessels where they act on basophil cells of the anterior pituitary.
These discharge adrenocorticotrophic hormone (ACTH) into the general circulation
which induces the synthesis and release of Cortisol and corticosterone from the
adrenal gland (reviewed in O'Riordan et al. 1988; Pescovitz et al. 1990; Miller and
Tyrrell, 1995). This system is under complex autoregulation by the glucocorticoids
themselves, which feed back at the level of the pituitary, hypothalamus and possibly
even at the hippocampus, to inhibit their own release (Dallman et al. 1987; Jacobson
and Sapolsky, 1991).
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Stressor

Figure 1.1 Diagram of the HPA axis and its autoregulation by the glucocorticoids. Adapted
from Seckl and Olsson, 1995. "-ve" indicates an inhibitory influence and SCN refers to the
suprachiasmatic nuclei (the so-called "biological clock") which display a 24 hour light-dark
rhythm in neuronal activity (Dallman, 1984).

Aldosterone is the main mineralocorticoid hormone in both humans and

rodents, and is produced by the zona glomerulosa cells of the adrenal cortex. Its
secretion is regulated primarily by the renin-angiotensin-aldosterone system (RAAS)
which is activated in response to sodium loss and a decrease in blood pressure or

blood volume (Figure 1.2). Aldosterone release can also be transiently affected by
ACTH. Aldosterone acts on the distal convoluted tubule and ascending loop of Henle
in nephrons of the kidney to increase sodium reabsorption, at the expense of
potassium, thereby increasing total body sodium and preventing fluid loss. Not all of
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the mineralocorticoid activity in the body is provided by aldosterone; a small, but
significant contribution is made by other mineralocorticoids such as

deoxycorticosterone (DOC) which is secreted from both the zona glomerulosa and
the zona fasciculata of the adrenal cortex, whilst another contribution is made by the
glucocorticoids, especially if they are present in excess, as in Cushing's syndrome
(reviewed in O'Riordan et al. 1988; Hseuh and Tuck, 1990; Miller and Tyrrell,
1995).

v

\f

Blood Pressure

Glomerular Filtration Rate

v

kidney

LIVER
A

v

Renin

mainly
LUNGS

Angiotensinogen —> Angiotensin I

A

/adrenaiN
vcortexy

V
Aldosterone

v

V

ACE

<- Angiotensin II

A

Sodium Reabsorption

Extracellular Fluid Volume

Figure 1.2 Diagram of the renin-angiotensin-aldosterone system.

The secretion of Cortisol exceeds that of aldosterone by a factor of a hundred
and its half-life is also considerably longer (approximately 100 minutes (min) as

opposed to 15-20 min). This means that plasma levels of Cortisol can be between a

hundred to a thousand times greater than those of aldosterone (O'Riordan et al.
1988), with the same situation existing for corticosterone and aldosterone in the
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rodent. However, some 90-95% of circulating Cortisol and corticosterone are bound
to plasma binding proteins such as corticosteroid-binding-globulin (CBG) and
albumin, and only the "free" hormone is actually metabolically active (O'Riordan et
al. 1988; Miller and Tyrrell, 1995). Aldosterone binds to these plasma proteins only
weakly, so that the percentage of free aldosterone in plasma is fairly invariant (Miller
and Tyrrell, 1995).

Despite evidence for corticosteroid hormones exerting so-called rapid effects,
possibly through a membrane receptor coupled to a second messenger system or ion
channel (Orchinik et al. 1991; Breuner et al. 1997), the principal means by which
these hormones have their actions is at the genomic level where they alter the rate of
deoxyribonucleic acid (DNA) transcription, resulting in a change in protein synthesis
and an accompanying physiological effect (reviewed in McEwen, 1991; Truss and
Beato, 1993; Joels and De Kloet, 1994; Beato et al. 1996). Unbound corticosteroid
hormones readily cross the plasma membranes of cells and bind to cytosolic proteins,
known as mineralocorticoid and glucocorticoid receptors. These are members of the
steroid hormone superfamily of receptors which share a common structure (Funder,
1993a; Joels and De Kloet, 1994), consisting of a variable ligand or steroid-binding
domain, a highly conserved DNA-binding domain and a long amino terminus (Figure
1.3).

DNA

binding Hormone binding
Amino terminal domain domain domain

Figure 1.3 Schematic diagram of a steroid hormone receptor. The DNA binding domain
contains nuclear localisation and dimerisation sequences, whilst the hormone binding
domain contains sequences for both dimerisation and association to heat shock proteins
(Joels and De Kloet, 1994).

The unbound steroid hormone receptor exists as part of a larger multi-protein
complex, anchored around heat shock proteins 90 and 70 (hsp90 and hsp70), which
maintain the receptor in a conformation suitable for binding its ligand (Truss and
Beato, 1993). Taking the glucocorticoid receptor (GR) as an example, binding of
Cortisol or corticosterone causes a dissociation of the receptor from the protein
complex and activates a nuclear translocation signal. GR activation also promotes the
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formation of homodimers, the conformation in which GR bind the specific DNA
regulatory sequences on different target genes, known as hormone response elements
(HRE) (Joels and De Kloet, 1994; Zilliacus et al. 1995). The glucocorticoid,
mineralocorticoid, androgen and progesterone receptors all share a similar HRE
sequence consisting of two 6-base half-sites which form an imperfect palindrome
separated by a 3-base pair spacer (Truss and Beato, 1993; Funder, 1993a; Zilliacus et
al. 1995). The normal consensus sequence approximates to the nucleotide sequence

GGTACAnnnTGTTCT, with a degree of divergence occurring in the left half-site of
some response elements (Zilliacus et al. 1995).

Following DNA binding by the GR homodimer, transcriptional regulation of
the target gene takes place, although the precise means by which this occurs is still
not fully understood. Steroid receptors appear able to interact with a number of
transcription factors to induce transcriptional activation, although they may also
repress transcription by blocking the access of other activated transcription factors to
their own regulatory gene sequences (Funder, 1993a; Beato et al. 1996). The end
result of these effects on the transcriptional machinery of the cell may involve altered
metabolism, altered receptor and protein turnover, changes in ionic conductance or

altered transmitter synthesis, turnover, release and uptake (reviewed in Joels and De
Kloet, 1994).

1.2 The Discovery of llB-Hvdroxvsteroid Dehydrogenase (11B-HSD) and its

Significance for Adrenal Hormone Action

lip-HSD is an intracellular enzyme which metabolises glucocorticoid
hormones (Cortisol in man, corticosterone in the rat and mouse) to their inert 11 -keto
equivalents (cortisone and 11-dehydrocorticosterone, respectively). It can also
catalyse the reverse or "reductase" reaction, thereby regenerating active
glucocorticoids and effectively controlling their local concentration within different
cells of the body (Figure 1.4).
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Cortisol

Corticosterone
Cortisone

11-Dehydrocortisone

Figure 1.4 Diagram of the intracellular reaction catalysed by lip-HSD, showing both
forward (dehydrogenase) and reverse (reductase) directions.

The reaction catalysed by lip-HSD was recognised well before its
physiological relevance became apparent. Scientific groups in the 1950s accurately
described the reduction of cortisone to Cortisol by animal liver homogenates, noting
that little or no reduction occurred in the adrenals and kidneys (Amelung et al. 1953).
The reverse dehydrogenase reaction, whereby Cortisol and corticosterone were

converted to their inactive 11 -keto forms, was described in homogenates of human
placenta at around the same time (Osinski, 1960). Hence, the reversibility of the
reaction and the possibility that it was mediated by a "coenzyme" was

acknowledged, and it was further suggested that this reaction could be the basis of
the biological action of corticosteroids (Bush, 1956). Several years later, a rare

syndrome of severe hypertension was described and although this appeared to have
absolutely no bearing on a little known corticosteroid metabolising enzyme, it was
the first step towards recognition of the far-reaching consequences of the actions of
lip-HSD.

1.2.1 The Syndrome of "Apparent Mineralocorticoid Excess" and the Link with
Liquorice Abuse

In 1977, New et al described the case of a three year old girl suffering from
severe hypertension, hypokalaemia and decreased secretion of her corticosteroid
hormones (New et al. 1977). Her symptoms suggested she was suffering from an

excess of mineralocorticoid, although her levels of aldosterone and other
mineralocorticoids were low and stimulation of her adrenal gland merely aggravated
the symptoms without causing an increase in her aldosterone secretion. These
findings were similar to those described previously in other cases (Aarskog et al.
1967; Werder et al. 1974) and fuelled further investigations into the cause of what
became known as "apparent mineralocorticoid excess" or AME (Ulick et al. 1977;
Ulick et al. 1979; Oberfield et al. 1983; Shackleton et al. 1985). The syndrome was
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originally ascribed to an unknown steroid with both glucocorticoid and
mineralocorticoid activity, but studies of these patients' urinary glucocorticoid
hormone metabolites revealed an unexplained imbalance (New et al. 1977; Ulick et
al. 1977; Ulick et al. 1979; Shackleton et al. 1985).

It was found that the urinary metabolites of Cortisol hugely outweighed those
of its inactive equivalent, cortisone, due to the defective conversion of Cortisol to
cortisone (Ulick et al. 1977; Ulick et al. 1979). Shackleton et al showed that this was

caused by a primary defect in 11 (3-hydroxysteroid dehydrogenase (Shackleton et al.
1985) which led to an abnormal activity of the 11-dehydrogenase enzyme, whilst the
11-reductase enzyme, responsible for catalysing the reverse reaction, retained its
normal activity (Figure 1.5). Despite finding that sufferers of AME were therefore
unable to "detoxify" their Cortisol, it still remained unclear as to how this caused the
symptoms of AME. One group suggested that there were two defects in AME;
firstly, the abnormal conversion of Cortisol to cortisone and secondly, a defect of the
mineralocorticoid receptor (MR) which allowed Cortisol to bind and act as a

mineralocorticoid (Oberfield et al. 1983). In fact, they were not far wrong, although
the real reason why Cortisol was able to act at the MR was not discovered until a

couple of years later when the receptor was cloned (Arriza et al. 1987).

Cortisol (F)

llfi-dehydrogenase

11P-redue tase

Cortisone (E)

5p-reductase

5|3-dihydrocortisol

5a-reductase

5a-dihydrocorti sol dihydrocortisone

tetrahydrocortisol (THF) allo-tetrahydrocortisol (alloTHF) tetrahydrocortisone (THE)

Figure 1.5 Diagram showing that normal metabolism of Cortisol by 11P-HSD leads to a
balance between levels of Cortisol and cortisone, reflected in the ratio of their urinary
metabolites which is usually even (reference range 0.8-1.4). In AME, Cortisol is not
converted to cortisone and consequently, the ratio of THF and alloTHF greatly outweigh that
of THE. Adapted from Walker and Edwards, 1991.
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Confirmation that a defect in 11 (3-HSD was leading to the symptoms ofAME
came from an unusual source, namely from studies of a different kind of
hypertensive syndrome caused by the abuse of liquorice. Back in 1962, the case of a
57 year old woman with hypertension and hypokalaemia who had been ingesting 55g
of liquorice per day for 2 years, had been described (Salassa et al. 1962).
Administration of spironolactone (an MR antagonist) reversed the symptoms in
much the same way that removal of the liquorice did and the authors suggested that
the liquorice was binding to MR and acting as a mineralocorticoid. Several years
later, Ulmann and co-workers demonstrated that glycyrrhetinic acid (GA), the active
ingredient of liquorice which gives it its distinctive flavour, had a low affinity for
MR, but concluded that this explained the very high doses necessary to produce the
clinical symptoms of abuse (Ulmann et al. 1975). This theory was supported and
extended by Armanini et al who showed that the non-hydrolysed principle of
liquorice, glycyrrhizic acid (GI), also had low but definable affinity for MR and that
the two compounds had some affinity for GR as well (Armanini et al. 1983).

An important point was being missed by those studying the actions of
liquorice derivatives at the mineralocorticoid receptor, however. A previous
investigation had shown that liquorice failed to cause retention of extracellular fluid
in patients with Addison's disease (adrenal insufficiency) unless they were

simultaneously treated with cortisone (Borst et al. 1953). The authors correctly
concluded that liquorice is only active when a minimum amount of glucocorticoid is
present in the body i.e. that liquorice itself does not have direct effects on MR, but
that its action becomes apparent in the presence of glucocorticoid hormones. This
was confirmed in a study where both healthy controls and patients with adrenal
insufficiency were given GA and then started on concomitant dexamethasone
treatment (Hoefnagels and Kloppenborg, 1983). Dexamethasone is a synthetic
glucocorticoid which causes the adrenal to stop producing Cortisol and in these
subjects, it caused a reversal of the effects ofGA on their urinary electrolyte balance.
Most significantly, the patients with adrenal insufficiency only showed the effects of
GA administration when it was combined with cortisone, demonstrating that the anti-
mineralocorticoid action of dexamethasone in GA-treated subjects was achieved by
the suppression of their adrenal Cortisol production (Hoefnagels and Kloppenborg,
1983).

Hence, by the mid to late 1980s, these two apparently different fields of
research were moving slowly but persistently towards a single solution. Liquorice
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was known to have mineralocorticoid effects, but only in the presence of adrenal
glucocorticoid hormones (predominantly Cortisol) and not through any direct action
of its own on MR. Meanwhile, the syndrome of AME was known to be due to a

dysfunctional cortisol-cortisone shuttle which resulted in a surplus of Cortisol in the
kidney, somehow causing what was referred to as "Cushing's disease of the kidney"
(Edwards et al. 1985), meaning the ability of excess Cortisol to bind to renal MR.
Finally, in 1987, Stewart et al published a study showing that the salt retention
resulting from liquorice ingestion by normal subjects, also gave rise to a modest
imbalance of urinary Cortisol and cortisone metabolites and a prolonged half-life of
infused radiolabelled Cortisol. Thus, liquorice produced similar symptoms to AME
and was therefore acting by inhibiting the 11P-HSD enzyme, allowing Cortisol access
to renal MR where it caused salt retention and hypertension (Stewart et al. 1987).

1.2.2 The Strange Behaviour of the Mineralocorticoid Receptor

Early work on the mineralocorticoid receptor had highlighted two important
facts about the mechanism of action of aldosterone; firstly, MR accumulated in the
nuclear fraction of cells following binding by tritiated aldosterone and secondly, that
a significant amount of binding occurred in non-mineralocorticoid target tissues such
as the spleen, liver and brain (Swaneck et al. 1969). These findings suggested that
MR translocated to the nucleus upon binding of an aldosterone-like agonist and
furthermore, that MR might have a role in the body which was not dedicated to
sodium transport.

Once the mechanism of action of aldosterone had been largely elucidated
(Edelman and Fimognari, 1968), work began on the binding patterns of the
corticosteroid hormone receptors, concentrating primarily on their distribution and
properties in the rat kidney. Funder et al showed that MR (Type I high affinity
receptors) bound aldosterone in preference to DOC and corticosterone (Funder et al.
1973a) whilst GR (Type II low affinity receptors) bound dexamethasone in
preference to corticosterone, DOC and aldosterone in decreasing order of affinity
(Funder et al. 1973b). Given the much higher circulating levels of DOC and
corticosterone in vivo, together with their ability to compete successfully with
aldosterone for MR binding sites in vitro (Funder et al. 1973a), it was unclear exactly
how the renal MR were not permanently swamped by the other two steroids. At the
time, it was believed that a combination of MR having a much greater affinity for
aldosterone than corticosterone in vivo, together with extensive plasma binding of the
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other two steroids by proteins such as CBG, was sufficient to allow aldosterone to

occupy MR under physiological conditions.

Work on the rat kidney had also revealed a Type III receptor which was

found in the inner areas of the kidney and which bound corticosterone with higher
affinity than dexamethasone (Feldman et al. 1973), thereby reflecting a steroid
specificity which resembled that of CBG. A further study revealed that these Type III
receptors were localised to the cortical collecting ducts of the kidney (Strum et al.
1975) and that they did not bind aldosterone. Thus, the Type III binding site was

believed to be a glucocorticoid receptor distinct from the classical Type II GR and
several studies reported the existence of a similar "corticosterone-preferring"
glucocorticoid receptor in the rat brain, which was particularly prevalent in the
neurones of the hippocampus (De Kloet et al. 1975; Warembourg, 1975; McEwen et
al. 1976). The existence of yet more receptors was being postulated in rat brain, with
one group showing evidence for a DOC receptor (Lassman and Mulrow, 1974),
another finding evidence for two potential aldosterone binding sites (Anderson III
and Fanestil, 1976) and a third finding a "corticosterone-preferring" aldosterone
receptor (Beaumont and Fanestil, 1983). However, the binding affinities of these
putative MR for aldosterone, corticosterone and DOC were all quite similar and it
was unclear as to which steroid would occupy the sites in vivo.

Finally, a study by Krozowski and Funder showed that the renal MR, the
hippocampal corticosterone-preferring GR and the rat brain "MR-like" receptors
were in fact all one and the same (Krozowski and Funder, 1983). In vitro, the
receptors all had the same intrinsic steroid specificity and bound aldosterone,
corticosterone and DOC with equal affinity. Addition of rat plasma to the
corticosterone-preferring GR preparation changed the binding pattern to aldosterone
> DOC » corticosterone > Cortisol, reflecting the sequestration of the other steroids
by plasma binding proteins, and similar to the classical renal MR binding pattern.
Thus, it was suggested that MR could operate in some tissues as a glucocorticoid
receptor and bind corticosterone, whilst in others it acted as a true mineralocorticoid
receptor and bound aldosterone. The deciding factor in which way it functioned was

the presence or absence of the plasma binding proteins necessary to mop up

corticosterone, thus leaving aldosterone free to bind its receptor. The implications of
MR binding corticosterone and therefore functioning as a neuronal mediator of
glucocorticoid action has profound implications for the hippocampus, being an

important site of glucocorticoid feed-back inhibition of the HPA axis and also being
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particularly sensitive to the diurnal fluctuations of glucocorticoids (Jacobson and
Sapolsky, 1991; McEwen et al. 1992). The ability of the MR to act as a second type
of GR would extend the dynamic range of glucocorticoid sensitivity, particularly if
MR were responsive to basal levels of hormone, whilst GR only came into play in
the face of higher levels of glucocorticoids, such as in stress or during the circadian
surge.

In the kidney, MR were thought to remain aldosterone-selective due to a

countercurrent exchange mechanism whereby corticosterone was continually
sequestered from the vasa recta by extravascular CBG and then off-loaded back into
the circulation at a point away from inner medulla MR (Stephenson et al. 1984). But
a study in 10 day old rats who are essentially CBG deficient, revealed a high degree
of aldosterone specificity in the kidney, but equivalent binding of both corticosterone
and aldosterone in their hippocampus (Sheppard and Funder, 1987b). In other words,
the in vivo specificity of aldosterone was maintained in the kidney despite much
higher levels of circulating corticosterone. A second study showed that this
unexplained aldosterone specificity was typical ofMR in all mineralocorticoid target
tissues. In vitro, MR from colon, parotid and pituitary all bound corticosterone and
aldosterone with equal affinity whilst in vivo, in both adult and 10 day old rats,
aldosterone uptake in the parotid and colon was ten times that of corticosterone. In
pituitary, the uptake of aldosterone was only three times that of corticosterone in
vivo, suggesting that whilst parotid and colon were aldosterone selective by a non-

CBG sequestering mechanism, the pituitary gland contained both selective and non¬

selective MR (Sheppard and Funder, 1987a).

1.2.3 11 (3-HSD - Specific Protector of the Mineralocorticoid Receptor?

Finally, in 1987, the cloning and expression of the human mineralocorticoid
receptor (hMR) brought enlightenment to both scientific camps (Arriza et al. 1987).
The hMR shares a high degree of homology with the human glucocorticoid receptor

(hGR) such that glucocorticoids are able to bind hMR and induce transcription. The
hMR shares 57% homology with hGR in its steroid-binding domain and a staggering
94% homology with hGR in its DNA-binding domain (59% and 76% homology,
respectively, for the same domains of the MR and GR in the rat (De Kloet, 1991)).
Expression of hMR in cells showed that it bound aldosterone with very high affinity
(1.3nM), but competition experiments revealed that it bound Cortisol, corticosterone
and DOC with similarly high affinity. Furthermore, the glucocorticoids were able to
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activate hMR-mediated gene transcription from a GR-responsive promoter in
transfected cells, thus demonstrating that the mineralocorticoid receptor could act as
a glucocorticoid receptor, as suggested for the role of the non-selective hippocampal
MR. Lastly, tissue expression of hMR showed it was located in the kidney, gut,

pituitary, heart and brain, especially in the region of the hippocampus, thus ratifying
previous claims (Moguilewsky and Raynaud, 1980). Most importantly, the discovery
of the remarkable homology between hMR and hGR explained how Cortisol was able
to act as a "mineralocorticoid" at renal MR in the syndrome of AME, and led to the
suggestion that a defective cortisol-cortisone shuttle, through 11 (3-HSD deficiency,
might be the means by which the symptoms ofAME manifested themselves (Stewart
et al. 1988).

The role of 11P-HSD in ensuring that the renal MR, and by implication those
in other mineralocorticoid target tissues, remained aldosterone selective was

confirmed in a very elegant set of experiments. Edwards et al studied the binding
patterns of radiolabeled corticosterone and aldosterone in the kidneys of rats given
an injection of glycyrrhizic acid one hour beforehand. In control animals, aldosterone
bound to the cortex/outer medulla and inner medulla, whilst corticosterone binding
resembled the non-specific binding pattern. However, in rats given GI, the pattern of
corticosterone binding resembled that of aldosterone in the controls, indicating that
11 P-HSD was the specific protector of renal MR (Edwards et al. 1988). At the same

time, Funder et al treated animals with the anti-ulcer drug carbenoxolone, a

derivative of GA, and found a substantial reduction in the conversion of Cortisol to
cortisone by the kidney, with a near complete elimination of conversion occurring in
both parotid and colon. In addition, they found that the level of corticosterone
binding, following GA treatment, markedly increased to equal that of aldosterone in
both kidney and parotid. Lastly, they demonstrated that the product of 11 P-HSD
metabolism in the rat, 11-dehydrocorticosterone (cortisone in man), had only 0.3% of
the affinity of corticosterone for MR, a necessary prerequisite for 11 P-HSD being the
means by which corticosterone is normally excluded from renal MR (Funder et al.
1988).

Thus it was that the unknown physiological role of 11 P-HSD, the mystery of
the promiscuous mineralocorticoid receptor and the means by which aldosterone has
its effects on the body in the face ofmuch higher levels of competing steroids, were
brought together into a single solution. MR share sufficient homology with GR to be
able to bind physiological glucocorticoids and would normally be occupied by these
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hormones due to their higher circulating levels, longer half-life and greater secretion
rate. In mineralocorticoid target tissues, however, the activity of 11P-HSD ensures

that MR remain aldosterone selective by voraciously converting glucocorticoids to
their inactive equivalents which have very low affinity for MR. Aldosterone is
exempt from this metabolism by its differing chemical structure which protects its
lip-hydroxyl group from dehydrogenation by 11 P-HSD. The aldosterone
metabolite, 11-ketoaldosterone, has very low affinity for Type I receptors (Funder,
1993b), like 11-dehydrocorticosterone, and will not therefore compete for
aldosterone-selective MR. Hence, MR mediate the actions of aldosterone on salt and
water retention in tissues where they are co-localised with 11 P-HSD whilst in tissues
which are 11 P-HSD "free" (e.g. hippocampus), MR function as alternative GR,
binding glucocorticoids and modulating their actions on neuronal networks and the
HPA axis.

1.2.4 11 P-HSD - Protector of the Glucocorticoid Receptor as well?

Despite the various strands in this particular scientific story being so nicely
tied up into a single theory, a couple of studies suggested that there might be more to
11 P-HSD action than had originally been suspected. A set of experiments on cultured
cells of rabbit kidney collecting ducts revealed that stimulation of GR induced
mineralocorticoid-like effects on ion transport, seen as a change in potential
difference across a monolayer of cells or as an alteration in the concentrations of
sodium and potassium at either side (Naray-Fejes-Toth and Fejes-Toth, 1990).
Application of a highly specific GR agonist, RU28362, caused an increase in sodium
reabsorption which was not abolished by an MR antagonist, but was blocked instead
by the same dose of a GR antagonist. The effect of the GR agonist was mimicked by
a lower dose of aldosterone, suggesting that in the collecting duct, MR and GR might
act by stimulating expression of the same gene. Corticosterone had no effect on the
preparation, presumably because it was metabolised by 11 P-HSD. None the less, if a
GR agonist can mediate some of the salt retaining actions of aldosterone, then it
raises the possibility that 11 p-HSD may also act to protect or modulate
glucocorticoid access to GR.

This hypothesis was reinforced by studies both on patients with
pseudohypoaldosteronism (PHA) and experimental rats (Funder et al. 1990). PHA is
an illness associated with defective MR function and/or signalling, resulting in
patients suffering salt wasting despite having high levels of aldosterone in their
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blood, a problem which is usually solved by providing a salt supplement to their diet.
It was reasoned that if 11P-HSD was an exclusive MR protector, then inhibiting it
and increasing intrarenal concentrations of Cortisol in these patients would have no

effect, since their MR levels were undetectable and therefore Cortisol would not bind

sufficiently to reproduce the symptoms of AME. In fact, when given carbenoxolone,
these patients experienced sodium retention indicating that Cortisol's effects on the
urinary electrolyte ratio was partly due to its action on renal GR. This was confirmed
by studies in the rat where injection of the specific glucocorticoid agonist, RU28362,
caused an increase in the urinary electrolyte ratio when given alone, and a doubling
of the ratio when given in conjunction with carbenoxolone. Again, an MR antagonist
failed to block this effect.

Hence it appeared that even within a mineralocorticoid target tissue, 11 p-
HSD might offer protection from glucocorticoids, not only to aldosterone-selective
MR, but also to GR. The more interesting question, therefore, was whether 11 P-HSD
was an important modulator of glucocorticoid action in other tissues of the body,
most specifically in situations where cells were vulnerable to high levels of
glucocorticoids, as during development. This was an issue which remained
unaddressed for several years and which is partly investigated in this thesis.

1.2.5 More than one 11B-HSD?

Due to 11 P-HSD being seen primarily as a protector of MR, efforts were

being made to localise it in mineralocorticoid target tissues and to show that it
resided in the same cells as aldosterone-selective MR. Development of an antibody
to rat liver 11 P-HSD allowed the study of its distribution in rat kidney, parotid, heart
and hippocampus by immunocytochemistry (Edwards el al. 1988). Given that the
greatest enzyme activity was found in the distal fraction of the kidney convoluted
tubule, it was surprising to find that 11 p-HSD immunoreactivity was mainly located
in the proximal part of the tubule and the vasa recta. Since the aldosterone-selective
renal MR were known to be predominantly located in the inner medulla and outer
medulla/cortex overlap region (Sheppard and Funder, 1987b), or more specifically in
the epithelia of cortical collecting tubules and distal convoluted tubules (Farman and
Bonvalet, 1983), it was surmised that 11 p-HSD was acting in a paracrine, rather than
an autocrine, manner. In other words, if reabsorption of free Cortisol was occurring in
the proximal tubule of the kidney, then 11 P-HSD was ideally situated for converting
it to cortisone and ensuring that as little as 0.5% was excreted unchanged in the
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urine. Aldosterone, on the other hand, not being metabolised by 11 p-HSD, would
simply be reabsorbed into the tubule and pass onto the distal section and collecting
duct where it would be free to act on renal MR.

This was confirmed by a study of the immunolocalisation of renal MR,
following the development of an antibody from a predicted polypeptide sequence

(Arriza et al. 1987). MR were found in cells of the distal convoluted tubule, the
connecting piece and the cortical collecting duct (Krozowski et al. 1989). These
findings were extended by a study of the co-localisation of 11 (3-HSD and renal MR
in the rat which showed MR immunoreactivity in the same structures as mentioned
above, but also around the terminal branches of the radial artery in the cortex. The
11 (3-HSD immunoreactivity surrounded that of the renal MR, being restricted to the
proximal convoluted tubules and the interstitial cells of the medulla (Rundle et al.
1989). Thus it appeared 11 P-HSD was acting in a paracrine fashion, although there
remained some unease about the likelihood of this given that the more efficient
means of preventing lipid-soluble steroid hormones from accessing inappropriate
receptors, would be through the relevant metabolising enzyme occupying the same

cells. The possibility of there being more than one enzyme which was responsible for
the many and varied actions of 11 P-HSD started to become a realistic one (Funder,
1990).

In fact, a debate about the exact nature and possible multiplicity of 11P-HSD
had been ongoing since the mid-1980s when a wide variety of kinetic and
biochemical experiments by Monder and colleagues had produced some conflicting
results. It appeared that the relative activity and reaction direction of the enzyme

varied widely across tissue type, animal species and even changed during an organ's
lifespan (Monder and Shackleton, 1984). It was believed that 11 P-HSD activity
could be altered by the effects of stress or hormones on the levels of its cofactor,
nicotinamide adenine dinucleotide phosphate (NADP), and possibly on the pH of the
cellular or microsomal environment it occupied. Evidence gradually accumulated for
the existence of two distinct, though related, enzymes which communicated with
each other; namely an 11-dehydrogenase and an 11-reductase. Work on rat liver
microsomes revealed that the latter was much more susceptible to manipulations
which affected membrane structure, such as solubilisation by detergents, whereas the
11-dehydrogenase remained stable (Lakshmi and Monder, 1985).
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Purification of the enzyme from rat liver revealed a 34 kiloDalton (kDa)
glycoprotein with 11-dehydrogenase activity. It was stabilised by NADP, which
bound prior to the glucocorticoid substrate (Monder et al. 1991), and had a lower
Michaelis constant for corticosterone than for Cortisol (1.83 ± 0.06 pM versus 17.3 ±
2.24pM). But the purified protein was devoid of reductase activity, adding weight to
the argument that a single enzyme was not responsible for both forward and back
reactions. In 1989, Agarwal et al cloned the 11-dehydrogenase enzyme of 11 P-HSD
and found that its mRNA distribution coincided with its in vivo activity, suggesting
the 11-dehydrogenase activity was regulated at the transcriptional level. In addition,
the protein encoded by the DNA sequence demonstrated both reductase and
dehydrogenase activities when expressed in cells, indicating that 11 P-HSD was

indeed a single bi-directional enzyme. It seemed that the process of purification was

destroying the intrinsic reductase activity only, leaving the 11-dehydrogenase
activity of 1 lp-HSD to be detected (Agarwal et al. 1989).

The single enzyme hypothesis gained momentum when recombinant 11-
dehydrogenase was shown to be identical to rat liver 11P-HSD in molecular weight,
enzyme activity and kinetic properties, including the fact that its 11-reductase was

unstable (Agarwal et al. 1990; Monder, 1991a). Furthermore, monospecific
polyclonal antibodies designed to target homogeneous rat liver 11 p-HSD revealed a

general correspondence between enzyme activity and immunoreactivity of tissues
(Monder and Lakshmi, 1990; Monder, 1991a) with the highest levels being in the
liver, testis, kidney and lung. There were still some inconsistencies in the one

enzyme hypothesis, since not all of the tissues showing enzyme activity contained a

34 kDa immunoreactive protein. Brain, for instance, contained a 26 kDa protein,
whilst kidney contained several immunoreactive proteins of varying size and
duodenum had none, suggesting that the antibody was picking up multiple isoforms
of the 11 -dehydrogenase whilst missing some out altogether. Even more confusing
was the discovery that the kidney contained as many as four different mRNA species
for 11 P-HSD (Krozowski et al. 1990), begging the question, does 11 P-HSD exist as
multiple forms of a single enzyme, or does it consist of two distinct inter-related
enzymes as originally thought, with a large tissue variety occurring in the 11-
dehydrogenase? There was also a third possibility, of course; that of an entirely
separate enzyme which could satisfy many of the ambiguities concerning 11 P-HSD
expression, activity and tissue distribution.
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The evidence for a high affinity, predominantly dehydrogenase enzyme came

from a variety of sources. Firstly, the source of 11 P-HSD used to raise antibodies for
immunological studies was rat liver and the resulting antisera appeared to recognise
proteins which were highly expressed in liver, testis, lung and proximal tubule,
whilst showing little or no staining in the classical mineralocorticoid target tissues
where a protector of aldosterone-selective MR was most likely to be located (Funder,
1991). Secondly, both cultured and freshly isolated rabbit cortical collecting tubules
showed rapid metabolism of corticosterone in an manner associated with 11P-HSD
activity, with more than 99% of applied steroid being converted to 11-
dehydrocorticosterone and no significant reductase activity being detected (Naray-
Fejes-Toth et al. 1991). Another study employed a novel histochemical technique
which used by-products of 11 P-HSD oxidation in rat kidney to produce a blue dye
(Mercer and Krozowski, 1992) and found evidence for enzyme activity in the distal
tubules of the outer cortex and in the collecting duct of the medulla, which could be
inhibited by carbenoxolone. Hence, lip-HSD-like activity was apparent in
mineralocorticoid target cells of the kidney, despite a lack of 11 p-HSD protein.
Furthermore, this enzyme had a nanomolar affinity for corticosterone (Naray-Fejes-
Toth et al. 1991) which made it a better contender for the role of protector of renal
MR. MR bind glucocorticoids with an affinity of approximately 0.5-1.0nM
(Krozowski and Funder, 1983; Arriza et al. 1987) and would therefore hardly have
benefited from the actions of an enzyme which bound the same substrates with
micromolar affinity. Lastly, of course, was the fact that sufferers of AME failed to
show any defects in the recently cloned human 11 P-HSD gene (Nikkila et al. 1993),
located on chromosome 1 (Tannin et al. 1991). Clinically then, there also appeared to
be a case for an exclusive dehydrogenase enzyme.

Mercer and Krozowski had pointed the way towards the means of locating
this novel dehydrogenase with the discovery that it greatly favoured nicotinamide
adenine dinucleotide (NAD) as its cofactor, over NADP (Mercer and Krozowski,
1992). Tissue-specific bioassays of 11 p-HSD activity revealed that rat kidney, colon
and placenta all metabolised corticosterone to 11-dehydrocorticosterone in the
presence of NAD, whilst liver, testis, hippocampus, heart and mesenteric artery

displayed exclusive NADP-associated activity (Walker et al. 1992). High llp-
dehydrogenase activity in placenta, which converted most of the circulating maternal
Cortisol to cortisone, had been previously acknowledged (Murphy et al. 1974) and
kinetic studies suggested that a high affinity enzyme was implicated (Lopez Bernal et
al. 1980). The exact reason for such a barrier mechanism in mid- to late gestation is
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not yet entirely understood, but Benediktsson et al have suggested that the action of
placental 11P-HSD prevents potentially harmful levels of maternal glucocorticoids
reaching the maturing foetus, thus protecting it from impaired growth and a possible
predisposition to hypertension in later life (Benediktsson et al. 1993). In 1993, partial
purification of the human placental isoform of 11 P-HSD was achieved and
experiments showed it was NAD-dependent with a high affinity for both Cortisol and
corticosterone (approximately 55nM and 14nM, respectively). It was distinct from
the previously described rat liver 11 P-HSD with a greater molecular weight (40 kDa)
and a different detergent solubility pattern (Brown et al. 1993). This was confirmed
when an mRNA for a high affinity 11 P-HSD was isolated from rabbit kidney cortical
collecting cells and injected into Xenopus oocytes (Naray-Fejes-Toth et al. 1993).
The expressed enzyme preferred NAD over NADP and had an affinity for
corticosterone of approximately 8-15nM, much like that of placental 11 P-HSD.
Furthermore, the new 11 P-HSD appeared to be an exclusive dehydrogenase since
negligible reduction of 11-dehydrocorticosterone was detected. Another study by the
same group revealed that the Type III renal corticosterone receptor, described and
characterised back in the 1970s by Feldman and colleagues (Feldman et al. 1973;
Strum et al. 1975), was in fact the collecting duct-specific isoform of 11 P-HSD.

Now that a new isoform of 11 P-HSD had been described, which appeared to
fulfil all the requirements for the protector of aldosterone-specific MR, evidence for
its localisation and activity in other mineralocorticoid target tissues was swiftly
forthcoming. 11 P-HSD type 2 activity (so called to discriminate it from the original
"liver-type" 11 P-HSD type 1) was found in human kidney homogenates (Stewart et
al. 1994b), exclusively in the ion-transporting epithelial cells of the human and rat
colon (Whorwood et al. 1994) and also in human fetal kidney, lung, gonad, liver and
colon (Stewart et al. 1994a), suggesting it played an important role in regulating
glucocorticoid access to fetal tissues during development. Encoding cDNA
sequences for the new 11P-HSD2 isoform were obtained almost simultaneously from
both human (Albiston et al. 1994) and sheep (Agarwal et al. 1994) kidney libraries,
and cDNA sequences for other species followed. The human 11P-HSD2 cDNA
sequence obtained from kidney differs slightly from that of placenta (Brown et al.
1996a) being of shorter length, but both appear to encode for the same protein
(Krozowski et al. 1995) and fluorescence in situ hybridisation has revealed that 11P-
HSD2 is the product of a single gene (Agarwal et al. 1995). The 11P-HSD2 mRNA
product is approximately 1.9 kb in size and explains at least one of the unexpected
species of mRNA found in rat kidney (Krozowski et al. 1990). Meanwhile, further
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work on the 11P-HSD type 1 promoter had revealed that it contained differential
transcription start sites (Moisan et al. 1992a) and that a shorter mRNA species
existed, which lacked sequence for the first 26 amino acids, although it appeared
enzymatically inactive when expressed in cells (Obeid et al. 1993).

Thus many of the discrepancies in the earlier 11 p-HSD experiments, such as

multiplicity of mRNA species on Northern blots (Krozowski et al. 1990) and
alternatively sized immunoreactive proteins (Monder and Lakshmi, 1990), were

explained either by tissue-specific alternative promoter usage by the 11 P-HSD 1
gene, or by cross-reactivity with products of the 11P-HSD2 gene. Finally, the
development of polyclonal antibodies directed at llp-HSD2, allowed
immunohistochemical studies which demonstrated co-localisation of 11P-HSD2 and
MR in all the main mineralocorticoid target tissues (absorptive epithelia of the small
and large intestine, excretory ducts of the salivary and sweat glands, the distal
convoluted tubule and collecting duct of the kidney) as well as in placenta and parts
of the respiratory tract (Krozowski et al. 1995; Brown et al. 1996a; Smith et al.
1996; Hirasawa et al. 1997). Lastly, molecular studies of the gene for lip-HSD2 in
patients with AME have revealed 11 mutations or premature stop codons to date
(Mune et al. 1995; Wilson et al. 1995; White et al. 1997), confirming that 1 lp-HSD2
is the high affinity, exclusive dehydrogenase which protects MR from inappropriate
occupation by glucocorticoids in the kidney. Interest in 11 P-HSD 1 has been
maintained, since kinetic experiments on intact cells and neuronal cultures show it
may function predominantly as a reductase in vivo (Rajan et al. 1996; Li et al. 1997).
This suggests a possible role for the type 1 isoform in regenerating active
glucocorticoids, a function which could have implications for glucocorticoid
feedback, HPA axis regulation, amplification of chronic stress response and
potentiation of neurotoxicity. The main characterisation differences between the two
isoforms of 11 P-HSD are summarised in Table 1.1.
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Table 1.1 Comparison of 11P-HSD1 and 11P-HSD2. Adapted from Seckl, 1997.

11P-HSD1 11P-HSD2

Full length cDNA
Human:

Rat:

1368

1265

1873 (kidney)
1919 (placenta)
1864

Amino acid residues
Human:
Rat:

292
287

405
400

Apparent molecular weight
Human:
Rat:

34kDa
34kDa

40kDa
44kDa (predicted)

Approximate mRNA size (nucleotides)
Human:
Rat:

1700
1600

1900
1900

Gene llp-HSDl 11 p-HSD2

Chromosome (human) 1 16q22

Activity direction
In homogenates:
Expressed in cells:
In intact cells/in vivo:

bi-directional
bi-directional
reductase?

dehydrogenase
dehydrogenase
dehydrogenase

Co-substrate
Km (with corticosterone):

NADP(H)
200nM

NAD
13 OOOnM

Approx. Michaelis constant
Cortisol:
Corticosterone:

17pM
2pM

50nM
lOnM

Inhibitors glycyrrhetinic acid
carbenoxolone
bile acids

glycyrrhetinic acid
carbenoxolone

progesterone
end-product

Main tissue distribution liver
testis

ovary
lung
brain

distal kidney
placenta
colon
sweat glands
salivary glands

Regulated by estrogen not known

glucocorticoids
insulin
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1.3 Glucocorticoid Hormones and the Central Nervous System (CNS)

Glucocorticoid hormones have very potent effects on the body as a whole,
and the CNS in particular. They function primarily as physiological regulators, being
secreted in response to virtually any challenge to homeostasis, and are essential for
survival (Miller and Tyrrell, 1995). Glucocorticoids aid the "flight or fight" response
of the sympathetic nervous system during stress by increasing the available energy

supply to the muscles, increasing cardiac output and vascular tone, altering cognition
and suppressing non-vital processes such as growth or immunological and
inflammatory responses (Sapolsky et al. 1986; Miller and Tyrrell, 1995). In the
brain, glucocorticoids affect mood and influence neural activity (De Kloet, 1991) as

well as regulating growth, differentiation and maturation of neurones during
development (De Kloet et al. 1988). They mediate their effects on the brain through
both GR and non-selective MR and their main cellular effects include increased

calcium conductance, enhancement (MR) or reduction (GR) of amino acid-mediated
responses, interference with neurotransmitter synthesis and release and altered
neuronal survival (Joels and De Kloet, 1994).

1.3.1 The Distribution of Glucocorticoid-sensitive Receptors in the Rat Brain

Expression of GR mRNA appears as early as embryonic day 13 (El3) in the
developing rat brain (Kitraki et al. 1996), although GR-immunoreactivity (GR-ir)
follows with a lag interval of one to two days and is generally much less intense than
levels ofmRNA expression (Cintra et al. 1993). During gestation, GR appear in the
neuroepithelia and differentiating fields of brain structures where nerve cell birth,
migration, differentiation and death are ongoing. They are particularly prevalent in
Rathke's pouch (the precursor of the pituitary gland) and in primordia of the
hippocampus and hypothalamus, all structures associated with the HPA axis. In
addition, GR mRNA is expressed in the lining of the brain ventricular system and
choroid plexus, where glucocorticoids might act via cerebrospinal fluid (CSF)
production to have an effect on periventricular structures (Kitraki et al. 1996). From
El5 through to birth at around E22, GR expression gradually becomes more

widespread and appears in the cerebellum, specific areas of the hippocampus and
hypothalamus, amygdala, thalamus, subiculum, locus coeruleus, cortex and
structures described in adulthood as having a leaky blood brain barrier (e.g.
subfornical organ and organum vasculosum of the lamina terminalis) (Cintra et al.
1993; Kitraki et al. 1996).
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Postnatally, GR expression and immunoreactivity gradually take on the adult
pattern through the joint process of increased numbers of receptors per cell (neuronal
and glial) as well as increased number of cells expressing these receptors (Bohn et al.
1994). However, there is an initial perinatal period during which GR numbers appear

to dip for a couple of weeks, before recovering and increasing once more towards
adult levels (De Kloet et al. 1988). This interval is commonly referred to as the stress

hyporesponsive period (SHRP) and is characterised by the newborn's relative
inability to respond to certain stressful events with the normal rise in plasma
glucocorticoids demonstrated by adult animals (Schapiro, 1962; Haltmeyer et al.
1966). This phenomenon was originally attributed to the immaturity of the HPA axis,
although recent evidence suggests that the SHRP is selective only for mild stressors
and that the central components of the stress response are intact at this time, with
only the adrenal secretions being blunted (Rosenfeld et al. 1992; Smith et al. 1997).
The exact reason for this phenomenon is not fully understood, although it is thought
to be a protective mechanism against the "anti-proliferative" properties of high
endogenous glucocorticoids which could cause undue interference in the
glucocorticoid-sensitive developing brain of the newborn (Pavlik and Buresova,
1984). However, in light of the fact that specific stressors can still induce a brisk
HPA response in the neonate (Walker et al. 1991), additional protective measures

may be required and this thesis investigates whether 11 p-HSD2 may be one of them.

In terms of postnatal ontogeny of brain GR, high levels of GR mRNA in
hippocampus, various nuclei of the hypothalamus and thalamus, basal ganglia and
limbic areas are seen at birth. These become more pronounced in some subfields of
the hippocampus whilst disappearing from areas of the hypothalamus and thalamus
during the third postnatal week (Van Eekelen et al. 1991). GR-ir, in comparison,
starts high in the hippocampus at postnatal day 2 (P2), but immunostaining decreases
during the first postnatal week to reach a minimum at around PI2, before gradually
recovering to adult levels (Rosenfeld et al. 1988b; Lawson et al. 1991). Similarly, in
the hypothalamus, GR-ir intensity decreases with time; specifically during the second
week of life for the paraventricular nucleus and more dramatically during the third
week for the suprachiasmatic nucleus (Van Eekelen et al. 1987). GR binding studies
show an opposite trend with low binding occurring at birth in the hippocampus and
rising to reach adult levels at 4 weeks of age (Rosenfeld et al. 1988a). In the
cerebellum, which is one of the highest GR expressing regions of the postnatal rat
brain, GR binding reaches a maximum at the end of the first postnatal week which is
three times that seen in the hippocampus, olfactory bulb and parietal cortex (Pavlik
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and Buresova, 1984). Thereafter, GR levels in the cerebellum decrease, falling off
rapidly once the SHRP has passed and endogenous corticosterone is increasing once

more. Generally then, "active" GR binding sites which are capable of translocating to
the nucleus, are high at birth but decrease during the SHRP, recovering towards adult
levels thereafter.

MR mRNA expression appears marginally later in development than that of
GR and is first seen in the pituitary gland of the mouse at El 3.5. It is also prevalent
in the developing mouse hippocampus as of El 5.5, appears in the rhinencephalon at
El7.5 and the hypothalamus at birth (Brown et al. 1996b). Postnatally, high MR
mRNA expression is seen in all regions of the rat hippocampus at P2, as well as in
areas of the cortex. More modest expression is apparent in the hypothalamus,
septum, amygdala, thalamus, subfornical organ (SFO) and organum vasculosum of
the lamina terminalis (OVLT) (Van Eekelen et al. 1991). The postnatal pattern of
MR mRNA expression changes little with age and even in the adult, the predominant
area of MR expression is the limbic system, most notably the hippocampus and
lateral septum (Arriza et al. 1988; Roland et al. 1995a). MR in these areas are most

likely to be corticosterone-binding sites however, since numerous studies of tritiated
corticosterone uptake have shown the highest concentration of steroid to occur in the
hippocampus, lateral septum and amygdala, with very little accumulating in the
hypothalamus (McEwen et al. 1968; Warembourg, 1975; Beaumont and Fanestil,
1983). GR, on the other hand, are more widespread in the brain and are found in
structures at all levels of the HPA axis including the pituitary, hypothalamus,
hippocampus, lateral septum, bed nucleus of the stria terminalis (BNST), nucleus of
the solitary tract and central amygdala (Dallman et al. 1987; Morimoto et al. 1996).

1.3.2 Glucocorticoid Effects on the HPA Axis

The HPA axis has two main functions: (1) under basal conditions, it co¬

ordinates circadian driven activities such as sleeping and food-seeking which are

under the influence of an endogenous diurnal rhythm; (2) during stress, it is
concerned with glucocorticoid secretion, essential for the regulation of the
organism's stress response, whilst also modifying components of the forward drive
of the HPA axis (Dallman et al. 1987). Basal glucocorticoid secretion follows a

pronounced diurnal rhythm; both ACTH and Cortisol or corticosterone are secreted in
a pulsatile manner throughout the 24 hour day, but the amplitude and frequency of
these pulses increases towards the active period of the animal. The basis of this
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mechanism is not yet fully understood, but is partly due to the intrinsic rhythm of the
hypothalamus itself, which synthesises and secretes CRH in a pulsatile manner.

Other influences include the feeding pattern of the animal and the light/dark cycle,
since glucocorticoids are increased during fasting and pulses of ACTH and
glucocorticoid secretion increase with increasing hours of sleep. The HPA axis also
receives signals from the suprachiasmatic nucleus of the hypothalamus, the so-called
biological clock (Van Eekelen et al. 1987; Dallman et al. 1987; Miller and Tyrrell,
1995). Subtle adjustments of the HPA axis and its basal activity are thought to be
controlled primarily through MR of the limbic system, since 70-90% of these
receptors are probably occupied by corticosterone at circadian nadir levels (Dallman
et al. 1987; Joels and De Kloet, 1994). Therefore, glucocorticoids acting through
brain MR probably determine the "set-point" or threshold of the stress response and
influence the organisation of appropriate behavioural adaptations to stress (Joels and
De Kloet, 1992).

During stress or the circadian peak, levels of glucocorticoids can rise
dramatically and start to occupy increasing numbers of the lower affinity GR
receptors (Joels and De Kloet, 1994). Stress can constitute a physical disturbance to
an animal's homeostasis such as lowered blood pressure or lowered glucose levels,
or a disturbance in its environment, such as noise or temperature change. A stressor
can also be of a psychological or emotional nature, such as being restrained or being
subjected to a forced swim (Dallman et al. 1987). The reaction of the HPA axis in
each situation is much the same, once a threshold for the intensity of the stress has
been realised. It involves hugely increased secretion of ACTH which drives
increased glucocorticoid release, preparing the body for "flight or fight", a reaction
primarily co-ordinated by the sympathetic nervous system, but aided by the
glucocorticoids which act to focus the mind, increase cardiac output, suppress non-

vital processes such as tissue repair and promote energy production for the muscles
through increased gluconeogenesis and glycolysis (Pescovitz et al. 1990). However,
long-term activation of this cascade would be detrimental to the body, so

glucocorticoids also feed back at all levels of the HPA axis to prevent "overshoot"
and to inhibit any continued forward drive of the axis (Sapolsky et al. 1986). Thus, at
the level of the hippocampus, they bind MR and GR to attenuate the transmission of
excitatory signals (Joels and De Kloet, 1992) and increase the inhibitory influence of
the hippocampus on the HPA axis (Jacobson and Sapolsky, 1991). Glucocorticoids
also have inhibitory influences on the pituitary and neural inputs to the hypothalamus
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which inhibits subsequent CRH and ACTH synthesis and secretion (Sapolsky et al.
1986; Dallman et al. 1987).

1.3.3 Glucocorticoid Effects on Development

Glucocorticoids have profound effects on development and are particularly
potent at the level of the brain. Prenatal or early neonatal treatment with
physiological or synthetic glucocorticoids not only affects the rate of neurogenesis
and growth in the short-term, but can also influence the sensitivity of the stress

response, the behaviour and motor co-ordination of the animal in adulthood (De
Kloet et al. 1988; Benesova and Pavlik, 1989). The hippocampus, thalamus and
cerebellum are all areas of the brain which are particularly sensitive to prenatal and
neonatal glucocorticoid manipulation. In the rat, up to 45% of granular neurones in
the dentate gyrus of the hippocampus are formed during the first week after birth (De
Kloet et al. 1988), whilst cells of the cerebellum are similarly vulnerable, with most

basket, stellate and granule cells forming from the germinal zone of the external
granular layer (EGL) during the first three postnatal weeks (Altman, 1972). Thus,
glucocorticoid withdrawal through neonatal adrenalectomy has been shown to

prolong mitosis (Yehuda et al. 1989) and also causes an increase in thalamic and
neocortical width (Thomas and Devenport, 1988). In the cerebellum, neonatal
treatment with hydrocortisone causes premature cessation of cell proliferation and
decreased cell differentiation and migration (Bohn and Lauder, 1980) whilst in the
hippocampus, neonatal glucocorticoid administration results in altered granule cell
"birthdays" as well as a reduced volume in total granule cell occupancy and
decreased DNA content in the structure as a whole (Bohn, 1980).

Glucocorticoids can also influence cellular and neurotransmitter phenotype
(McLennan et al. 1980), through a mechanism which can be blocked by a specific
GR antagonist, RU38486 (Hendry et al. 1987). They can also accelerate the
differentiation of a previously determined phenotype, as seen in the adrenergic
neurones of the medulla oblongata of the rat, which show increased activity of the
enzyme responsible for converting noradrenaline to adrenaline after prenatal
treatment with dexamethasone on days El8 to E21 of gestation (Bohn et al. 1986).
Generally, glucocorticoids fail to have prolonged effects after the first 3 weeks of life
in the rodent brain, since most postnatal development is complete at that stage and
little long-lasting glucocorticoid influence in seen (Howard, 1976). However, the
developmental stages of the rat brain in the early postnatal period have been likened
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to those of the human brain in late pregnancy (Dobbing, 1970) and thus the neonatal
rat provides a model for the long-term effects of corticosteroid therapy on CNS
development. Given the common practice of treating women in premature labour
with glucocorticoids to accelerate foetal lung maturation and prevent neonatal
respiratory distress syndrome (Crowley, 1998), the effects of early postnatal
glucocorticoid exposure in the rat might warrant further investigation.

1.3.4 Glucocorticoid Effects on Ageing

A major site of glucocorticoid action in the CNS is the hippocampus, one of
the few brain structures which contains high concentrations of both MR and GR
(Jacobson and Sapolsky, 1991). Apart from influencing the regulation of the HPA
axis, the hippocampus is involved in the processes of memory, mood and behaviour
and therefore shows signs of glucocorticoid deficit or excess in terms of affective and
cognitive dysfunction (Seckl and Olsson, 1995). Thus, whilst moderate levels of
glucocorticoids appear to be beneficial for long-term potentiation and memory

formation (Kerr et al. 1994), higher levels of hormone affect both the intrinsic
excitability of hippocampal neurones and their sensitivity to other neuropeptides,
resulting in overall decreased neuronal excitability and reduced memory formation
(De Kloet, 1991; Joels and De Kloet, 1992). The hippocampus is also affected by
diseases of old age such as Alzheimer's and depression, where glucocorticoids not

only potentiate the effects of the illness, but may contribute towards its onset (Seckl
and Olsson, 1995). With increasing age, blood glucocorticoid and ACTH levels tend
to rise (Sapolsky et al. 1986) and an association between increased levels of
corticosterone and signs of hippocampal ageing has been demonstrated in middle-
aged rats (Landfield et al. 1978). In addition, prematurely exposing young rats to
increased levels of glucocorticoids, through "anxiety" stress, brings on age-related
neurophysiological dysfunction (Kerr et al. 1991). Conversely, adrenalectomy and
low corticosterone replacement in middle-aged rats have been shown to prevent this
neuronal ageing in later life (Landfield et al. 1981).

The exact mechanism by which glucocorticoids contribute to hippocampal
impairment is not understood, but Sapolsky proposed that the combination of a

gradual age-related increase in plasma glucocorticoid levels, together with
hippocampal glucocorticoid receptor and neuronal loss, would lead to desensitisation
of the HPA axis. This in turn would provoke glucocorticoid hypersecretion, so

perpetuating a vicious circle (Sapolsky et al. 1986). Of course, glucocorticoids also
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have direct effects on hippocampal neurones and have been shown to cause atrophy
of adult pyramidal neurones when administered in high doses (Woolley et al. 1990).
High levels of glucocorticoids can also potentiate neuronal damage caused by other
factors; in the hippocampus, glucocorticoids have been shown to increase
extracellular concentrations of excitatory amino acids such as glutamate and
glutamine (Abraham et al. 1996), as well as increasing calcium ion influx (Joels and
De Kloet, 1994), both of which can contribute to neuronal toxicity. However, the
influence of glucocorticoids on neuronal vulnerability to metabolic insults is still
very confused, with some studies suggesting glucocorticoids exert neuroprotective
effects on neuronal survival or following drug-induced neurodegeneration (McEwen
et al. 1992; Abraham et al. 1997). Overall though, the current opinion appears to be
that glucocorticoids are predominantly damaging to the CNS, through a combination
of exacerbating conditions which lead to neurotoxicity and the impairment of
mechanisms through which neurones attempt to protect themselves from metabolic
or neurological insults (reviewed in Sapolsky, 1996).

1.4 Mineralocorticoid Hormones and the CNS

The predominant mineralocorticoid in humans and most mammals, under
physiological conditions, is aldosterone. This is the last component of the hormonal
renin-angiotensin cascade system, the main function of which is to preserve blood
pressure, blood volume and sodium homeostasis. The major action of aldosterone
can be ascribed to conserving sodium ions and eliminating potassium and hydrogen
ions by acting on ionic exchange pumps in the cortical and medullary collecting duct
cells of the kidney (Miller and Tyrrell, 1995). Aldosterone also acts to decrease
sodium excretion and increase potassium loss in the gut, salivary glands, sweat

glands and skin (Hseuh and Tuck, 1990; Miller and Tyrrell, 1995) and has actions on

vascular endothelium where aldosterone-selective MR have been demonstrated

(Funder et al. 1989). There is also evidence for aldosterone having important affects
on the brain, where it is involved in central regulation of blood pressure (Gomez-
Sanchez, 1986) and salt appetite (McEwen et al. 1986). So far, the exact means by
which aldosterone exerts these effects are unknown, since most studies of brain MR
and their involvement in the cellular effects of corticosteroid hormones on neural

activity, have concentrated exclusively on the glucocorticoid-mediated actions of
non-selective MR (Joels and De Kloet, 1994).
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1.4.1 The Distribution ofAldosterone-Selective Receptors in the Rat Brain

The ontogeny of MR has been previously discussed including the principal
areas of MR expression in the adult rat brain (section 1.3.1). However, there is an

obvious difficulty when addressing the issue of mineralocorticoid receptors in the
CNS since, under normal physiological conditions, they will be occupied by Cortisol
or corticosterone rather than aldosterone. Early autoradiographic and binding studies
tried to look at aldosterone-binding receptors by adrenalectomising animals prior to
injecting radiolabeled steroid, thereby removing endogenous glucocorticoids.
Unfortunately, this merely provided a distribution map of aldosterone-binding MR
which were no longer competed for by corticosterone and not necessarily a picture of
aldosterone-selective MR. Thus, in adrenalectomised rats, the greatest accumulation
of aldosterone occurs in the hippocampus, the medial amygdaloid nucleus, cells of
the arachnoid, the reticular formation and piriform cortex, with lower uptake
occurring in the lateral septum, hypothalamus, arcuate nucleus of the brainstem,
olfactory nucleus and tubercle (Birmingham et al. 1984).

A study by McEwen et al tried to circumvent this problem by studying
aldosterone binding in the brains of adrenalectomised rats, in both the presence and
absence of corticosterone. Having worked out doses of corticosterone which failed to
mimic or block the central actions of aldosterone, they looked at the uptake of
tritiated aldosterone by rat brain in the presence of the highest dose of corticosterone
and found that the greatest accumulation of aldosterone occurred in the lateral
septum, hippocampus, subiculum, amygdala and enterorhinal cortex. High uptake of
radiolabelled aldosterone was also seen in circumventricular structures such as the

OVLT, SFO and area postrema, but was not as significantly affected by competing
corticosterone, suggesting that these structures contained aldosterone-selective MR.
Lower uptake of aldosterone and lower suppression by corticosterone was also noted
in the hypothalamus and preoptic area (McEwen et al. 1986).

Another group manipulated the brain uptake of endogenous aldosterone by
putting non-adrenalectomised (intact) rats on high or low salt diets and then studied
the hormone uptake in eight different brain regions (Yongue and Roy, 1987). They
found that the nuclear fraction of all brain areas tested contained some endogenous
aldosterone, but that altering serum aldosterone levels failed to produce a variation in
the amount of brain cell-nuclear aldosterone, suggesting that the aldosterone-
selective receptors which existed were predominantly saturated under normal
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physiological conditions. However, they did discover that the greatest concentration
of cell-nuclear aldosterone occurred in the hypothalamus of intact rats, suggesting a

specific recognition mechanism for aldosterone in this brain region. Certainly the
anterior hypothalamus and the area anterior and ventral to the third ventricle (AV3V
region) in particular, is known to mediate the central pressor effects of angiotensin II
as well as integrating and processing information on water and electrolyte balance, so
it is possible that MR in this area have a role to play in mediating the central effects
of aldosterone (Gomez-Sanchez, 1991).

So far then, there is evidence for aldosterone-selective receptors in the
anterior hypothalamus, the circumventricular organs and perhaps some parts of the
brain stem, although without a method for detecting the aldosterone specificity-
conferring mechanism, it is difficult to be completely accurate. Should this
specificity-conferring mechanism be the same as for other aldosterone-selective MR
in the body, then studying the distribution of 11 p-HSD2 in the brain would give a

good indication of the cells likely to contain these aldosterone-selective receptors. As
discussed below, there is evidence for the existence of 11 p-HSD in brain and it is
likely that this is the mechanism by which aldosterone successfully acts through
brain MR to have effects on the central regulation of blood pressure and salt appetite.

1.4.2 Aldosterone Effects on Blood Pressure

Peripherally circulating aldosterone can readily cross the blood brain barrier
and there is some evidence to suggest that small quantities of it are synthesised in the
brain itself, since aldosterone synthase has been detected in cerebellum,
hippocampus, hypothalamus and amygdala by reverse transcriptase-polymerase
chain reaction (RT-PCR) (Gomez-Sanchez et al. 1997). Furthermore, brain region
homogenates can generate small amounts of aldosterone from radiolabeled DOC.
This centrally synthesised aldosterone may participate in general aldosterone action
upon the brain, by working in a paracrine fashion upon local MR found in regions
known to be concerned with the regulation of blood pressure, such as the anterior
hypothalamus and the nucleus of the solitary tract (Gomez-Sanchez et al. 1997).

Evidence for a role for aldosterone in the central regulation of blood pressure

comes from a study in which it caused a significant increase in the systolic blood
pressure of rats after 11 days of an intracerebroventricular (i.c.v.) infusion at a
nanomolar dose (Gomez-Sanchez, 1986). A dose one hundred times greater than that
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given centrally was required for a similar pressor response to be elicited
systemically. The increase in blood pressure after i.c.v. aldosterone occurred without
any abnormal weight gain or an increased ratio of kidney, heart or adrenal to body
weight (Gomez-Sanchez, 1986). Nor was there any increase in urine volume,
indicating that the increase in blood pressure was not due to any change in blood
volume. This finding was confirmed in dogs where the central effects of aldosterone
were linked to an increase in peripheral resistance and not through any salt or water
retention (Kageyama and Bravo, 1988). That the central effects of aldosterone on

blood pressure are mediated through brain MR was demonstrated by giving adult rats
a concomitant i.c.v. infusion of an MR antagonist, at a dose which had no influence
when infused alone, and abolishing the central pressor effects of the
mineralocorticoid (Gomez-Sanchez, 1986).

The exact mechanism of action of i.c.v. aldosterone on blood pressure is not

yet entirely understood. It does not have its hypertensive effects by the same means

that systemic mineralocorticoids cause increased blood pressure, such as increasing
the reactivity of vascular smooth muscle to pressor agents or ion permeability,
decreasing baroreceptor reactivity or causing salt and water retention (Gomez-
Sanchez, 1991; Gomez-Sanchez, 1995). It may be that central aldosterone causes

changes in the membrane excitability of brain neurones by activating amiloride-
sensitive sodium channels, thereby causing a knock-on effect for other ion
transporters, which results finally in altered intracellular calcium levels (Gomez-
Sanchez, 1995). This might activate the central sympathetic nervous system or

induce disturbances in the AV3V region, thought to be a centre for the integrative
control of cardiovascular function, thirst and salt appetite whilst also responding to
the actions of central angiotensin II and vasopressin (Van den Berg et al. 1990;
Gomez-Sanchez, 1991).

The central pressor effects of aldosterone can be antagonised by i.c.v.
corticosterone in a dose-dependent manner, although corticosterone alone has no

effect. The antagonistic actions of corticosterone in this study could not be fully
explained, since infusion of a selective GR agonist had no effect on blood pressure

(Gomez-Sanchez et al. 1990). However, this is contrary to findings by another group
who showed a slight decrease in systolic blood pressure with i.c.v. infusion of a GR
agonist at the same dose as that required for aldosterone to produce hypertension
(Van den Berg et al. 1990). This suggests a role for a subset of brain GR in lowering
blood pressure, a theory reinforced by the fact that the effects of i.c.v. aldosterone are

30



apparent after only a few hours, whereas those of the GR agonist take over a day to
be seen. Similarly, intraventricular infusion of the MR antagonist RU28318 lowers
blood pressure over a short time course, whereas similar administration of the GR
antagonist RU38486 increases blood pressure over a much longer time-span (Van
den Berg et al. 1990). Confusingly, though, the presence of corticosterone is required
for the central effects of aldosterone to be produced since adrenalectomy abolishes
the hypertension caused by intraventricular aldosterone and subcutaneous
corticosterone replacement therapy restores it (Gomez-Sanchez, 1991). It is unclear
as to whether this is due to a peripheral influence of corticosterone on vascular tone
or whether adrenalectomy merely frees brain MR which would normally be occupied
by the steroid, thus allowing aldosterone to bind in other brain regions, such as the
hippocampus, where it fails to elicit its effects on blood pressure.

1,4.3 Aldosterone Effects on Salt Appetite

In 1991, Epstein defined salt appetite in the rat as a need-induced intake of
salt resulting from being deprived of salt and subsequently becoming sodium
deficient (Epstein, 1991). This is different from the condition of "salt preference"
which describes a hedonistic partiality for salt solutions by rats, despite being in
positive sodium balance. Both aldosterone and angiotensin II can elicit a salt appetite
and both hormones are elevated in animals which are sodium deficient. However, it
is the endocrine responses of salt deficiency which drive salt appetite and not the
lack of sodium per se (Epstein, 1991). The central effects of aldosterone on salt
appetite are mediated in part by cells of the amygdala, since lesions of the medial
amygdala block the salt appetite produced by peripheral injections of either
aldosterone or deoxycorticosterone acetate (DOCA), but not that caused by salt
depletion (Nitabach et al. 1989; Schulkin et al. 1989). Furthermore, infusion of MR
antisense oligonucleotides into the medial amygdala can prevent the onset ofDOCA-
induced salt appetite or reverse an established DOCA-induced salt intake, suggesting
the involvement of MR in this phenomenon (Sakai et al. 1996). However, the salt
appetite displayed by hippocampectomised rats following adrenalectomy is
suppressed by aldosterone administration, as for non-hippocampectomised controls,
indicating that MR of the hippocampus are not involved in mediating aldosterone's
actions on salt intake (Magarinos et al. 1986). The role of the anterior hypothalamus
in salt appetite, if any, is not yet fully understood; aldosterone may have effects here
through aldosterone-selective MR, although this is an area which has been linked
more with the actions of angiotensin on salt intake (Stellar and Epstein, 1991). A
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very general picture of central arousal of salt appetite describes complicated neuronal
circuitry between the actions of aldosterone in the amygdala and the region anterior
and ventral to the third ventricle (AV3V) where angiotensin binds, and where lesions
block renin-angiotensin-induced salt appetite. These structures may be linked to each
other and also to the limbic structures, and could involve connections via the
circumventricular organs and brain stem nuclei which receive inputs from taste
afferents (Stellar and Epstein, 1991).

1.5 A role for 1113-HSD2 in the brain?

Early studies on brain expression and activity of 11P-HSD were carried out
before it was realised that two isoforms of the enzyme existed. Thus, both Funder et
al and Edwards et al showed no activity of 11 P-HSD in the hippocampus, using it
instead as a negative control for Cortisol and corticosterone conversion by
mineralocorticoid target tissues (Edwards et al. 1988; Funder et al. 1988). However,
later studies demonstrated that addition of co-factor, which is not normally stored by
the brain but used directly as it is made, induced strong 11 p-HSD activity in the
parietal cortex, hippocampus, cerebellum and pituitary, with lower activity seen in
the hypothalamus and brainstem (Lakshmi et al. 1991; Moisan et al. 1990a; Moisan
et al. 1990b). In situ hybridisation confirmed the presence of enzyme mRNA in
hippocampus, cortex, pituitary, olfactory bulb, preoptic areas of the hypothalamus,
choroid plexus and cerebellum (Moisan et al. 1990a; Moisan et al. 1990b). When the
second isoform of 11 P-HSD was finally described, bioassay experiments were

repeated using NAD as a substrate, but no distinctive 11 p-HSD2-like activity was

detected (Seckl et al. 1993).

At the time I began my PhD, there was actually very little tangible evidence
for the presence of 11P-HSD2 in the brain. What evidence existed was fairly
circumstantial and based on the fact that if central aldosterone was able to have

specific effects on both blood pressure and salt appetite, then it must be acting
through aldosterone-specific MR which may therefore be protected by 11P-HSD2.
Certainly corticosterone failed to mimic the actions of aldosterone on salt appetite in
adrenalectomised rats, even at a dose five hundred times greater, and part of this
action was at the level of the brain (McEwen et al. 1986). Furthermore, if the central
effects of aldosterone on blood pressure were antagonised by corticosterone and
prevented by simultaneous infusion of an MR antagonist, then it suggested these
actions were mediated by a subset of brain MR which were selective for the
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mineralocorticoid, possibly due to the presence of 11P-HSD2 (Gomez-Sanchez,
1986; Gomez-Sanchez et al. 1990). The most compelling evidence for 11|3-HSD2
involvement in the central actions of aldosterone came from a study in which
carbenoxolone was infused into the lateral ventricles of intact rats, at a dose which
had no effect when given peripherally, and caused a significant increase in systolic
blood pressure after just 3 days (Gomez-Sanchez and Gomez-Sanchez, 1992).
Moreover, rats administered with high dose carbenoxolone orally and who developed
hypertension over several days, were prevented from suffering this increase in blood
pressure by the simultaneous i.c.v. infusion of an MR antagonist. The only difference
between these groups of animals was in their urine volume; rats made hypertensive
by central administration of carbenoxolone did not experience an increase in urine
volume, whilst those receiving subcutaneous carbenoxolone treatment did, again
suggesting that centrally increased blood pressure occurs by some other means than
through mineralocorticoid action on the kidney (Gomez-Sanchez and Gomez-
Sanchez, 1992).

In 1994 then, the evidence for 11P-HSD2 expression and activity in the brain
was based mainly on the assumption that aldosterone-selective MR and, by
implication, 11 p-HSD2 must be present in the rat brain, for the effects of centrally
administered aldosterone and carbenoxolone to be seen. Moreover, there was a

distinct lack of available experimental techniques which would allow a closer study
of the possible involvement of 11 p-HSD2 in the central actions of aldosterone, in the
laboratory animal.

1.6 Aims of this Thesis

Firstly, we wanted to investigate the distribution of 11P-HSD2 in the adult rat brain
to see whether it was located in areas associated with aldosterone-selective MR and

thus, the central effects of aldosterone on blood pressure and salt appetite.

Furthermore, we wished to study the distribution of 11P-HSD2 in the adult mouse
brain, since these two animals exhibit distinct species differences in their salt
appetites. In order to achieve this, I first needed to clone a mouse 11P-HSD2 cDNA
which would allow me to make the related riboprobe.

Lastly, given that 11 p-HSD2 appears to have a "protective" role in the placenta
during pregnancy and is highly expressed in the developing foetus, I wanted to
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investigate the role of 11P-HSD2 in development further, particularly at the level of
the brain.
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CHAPTER TWO

MATERIALS AND METHODS

2.1 Basic DNA Manipulations

All DNA manipulations and molecular cloning work was carried out according to
methods described in Sambrook et al. (1989) unless otherwise stated.

2.1.1 Solutions

All solutions were made up in distilled water and those used later for RNA work as

well as DNA work, were autoclaved. Sterile pipette tips (Sarstedt) and tubes were

used wherever necessary.

0.5MEDTA (Disodium Ethylenediaminetetraacetate) pH 8.0:
0.5M EDTA (Sigma), pH to 8.0 by dissolving with NaOH pellets (approx. lOg per

500mls, Sigma). Autoclave.

TE buffer (pH 8.0):
lOmM Tris-HCl (pH 8.0, Sigma), ImM EDTA (pH 8.0). Autoclave.

Universal restriction buffer:
500mM NaCl (Sigma), 500mM Tris-HCl (pH 8.0), lOOmM MgCl2 (Sigma), 60pM
P-mercaptoethanol (Sigma).

IOxTBE (Tris-borate buffer):
1M Tris-HCl (Sigma), 0.8M Boric acid, lOmM EDTA, pH 8.3.

Agarose gel:
Agarose (Sigma) was dissolved in lxTBE buffer by microwaving. The liquid gel was
allowed to cool for a couple of minutes before 0.5qg/ml of ethidium bromide
(Sigma) was added and the mixture poured carefully into a gel tray, avoiding
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bubbles. Typically, 1% gels were used to separate fragments between 200bp and 2kb,
with lower percentage gels being used for larger fragments.

Gel loading buffer:
30% Ficoll, 0.25% Bromophenol blue, 0.25% Xylene cyanol FF (all Sigma), 0.5M
EDTA.

lkb DNA ladder:

10% 1 kilobase (kb) DNA ladder (Gibco BRL), 10% Gel loading buffer in distilled
water.

IOxIsco buffer:
0.5M Tris base (Sigma), 2mM EDTA, pH to 7.7 with HC1 (BDH).

2xIsco buffer:
1 in 5 dilution of 1 Oxlsco buffer.

3MSodium Acetate lxlsco buffer:
3M NaAc (Sigma), 1 in 10 dilution of 1 Oxlsco buffer.

0. lxlsco buffer/ 0.05% SDS (Sodium Dodecyl Sulphate):
1 in 100 dilution of 1 Oxlsco buffer, 0.05% SDS (Sigma).

2.1.2 Restriction Digestion and Visualisation ofDNA

Typically lpg of DNA was cut with 1 unit of the appropriate restriction
endonuclease in a solution composed of lx recommended restriction buffer (supplied
as by the enzyme manufacturer as lOx but diluted to give lx concentration in the
digestion mixture; alternatively, universal restriction buffer was used for most DNA
digestions) and distilled water to make the volume up to 20-50pl. The mixture was

placed at 37°C for 1-2 hours, unless another temperature was specified by the
restriction enzyme manufacturers. Following digestion, a 1-2 pi aliquot was removed
from the reaction, added to 3 pi of gel loading buffer and the volume made up to 8-
lOpl with distilled water. Similarly, 2 pi of lkb DNA ladder was added to the same

volume of buffer and water and where necessary, the same proportions of the
original uncut DNA were prepared for comparison. Next, a 1% agarose gel was made
and left to set for 20-30 min, before being submerged in a tank containing lxTBE
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buffer. The gel wells were rinsed out and samples loaded with a pipette. Current
(typically 1OOmV) was applied across the bath so that the DNA moved towards the
positive terminus. After 20-30 min, the gel was visualised under UV light (354nm
wavelength) for the appropriate sized DNA fragments, detected by comparison with
the uncut fragment and the DNA ladder.

2.1.3 Electroelution ofDNA from Agarose Gels

Following visualisation of digested DNA fragments, it was possible to extract the
desired DNA band from the gel segment by the process of electroelution. All
electroelution of DNA was carried out using the Isco Little Blue Tank unless
otherwise specified. Briefly, the open ends of each of the wells were covered in
membrane and the sample cup filled with O.lxlsco buffer/0.05% SDS. The gel piece
was gently set on a polyester screen, positioned above the recovery well. Three
different buffers were placed in the tank: firstly, the chamber on the negative
electrode side was divided into two by a membrane partition and the compartment
nearest the electrode was filled with lOxIsco buffer. The other compartment was
filled with 2xIsco buffer. Finally the chamber on the positive electrode side was also
divided into two by a membrane partition but both compartments were filled with
3M NaAc lxlsco buffer. The sample cup was set in place so that the gel piece and
recovery well were sitting in the 3M NaAc lxlsco buffer whilst the other well was
placed in the 2xIsco buffer. A constant current of 15mA per sample cup was applied
across the tank for 2-3 hours, or until the piece of gel ceased to fluoresce when tested
under UV light. The DNA precipitate on the recovery well membrane was carefully
resuspended by gentle mixing with the buffer remaining in the recovery well once
the gel fragment, polyester screen and excess buffer had been removed.

2.1.4 DNA Extraction and Precipitation

DNA obtained from restriction digest, gel electroelution, polymerase chain reaction
(PCR) or any other means, was routinely "cleaned" or purified before being used for
another procedure, to prevent contamination by reagents. Phenol-chloroform
extraction purifies the DNA whilst precipitation re-concentrates the DNA sample.

The DNA-containing solution was mixed with an equivalent volume of Tris saturated
phenol (pH 8.0, phenol from Sigma) and spun at 13,000 rpm for 3 min. The
supernatant was then removed to a clean tube and the remaining phenol/DNA mix
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was back extracted by adding an equal volume of distilled water, vortexing,
centrifuging and removing the supernatant again. The combined supernatant mix was

added to an equal volume of chloroform (24:1, chloroform:isoamyl alcohol, Sigma)
and the process repeated. Next, the cleaned DNA solution was precipitated by adding
1/10 volumes of 5M NaCl (or 3M NaAc, pH 5.2) and 2.5 volumes of cold (-20°C)
ethanol (BDH). This mixture was placed at -80°C for 5-10 min and then spun for 5
min at 13,000 rpm. The resulting supernatant was carefully removed and the pellet
washed by adding 500pl of 70% ethanol and repeating the centrifugation step. The
supernatant was removed again and the pellet allowed to dry briefly, before being
resuspended in the appropriate volume of TE buffer. All resuspended DNA was kept
at -20°C.

2.2 Screening a cDNA Library

The cDNA library screened was an adult BALB/c mouse kidney cDNA 5' stretch
library (Catalogue No. ML1045a, Lot No. 1611) contained in Lgtl 0 (cloning vector)
from Clontech Laboratories (USA). Library screening and clone isolation was carried
out following methods described in the Clontech Lambda Library Handbook. AgtlO
forms clear plaques on C600 and C600 Hfl bacterial cells and requires maltose for
propagation since this induces expression of the receptor through which the phage
enters its bacterial host. 0.2ml of liquid cDNA library lysate (in lxLambda dilution
buffer and 7% DMSO) was provided; an aliquot of 20pl was removed and the
remainder stored at -80°C.

2.2.1 Solutions

All experimental work with bacteria and phage was carried out under stringently
sterile conditions to avoid contamination. Consequently, all work was done in close
proximity to a blue flame, the mouths of bottles containing culture mediums were

passed through this flame prior to each pouring and instruments used for taking
bacterial swabs or smearing bacterial cultures were all heat sterilised or ethanol and
heat sterilised both before and after use. All solutions used for culture were sterilised

by autoclaving and sterile petri dishes (Philip Harris) and pipette tips were used at all
times.
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SM (Suspension Medium) buffer:
5.8g/L NaCl, 2g/L MgS04 (Sigma), 50mM Tris-HCl (pH 7.5). Autoclave then add
gelatine to 0.01% (Sigma).

LB (Luria-Bertani) broth:
lOg/L Bacto-tryptone, 5g/L Bacto-yeast extract (both Difco), 5g/L NaCl (Sigma).
Autoclave.

LB broth with lOmMMgSO4:
LB broth with lOmM MgSCL (Sigma). Autoclave.

LB broth with lOmMMgSO4 and 0.2% maltose:
LB broth with 10mM MgSCL. Autoclave. Cool to 50°C and add maltose (Sigma) to
0.2%.

LB agarplates:
LB broth with 15g/L agar (Difco). Autoclave. Cool to 50°C and pour into 90mm or

150mm Petri dishes so that the bottom is just covered with liquid. Allow to harden
and store at 4°C.

LB agar with lOmMMgSO4plates:
LB broth with lOmM MgSCL and 15g/L agar. Autoclave and make plates up as

described above.

LB soft top agar with lOmMMgSO4:

LB broth with lOmM MgSCL and lOg/L agar. Autoclave. Re-heat in water bath at
45°C and remove aliquots for cell plating.

DNA denaturing solution:
1.5M NaCl, 0.5M NaOH.

Neutralising solution:
1.5M NaCl, 0.5M Tris-HCl (pH8.0).

20xSSC (Sodium Saline Citrate):
3M NaCl, 0.3M Trisodium citrate (Sigma).
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Pre-hybridisation buffer:
50% formamide (Sigma), 5xSSC, 5xDenhardt's solution (Sigma), 0.1% SDS and
lOOpg/ml denatured nonhomologous salmon sperm blocking DNA (made in the lab).

Wash buffer 1:
2xSSC, 0.5% SDS.

Wash buffer 2:
lxSSC, 0.1% SDS.

2.2.2 Library Titering

Bacterial strain and culturing conditions:

The bacterial strain C600 Hfl was recommended by Clontech for library screening
and 0.5ml of bacterial cells in 25% glycerol were provided with the cDNA library.
5pl of this stock was streaked onto an MgSCL-free LB agar plate and incubated
upside down overnight at 37°C to form a master plate of bacterial colonies which
was stored at 4°C. The remaining stock of bacterial cells in glycerol were stored at -
80°C. A single bacterial colony from the master plate was streaked onto a second
MgSCL-free LB agar plate and incubated as above. It too was stored at 4°C and
formed the primary working plate. Subsequently, bacterial cells used for infecting
with kgtlO, for the purposes of determining titer and library screening, were grown

from a single colony taken from the working plate. The colony was picked off and
inoculated into LB broth with lOmM MgSCL and 0.2% maltose, then incubated at
37°C with good aeration on a shaker (200rpm) overnight or until an optical density
reading at 600nm (OD600) of 2.0 was reached (equivalent to 1.6xl09 cells/ml).

Titering:

The titer of a library provides information on the concentration of phage within the
liquid lysate and therefore gives an estimate of the dilution required to produce near

confluence of plaques on an agar plate. This allowed the maximum number of
recombinant phage colonies to be screened per plate during a primary library screen.

According to Clontech, the titer of the cDNA library was between 109 and 9x109 per

ml of lysate, but this was checked by making serial dilutions of phage lysate in SM
buffer, mixing aliquots with bacterial cells and plating. Briefly, 1 pi of library lysate
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was diluted in 1ml of SM buffer, then 10pl of this was mixed with 90pl of SM buffer
and four further serial one in ten dilutions made. 20(0.1 of each of the five final
dilutions of lysate were mixed with 200(ol of bacterial cells, incubated at 37°C for 15
min in a water bath, before having 3mls of pre-warmed soft agar (with 10mM
MgSCL) added to each tube and being poured out onto small 90mm pre-warmed LB
agar with lOmM MgSCL plates. These were left to harden, inverted and incubated
overnight at 37°C, and the number of plaques for each plate (where numbers were

reasonable for counting) were counted the next day. The titre was worked out

according to the following equation:

Titer (pfu/ml) = n° of plaques/ pi used x dilution factor x 103pl/ml

where pfu/ml refers to the number of "plaque forming units" per ml of library lysate,
and the actual titer was found to be 3.5xl010 pfu/ml. Thus, it was decided that a large
scale primary screen would be carried out by diluting 1 pi of library lysate in 1ml of
SM buffer, doing a second one in ten dilution and mixing lOpl of this final solution
with 400pl of bacterial cells and plating as described above, but using lOmls of soft
agar with lOmM MgSCft and pouring onto large 150mm LB agar with lOmM MgSCL
plates.

2.2.3 Library Screening

Growth ofphage plaques:

An initial primary screen of approximately 300,000 plaques was performed, followed
by a second primary screen of approximately 500,000 plaques. In both cases the
following dilutions and procedures were used. From the titer, the required lysate
dilution was calculated as described above and 16 large agar plates made up for the
initial primary screen, with 24 such plates being made up for the later primary
screen. The large agar plates were allowed to harden slightly at room temperature for
20 min, before being placed upside down at 37°C for about 6-7 hours. This
incubation time was found to produce plaques which were just touching each other,
whilst avoiding confluent lysis. Plates were then removed and placed at 4°C
overnight, to harden and prevent further plaque growth.
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Takingfilter replicas ofplaques:

Using Hybond nitrocellulose filters of the same diameter as the agar plates, two
replicas of each were made the following morning under sterile conditions. Filters
and plates were both marked with the same code and a note made of which screen

was being performed. Using sterile tweezers, the first filter was carefully laid over

the agar plates without trapping air bubbles and 5 asymmetric holes were made in
both the filter and the agar, by stabbing through them both with a sterile 18-gauge
needle (Becton-Dickinson). After 1.5 min, the filter was removed and carefully laid
aside, face-up, whilst a second filter was placed over the same agar plate, stabbed in
the same location with the sterilised needle, and left in place for 2.5 min. Once this
filter had been peeled off, it too was laid face-up, whilst the agar plate was covered
up and the entire procedure repeated with the next plate. When all the plates had had
duplicate filter replicas made of them, they were returned to 4°C. The filters were

carefully placed face-up in a trough containing denaturing solution and left for 4 min.
Filters were removed and excess denaturing solution drained off by gently dragging
them across a paper towel, then the process was repeated with neutralising solution
for 4-5 min. The neutralising step was repeated and finally filters were rinsed one at
a time in 2xSSC solution by gently rubbing over their surfaces with a gloved
fingertip to rid them of any cell debris. The remaining DNA on the surfaces of the
filters was "fixed" in place by UV cross-linking and the filters were laid out to dry.

Preparation ofa cDNA probe from humanplacental 11J3-HSD2:

The plasmid containing the cDNA for human placental 11P-HSD2 (1864 nucleotides
in length) was kindly donated by Dr Roger Brown. The cDNA was cut from the
plasmid vector by restriction digestion with BamFII and Xbal for 1-2 hours at 37°C.
The digest was then run on a 0.8% agarose gel and the restricted fragment visualised
under UV light. The gel piece containing the 11P-HSD2 insert was cut out with a

scalpel and the DNA was electroeluted from the gel as previously described (section
2.1.3). The DNA was then phenol-chloroform extracted, ethanol precipitated and
resuspended in TE buffer. The 11P-HSD2 cDNA insert was digested again with Dral
at 37°C for 1 hour to remove the polyadenylated 5' tail, leaving a cDNA sequence of
approximately 1800 nucleotides. This was again phenol-chloroform extracted,
precipitated and resuspended in TE buffer.
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The human placental 11P-HSD2 cDNA provided the template for generating the
DNA probe used for screening the filter replicas of the library. Typically, 0.2pg of
11P-HSD2 template was mixed with 12nM random hexamer primers and distilled
water, boiled for 5 min to denature the cDNA and then placed at -20°C for 2 min to

prevent annealing. The tube was then placed on ice and lxB buffer containing 20pM
nucleotide mix (dATP, dGTP, dTTP) was added, together with 4 units of Klenow
enzyme (all Promega) and lOOpCi of P-labelled dCTP (specific activity
3000Ci/mmol, Amersham International). The amounts of all of these components
were altered slightly according to how many filters were being screened. The
resulting mixture was incubated at 37°C for 4 hours and then passed through a NICK
column (Sephadex G50, Pharmacia Biotech) according to the manufacturers
instructions, for purification. The probe was added to the top of the gel bed in a

volume not less than 50pl and eluted in 700pl ofTE.

Pre-hybridisation and hybridisation offilters:

50mls of pre-hybridisation buffer was poured into a large clean petri dish (or several
petri dishes, depending on the number of filters being screened) and approximately
10 filters carefully slipped into the solution, avoiding bubbles. The petri dish was

then placed on top of a metal gauze inside a sealed glass chamber, which contained
water at 40°C up to the level of the gauze. The whole structure was then placed
inside an incubating oven set at 42°C which slowly moved the tank back and forth to
allow movement of the buffer over the filters. The filters were pre-hybridised for 2
hours before the probe was added. The DNA probe was heated to 100°C for 10 mins
to ensure the DNA was denatured and then aliquots were gently pipetted in and
around the filters in their petri dish, until all the probe was used up. The petri dish
was replaced in the glass tank and incubation oven, and the filters left to hybridise
overnight for approximately 16-20 hours.

Washing the filters:

The following morning, a 10pl aliquot of the hybridisation buffer (pre-hybridisation
buffer with probe) was removed from the petri dish, mixed with 6mls ofUltima Gold
scintillation fluid (Sigma) and put through a p counter (Wallac). This was to check
that the total number of counts per ml of buffer lay between 106 and 2xl06 cpm; any

lower and the positive clones would be too faint to detect, any higher and the
increased background would give false positive results. The excess buffer was
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poured down the sink with running water and the remainder washed off by swilling
the filters in a plastic trough with 50 mis of non-radioactive pre-hybridisation buffer
and pouring the solution away. Filters were then covered with lOOmls of wash buffer
1 and the plastic trough placed on a moving tray inside an incubator for 15-20 min.
The temperature of the incubator was set to 65°C so that it would warm up during the
first wash. Washing with buffer 1 was repeated for 15-20 min and then the solution
discarded and replaced with wash buffer 2. Filters were washed for 15-20 min at
65°C and the wash repeated. Prior to placing against film (XAR-5, Kodak), the filters
were arranged between 2 layers of clingfilm, cut to fit the size of the film and
cassette. Under red light conditions, the filters were placed on top of the film (DNA
side down) and flashed with UV light for 1 second (sec) to ensure that the
asymmetric pattern of pin holes and the outline of the filters had been marked onto
the film below. Films and filters were then carefully fitted (to ensure they maintained
their exact relative position to each other) in cassettes with an intensifying screen for
enhancing the signal, sealed and placed at -80°C overnight (16-24 hours).

Identifyingpositive clones:

Films were developed and aligned with the outline and asymmetric 5 hole pattern on

the corresponding plates to identify positive plaques (seen as a black radioactive dot
on the film over the relevant plaque position). Since, in most cases, a single positive
plaque could not be picked out with certainty from the plate (most plaques had been
allowed to grow until they touched adjacent plaques), a small agar plug of the area

containing the plaque was taken by sterile pasteur pipette and put into 500pl of
sterile SM buffer with 2pi of chloroform (chloroform prevents further growth of any
bacterial host cells and facilitates the release of phage from the remaining cells). This
was left at room temperature for 1-2 hours to allow diffusion of the agar-bound
phage into the buffer. Then, a 5Opl aliquot of the SM buffer was added to 200pl of
bacterial cells, incubated at 37°C for 15 min and plated as before but in smaller
90mm agar plates. These plates were re-screened (secondary screening) for positive
clones and the process repeated until complete clone purity could be assured (i.e. a

plate obtained on which every plaque tested positive during a final screen). Once all
the positive clones had been isolated, analysis of their length and extraction of their
DNA could begin.
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Positive and negative controlsfor library screening:

A positive control for the library screens was made up from the human 11P-HSD2
cDNA clone which was used as template for the 11|3-HSD2 probe. 50ng of restricted
11P-HSD2 cDNA was diluted 100-fold in TE buffer. A lOpl aliquot was removed
and mixed with an equal volume of 20xSSC, then lpl was removed and a second 1
in 100 dilution was done. This was repeated twice and each of the DNA/SSC aliquots
was pipetted onto one of three crosses marked on a nylon membrane and allowed to

dry. The membrane was then denatured, neutralised and rinsed in the same way the
filters had been treated and finally, the DNA fixed by UV cross-linker. This
membrane was included with the filters during hybridisation and washing and
produced positive black radioactive marks on autoradiographic film corresponding in
position and intensity to the cDNA clone. A blank filter was included throughout the
whole screening procedure, both as a negative control and to determine the level of
background noise generated by the experimental conditions.

2.3 Isolation of DNA from Phage Lysates

Once all the positive clones from the library screen had been isolated, stocks of the
phages of interest were created by taking agar plugs containing single plaques from
each plate and placing them in 500pl of SM buffer with 3pi of chloroform at 4°C.
Prior to large scale growing up of these phage for DNA extraction, an aliquot of the
medium in which the plugs were being kept was used to create a high titer stock for
each positive phage. Bacterial host cells were grown up as before; a single colony
from the working plate was inoculated into lOmls of LB broth with lOmM MgSCL
and 0.2% maltose and grown up overnight at 37°C at 200rpm with good aeration, or
until an OD600 of 2.0 was reached.

2.3.1 Solutions

LB agarose with lOmMMgS04plates:
LB broth with lOmM MgSC>4 and 15g/L agarose (Sigma). Autoclave and make up

plates as described before.

LB soft top agarose with lOmMMgSOp
LB broth with lOmM MgS04 and lOg/L agarose. Autoclave.
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50% PEG (Polyethylene Glycol) 6000:
50g PEG 6000 (Fisher Biotech) dissolved in lOOmls distilled water.

SM CsCl (Caesium Chloride) solution:
SM buffer saturated with CsCl.

2.3.2 Phage Stock Preparation

A 1 |ul aliquot was removed from the buffer containing the positive plaque of interest
(with agar plug) and diluted in 500pl of SM buffer, lpl of this was incubated with
400pl of bacterial host cells for 15 min at 37°C, then mixed with lOmls of soft
agarose with lOmM MgSCE and plated as previously described, but this time using a

150mm agarose plate with lOmM MgS04 instead of a lOmM MgSCE agar plate
(commercially available agar often contains restriction enzyme inhibitors which can

cause problems when trying to subclone the phage DNA later on). The plate was

inverted and incubated overnight at 37°C until the plaques reached confluence, then
lOmls of SM buffer was applied, the plate sealed with parafilm and placed on a

rotator at 4°C overnight. The following morning, 500pl of this liquid lysate mixture
was made up to 1ml with SM buffer to form a high titre stock of the phage of
interest. The exact titre of this stock was worked out as previously described for the
cDNA library (section 2.2.2) and was usually above the recommended 1010 pfu/ml.

2.3.3 Preparation ofDNA from Plate Lvsates

Following titering, the appropriate dilutions of phage stock were performed and lpl
of phage in SM buffer was incubated with 400pl of bacterial cells and plated as

described above. Typically, 6 large 150mm agarose plates were made up for the
purification of DNA from plate lysates. Plates were incubated overnight at 37°C or

until confluence was reached, then they were covered in lOmls of SM buffer, sealed
and left on a rotator overnight at 4°C. The following morning, the buffer was poured
off into 50ml Falcon tubes (Becton-Dickinson) and the plates rinsed with a further
2mls of SM buffer per plate which was pooled with the other lysate. The tubes of
plate lysate were centrifuged at 3,200 rpm in a table top centrifuge for 15 min to
remove the cell debris. The supernatant was collected and incubated with 0.8pg/ml
of pancreatic DNAse and 0.8pg/ml of RNAse at 30°C for 30 min to remove the
bacterial DNA and RNA. After incubation, the solution was placed on ice and made
up to 0.5M NaCl and 5% PEG 6000 to precipitate out the phage. After a further 2
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hours on ice, the mixture was centrifuged at 4°C and 3,500 rpm for 20 min. All of the
PEG solution was carefully aspirated from the tube and the centrifugation repeated
for 5 min. The remaining PEG was then removed and the pellet resuspended in 400pl
of TE, with lOmM EDTA and 0.5% SDS. 50pg/ml of Proteinase K was added and
the solution incubated at 37°C for 30 min. This mixture was then extracted twice

with a 50:50 phenol:chloroform mixture and then chloroform extracted twice to
remove all the protein. This was followed by ethanol precipitation and the resulting
pellet was resuspended in 3mls SM and extracted briefly again with chloroform. 0.5g
of CsCl was added per ml of supernatant and the suspension transferred to SW50.1
rotor polyallomer tubes, topped up and equilibrated with SM CsCl solution. The
tubes were spun at 35,000 rpm and 20°C for 2 hours, the supernatant removed and
the phage pellet resuspended in 1ml of SM buffer in a clean eppendorf tube
(Sarstedt). This was spun at 14,000 rpm for 10 min in a bench top centrifuge to
remove the debris and the supernatant transferred to a new polyallomer tube. SM
buffer was added to top up and equilibrate the tubes and they were again centrifuged
at 35,000 rpm and 20°C for 2 hours to get rid of the remaining caesium chloride. The
resulting near-invisible phage pellet was resuspended in lOOpl of TE buffer with
lOmM EDTA and 0.5%SDS and incubated with 50pg/ml of Proteinase K for 30 min
at 37°C to remove the phage protein coat. The phage DNA was then
phenol:chloroform extracted, ethanol precipitated and resuspended in a small volume
of TE buffer. The concentration of DNA was checked by spectrophotometer and a

5pi aliquot was run on an agarose gel to test for a sharp DNA band.

2.3.4 Preparation ofDNA from Liquid Lysates

An overnight culture of bacterial host cells was set up in 3mis of LB with lOmM
MgSC>4 and 0.2% maltose as previously described, and 100pi of this culture was

inoculated into a fresh lOmls of LB with lOmM MgS04 and 0.2% maltose the
following morning. The new culture was incubated under the same conditions for 3-4
hours and then the OD of the cells was measured at 600nm. The cells were

centrifuged and resuspended in the appropriate volume of LB broth to give an OD600
of 2.0. These cells were infected with the appropriate volume of high titer phage
stock such that the ratio of bacteria to phage obeyed the following equation:

Bacterial concentration/ phage concentration = 50.
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This was to ensure that there was no excess of phage compared with bacterial host
cells, such that the cells lysed before they allowed phage numbers to increase
sufficiently. The phage and bacteria were incubated together with lOmM MgStAj for
15 min at 37°C and then were inoculated into a fresh 50mls of LB broth with lOmM

MgSCL and incubated for a further 6-8 hours at 200rpm until lysis of the cells
occurred. 200pl of chloroform was then added to the 50mls of cultured phage to

prevent any further bacterial growth and to aid phage release into the media. The
lysate was then centrifuged at 3,200 rpm for 15 min in a table top centrifuge and
thereafter treated exactly as described above for the plate lysates (from the DNAse
and RNAse steps onwards).

2.4 Polymerase Chain Reaction (PCR) of Positive Clones

PCR was used for amplifying the DNA from positive clones, so that the 11 [3-HSD2
inserts could be visualised by gel electrophoresis. Thus, information on the relative
sizes and restriction digestion patterns of the different cloned mouse 11(3-HSD2
inserts could be obtained.

2.4.1 PCR Conditions

All PCR reactions were performed in a maximum volume of lOOpl and contained
0.01-0.5ng/ml of starting phage DNA. Typically, 2-5 pi was taken from the
suspension medium containing the positive clone of interest (with agar plug) and
mixed with lpM of each primer, 2.5mM MgCl2 (Pharmacia), 200pM nucleotide mix
(dNTPs, Pharmacia), lxPCR buffer and 1 unit of Taq DNA polymerase enzyme

(both Promega) per lOOpl reaction volume. The total volume was made up with
autoclaved distilled water. Finally, 2 drops ofmineral oil (Sigma) were used to cover

the reaction mixture and the sealed tube subjected to the following PCR protocol:
1 cycle of 94°C for 5 min, 72°C for 3 min.
30 cycles of 94°C for 1 min, 58°C for 1 min, 72°C for 3 min.
1 cycle of 72°C for 5 min.

The mixture was then placed on ice, the mineral oil removed and an aliquot of the
reaction mixture run against a lkb DNA ladder on a 1% agarose gel. This was to
check that the reaction had worked and to find out the relative lengths of the isolated
mouse 11P-HSD2 clones. DNA resulting from the PCR procedures was

phenol:chloroform extracted, ethanol precipitated and resuspended in TE buffer.
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Where all the PCR mixture had been run out on an agarose gel, the DNA fragment
was first electroeluted and then extracted, precipitated and resuspended.

2,4.2 PCR Primers

A variety of primers were used for both PCR and eventual sequencing of the mouse

11 (3-HSD2 clone. These primers are listed below with the relevant sequences and a

brief description ofwhat they encode:

956R: 5' -CTTTTGAGCAAGTTCAGCCTGGTTAAGT-3'

(equivalent to A,gtlO forward primer from nt position 215 of cloning
site)

957R: 3' -ATGGGACCTTCTTTATGAGTATTCGGTGGAG-5'

(equivalent to WgtlO reverse primer from nt position 296 of cloning
site)

N4959: 3'-GGGACCTTCTTTATGAGTATTCGAATTT -5'

(equivalent to A-gtlO reverse primer from nt position 290 of cloning
site incorporating a Hindlll cleavage site)

N4960: 5'-TTTGGATCCAAGTTCAGCCTGGTTAAGTC-3'

(equivalent to WgtlO forward primer from nt position 223 of cloning
site incorporating a BamHI cleavage site)

98A: 5 '-GCCGTCGGGCGGCGCCTGGCTGCTCGT-3'

(equivalent to human 11 (3-HSD2 forward primer from nt position 127)
98B: 3' -CAACTCCAATACGGTGGCCAGCACCGT-5'

(equivalent to human 1lp-HSD2 reverse primer from nt position 457)
C: 5' -ATCCGTGCTTGGGGGCCTATGGAACCT-3'

(equivalent to human 11(3-HSD2 forward primer from nt position 786)
B: 3' -CTGCAGTGCTCGAGGCAGACAGTGACT-5'

(equivalent to human 11P-HSD2 reverse primer from nt position
1239)

XT1: 5' -GGCAAGGACTACATCGAGCACTTGCAT-3'

(equivalent to human 1 p-HSD2 forward primer from nt position 995)
XB2: 3 '-TCATGAAACAGTGGAGAGGCGCAGAGG-5'

(equivalent to human 11P-HSD2 reverse primer from nt position
1541)
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XB3: 3' -CTTGAGCCAGTCAAGAGACACTTGGGG-5'

(equivalent to human 1 lp-HSD2 reverse primer from nt position 1773
with a G oligo in position 1746 instead of an A oligo)

B3: 3'-GGCTGGATGATGCTGACCTTGAC-5'

(equivalent to human 11P-HSD2 reverse primer from nt position 894)

where "nt position" refers to the nucleotide number (counting 5' to 3') from the
relevant database sequence.

2.5 Subcloning a DNA Insert into a Plasmid Vector

2.5.1 Solutions

ATP (adenosine triphosphate):
0.1M ATP (Sigma), pH 7.0.

1OxLigation buffer:
500mM Tris-HCl (pH8.0), lOOmM MgCfj, lOmM DTT (Dithiothreitol, filter-
sterilised, Sigma).

10% Glycerol:
1Omls glycerol (BDH) with 90 mis distilled water.

Ampicillin:
lOOpg/ml ampicillin (Sigma). Filter-sterilise.

LB agar with ampicillin plates:
LB broth with 15g/L agar. Autoclave. Cool to 55°C, then add 50pg/ml ampicillin and
pour plates.

IPTG (Isopropyl /3-D-thiogalactopyranoside):
lOOmM IPTG (Sigma). Filter-sterilise.

X-gal (5-bromo-4-chloro-3-indolyl-b-D-galactoside):
2% w/v X-gal dissolved in dimethylformamide (Sigma). Light-sensitive.
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SOB medium:

20g/L Bacto-tryptone, 5g/L Yeast extract, 0.5g/L NaCl. Autoclave, then add 1% 2M
MgCl2/MgS04 solution (filter-sterilised).

SOC medium:

SOB medium with 1% 2M glucose solution (filter-sterilised, Sigma).

2.5.2 Plasmid Vector and Bacterial Strain

The isolated mouse 11P-HSD2 clone was subcloned into pBluescript II (Stratagene).
Bluescript is a 3kb ampicillin-resistant plasmid vector with a polylinker introduced at
the P-galactosidase gene (lac-Z) site. This allows for easy screening of recombinant
clones, since non-recombinant plasmids are able to synthesise the enzyme which
breaks down X-Gal (5-bromo-4-chloro-3-indolyl-b-D-galactoside) to release a blue
colour, whilst the recombinant plasmids have had their lac-Z gene interrupted by the
DNA insert and therefore remain white.

Epicurian coli XL 1-Blue cells (Stratagene) were the host cells for the pBluescript
based plasmids. They are tetracyclin resistant and the lac-Z Ml5 gene is integrated
into the host chromosome.

HB101 cells (Promega) were the host cells for plasmids which did not require a-

complementation for blue/white screening. The strain is recA-, therefore eliminating
homologous recombination.

2.5.3 Constructing Subclones

The DNA clone was excised from the phage DNA by restriction digestion with
endonucleases whose cleavage sites existed in the polylinker sequence. The plasmid
vector polylinker was cut with the same endonucleases, so that the matching ends of
both the DNA insert and the plasmid vector could be ligated together. Following
restriction digestion of the DNA clone, the fragments were run out on a 1% agarose

gel and the DNA insert band was cut out and electroeluted. Following restriction
digestion of the plasmid vector, the restriction enzymes were heat inactivated by
placing the digest mixture at 55°C for 10 min. The plasmid vector was then treated
with 0.01 units of shrimp alkaline phosphatase (SAP, Sigma) per pmol of DNA in a

typical reaction volume of 30-40pl at 37°C for 30 min, to prevent the open DNA
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ends from re-annealing. The mixture was then heat inactivated again and
phenol:chloroform extracted, ethanol precipitated and resuspended in half the
volume of TE buffer. Following electroelution, the DNA insert was also extracted,
precipitated and resuspended in TE buffer.

Ligation of the DNA insert to the plasmid vector was done in a total volume of lOpl
and the ratio of insert to vector was about 3 to 1. ImM ATP, lxLigation buffer and 1
unit of T4 DNA ligase enzyme (both Promega) were included in the reaction mix. A
reaction mixture containing 1 pi of non-SAP-treated vector was included as a positive
control and a second reaction mixture containing 1 pi of SAP-treated vector without
DNA insert was included as a negative control. All sticky-ended ligations were left
overnight at 16°C.

2.5.4 Bacterial transformations

By electroporation:

Competent bacterial cells were made by inoculating a colony ofXL-1 Blue cells into
1L of LB broth and growing them until an ODeoo of 0.5-0.7 was reached. Cells were

then spun down and washed three times in successively smaller volumes of 10%
glycerol. The final pellet was resuspended in 1ml of 10% glycerol and lOx lOOpl
aliquots were stored at -80°C. For transformation, competent cells were defrosted on

ice and aliquoted into clean eppendorfs. 3pi of each ligation mix was added to each
50pl aliquot of cells and the ligated DNA was transformed into the cells using the
method of Zabarovsky and Winberg (Zabarovsky and Winberg, 1990). Briefly, each
competent cell/ligation mix was pipetted into an electrode cuvette which had been
sterilised with ethanol and rinsed out with distilled water. Making sure that no

bubbles were present, the electrode was placed inside the Gene Pulser apparatus

(Bio-Rad Laboratories, Richmond, CA) and 2.5 kilovolts, 25pFarads applied for 4.7
sec at a parallel resistance of 200 ohms. 300pl of SOC medium was added to the
cuvette immediately after the pulse and the cells were gently resuspended in it and
placed back on ice. They were then incubated at 37°C for 20 min whilst LB
ampicillin agar plates were first spread with 50pl of X-gal, allowed to dry, and then
spread with 50pl of IPTG and left to dry. The transformed cells were then plated in
lOpl and 50pl aliquots, the plates inverted and incubated overnight at 37°C. The
following morning, white bacterial colonies containing the recombinant plasmid
vector and DNA clone were picked off and grown up.
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By heat-shock:

This technique was used for re-transforming cells with the subcloned rat 11P-HSD2
cDNA in plasmid vector pGEM-T (Promega) (see section 2.8.4) so that a large
amount of cDNA template could be generated for in situ hybridisation histochemistry
experiments. HB101 cells were made competent by growing a single colony
overnight at 37°C in 2mls of LB broth, then transferring the culture to 50mls of LB
broth the next morning and incubating under the same conditions until an OD600 of
0.4-0.5 was reached. Cells were spun down and resuspended in 20mls of ice-cold
0.1M CaCl2 (Sigma), placed on ice for 10-60 min, then re-pelleted and resuspended
in 2mls of 0.1M CaC^. Cells were stored in ice at 4°C for up to 5 days. For
transformation, 25ng of ligated plasmid DNA (in not more than lOpl) was added to

150pl of competent cells and incubated in ice for 10 min. The mixture was then
placed at 42°C for 2 min and plated directly onto LB ampicillin agar plates which
were incubated overnight at 37°C. The following morning, colonies were picked off
and grown up (the plasmid vector conferred ampicillin resistance on recombinant
clones).

2.6 Isolation of DNA from Bacterial Colonies

2,6.1 Solutions

GTE solution:

50mM glucose, 25mM Tris-HCl (pH 8.0), lOmM EDTA, autoclaved.

Alkali lysing solution:
0.2M NaOH, 1% SDS.

Neutralising solution:
5M KAc (Potassium acetate), pH to 4.8 with glacial acetic acid.

CsCl-saturated TE buffer:
TE buffer saturated with CsCl.
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2.6.2 Preparation ofDNA from Mini-lvsates

A single transformed bacterial colony was inoculated into 3mls of LB broth
containing 50 pg/ml of ampicillin (or other appropriate antibiotic) and incubated at
37°C for 12 hours with good aeration in an orbital incubator. 1.5mls of the culture
medium was decanted and the newly grown cells collected by centrifugation for 2
min at 14,000 rpm in a bench top centrifuge. The remaining culture medium was

stored at 4°C. The supernatant from the spun culture was removed by pipette or by
aspiration and the cells were gently resuspended in lOOpl of ice-cold GTE solution.
The mixture stood at room temperature for 5 min, then 200pl of freshly made alkali
lysing solution was added, the tube gently inverted and left on ice for 5 min. Finally,
150pl of ice-cold neutralising solution was added and the mixture was again inverted
several times and left on ice. After 5 min, the lysed cells were separated from their
DNA by centrifugation at 14,000 rpm for 5 min. The DNA-containing supernatant
was transferred to a fresh eppendorf and treated with 25pg/ml of RNAse solution for
30 min to remove any RNA. The DNA was then extracted with an equal volume of
phenol, twice extracted with chloroform, ethanol precipitated and resuspended in TE
buffer.

2.6.3 Preparation ofDNA from Maxi-lysates

The remaining 1.5mls of culture medium (see above) was used to make a large scale
preparation of DNA. The remaining cultured bacterial cells were added to 20mls of
LB broth containing lOOpg/ml of ampicillin (or other antibiotic) and grown up for 8
hours in an orbital incubator at 37°C. These 20mls of culture were then divided

between two 1L flasks containing 250mls LB broth with lOOpg/ml ampicillin and
cultured overnight at 37°C. The following morning, bacterial cells were harvested by
centrifugation at 6,000 rpm for 5 min and then resuspended in 18mls of ice-cold GTE
solution. 40mls of alkali lysing solution was added, the bottles gently inverted and
the solution stood for 10 min at room temperature. 20mls of neutralising solution was

added and the bottles stored on ice for 10 min before being spun at 6,000 rpm for 10
min at 4°C. The supernatant was filtered through a layer of tissue paper to remove

the white precipitate and then 0.6 volumes of isopropanol (BDH) were added to

precipitate out the plasmid DNA. After 10 min at room temperature, the DNA was

pelleted by centrifugation at 6,000 rpm for 15 min. The DNA pellets were washed
with 70% ethanol, the bottles inverted and the DNA left until almost dry before being
resuspended in 3mls of TE buffer. This was made up to 9.7mls with TE buffer, then
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9.7g of CsCl and 1ml of ethidium bromide (lOmg/ml) were added. The mixture was

spun briefly at 3,200 rpm for 10 min in a bench top centrifuge to remove the debris,
and then the DNA-containing supernatant was transferred to Beckman Quick-Seal
tubes, topped up with CsCl-saturated TE buffer, equilibrated and spun at 45,000 rpm

for 20 hours at 20°C in a Beckman VTi65 1 rotor. After centrifugation, the plasmid
DNA had separated into bands which were removed with an 23 gauge needle
attached to a 2ml syringe (Becton-Dickinson). The plasmid DNA was then made up

to 2.5mls with TE buffer and passed through a NICK column (Sephadex G50,
Pharmacia Biotech) according to the manufacturers instructions, for the removal of
the ethidium bromide. The eluted solution was then phenol-chloroform extracted,
ethanol precipitated and the DNA resuspended in 1ml of TE buffer.

2.7 DNA Sequencing

The DNA sequence of the mouse 11 (1-HSD2 template contained within the
Bluescript plasmid vector was determined by the chain-termination method using a

Sequenase DNA sequencing kit (version 2.0, United States Biochemical) and
according to the procedures described in the Sequenase Handbook. The chain-
termination method involves the synthesis of a new strand of DNA by a DNA
polymerase enzyme from a single-stranded DNA template. Synthesis is initiated at
the site where the primer binds to the DNA template and the reaction is eventually
stopped by the incorporation of a dideoxynucleoside triphosphate (ddNTP), which is
a nucleotide analogue lacking the 3'-hydroxyl group necessary for continued DNA
chain elongation.

2.7.1 Solutions

All solutions required for the sequencing reaction were provided as part of the
Sequenase kit, but are briefly described below as part of the method.

Alkali denaturing solution:
2M NaOH, 2mM EDTA.

Sequencing gel:
For 150mls of a 5% gel, mix 30mls Sequegel, 105mls Sequegel diluent and 15mls
Sequegel buffer (all Sequegel products from National Diagnostics, New Jersey). Add
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0.7 mis of 10% ammonium persulphate solution (Sigma) and 60pl of TEMED, swirl
and pour immediately.

2.7.2 Preparation of a DNA Template for Sequencing

Since the chain-termination method of sequencing requires a single-stranded DNA
template, the mouse 11P-HSD2 DNA clone was first denatured. Thus, 5pg of DNA
plasmid in lOpl of distilled water was incubated with alkali denaturing solution to a

final concentration of 0.2MNaOH and 0.2mM EDTA, at 37°C for 30 min. The DNA
was then precipitated with 1/10 volumes of 3M NaAc (pH 5.2) and 2 volumes of ice-
cold ethanol at -80°C for 15 min. The DNA was spun at 14,000 rpm for 5 min at 4°C
in a bench top centrifuge, the supernatant removed and the pellet washed with 70%
ethanol, air-dried and then resuspended in 7pi of sterile distilled water.

2.7.3 Sequencing Reaction

The first reaction ensured that the selected primers (those described in section 2.4.2)
for the sequencing reaction were annealed to the denatured DNA templates. 3-5pg of
DNA in 7pl was added to 3-5ng (approx. lpmol) of primer in lpl and the reaction
volume made up to lOpl with Sequenase buffer (final concentration of 40mM Tris-
HC1 pH 7.5, 20mM MgCf, 50mM NaCl). The mixture was heated at 65°C for 2 min,
then cooled slowly to <35°C over 15-30 min before being placed on ice. For the
labelling reaction, lpl DDT (0.1M), 2pl of nucleotide mix (7.5pM each of dGTP,
dCTP and dTTP), 0.5pl of 35S-dATP and 3.25 units of T7 DNA polymerase were

added to the annealing mixture and incubated for 3.5 min at room temperature. The
DNA elongation was terminated by transferring 3.5pl aliquots of reaction mixture to
each of 4 tubes containing 2.5pi of termination mix (80pM of each dNTP and 8pM
of one ddNTP; either ddGTP, ddATP, ddCTP or ddTTP, all in 50mM NaCl) and
continuing the incubation at 37°C for 5 min. Reactions were then stopped completely
by addition of 4pl of stop solution (95% formamide, 20mM EDTA, 0.05%
bromophenol blue, 0.05% xylene cyanol FF). The sequencing reactions were then
stored at -20°C for up to 1 week until analysis.

2.7.4 Gel Electrophoresis of Sequencing Reactions

Sequencing gels were run between 2 glass plates which were washed with soap and
water, rinsed thoroughly with water and ethanol and then one side of the smaller
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glass plate was siliconised by applying dimethyldichlorosilane in trichloroethane
(BDH). This was to ensure that the gel would stick to the larger glass plate upon

separation. The sequencing gel was made up as described and was carefully drawn
up into a 50ml syringe for applying between the 2 glass plates, which were laid flat
on top of one another, separated by 2 spacers and sealed down one side with
selotape. Once approximately 130mls of gel had been successfully syringed between
the plates, without forming bubbles, the comb was inserted and the remaining 3 sides
of the plates were held tight by clips whilst the gel set (approx. 2 hours). Once set,
the comb and clips from the top and bottom end of the gel were removed and the
whole structure attached to a vertical gel apparatus. The wells were washed out with
lxTBE buffer and the same buffer was applied to the tanks at the top and bottom of
the apparatus. The gel was pre-run for 40 min at 40 watts during which time, the
sequencing reactions were heated to 75 °C for 4 min to denature the DNA and placed
on ice to prevent reannealing, prior to 2.5 pi of each reaction added per well. The gel
was then run for 1.5 hours (40 watts again) and then a second 2.5pi aliquot of each
sequencing reaction was added to adjacent lanes and the gel run for a further 1.5
hours, or until the first blue dye front from the first sample loading ran off into the
buffer. The gel was then taken down and the plates separated. A piece of Whatman
3M paper, cut to fit the size of the gel was carefully laid over the top of it and the gel
peeled away from the plate. The gel and Whatman paper were covered with clingfilm
and placed in a gel dryer (Bio-rad, Model 583) under vacuum, at 80°C until dry. The
gel was then exposed to film (XAR-5, Kodak) overnight and the legible sequence

(about 300 bases) read from the developed film the following day.

2.8 In Situ Hybridisation Histochemistry

In situ hybridisation histochemistry is a technique that provides direct visualisation
of the location of specific nucleic acid sequences, thereby allowing identification of
cells and structures containing the relevant genes. The technique takes advantage of
the specific annealing of complementary nucleic acid molecules through hydrogen
bonds between bases attached to a sugar-phosphate backbone. The sensitivity of the
technique is such that it allows the detection of specific mRNAs, expressed at very
low levels in cells. The choice of probe for in situ hybridisation is critical and we

chose to use RNA probes (riboprobes) because they are single-stranded and do not
need to be denatured prior to being applied to tissue sections. Furthermore, in situ
hybridisation on sections with radiolabeled RNA probes is frequently found to be
the more sensitive and reliable procedure (Simeone 1999). The specificity of the
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probe and the hybridisation reaction is determined by producing a sense probe of
similar length, nucleotide content and specific activity which is included in the in situ
hybridisation study. The lack of signal seen with the sense probe verifies that
antisense probe binding is a result of its base sequence and not its physical
properties. In their single-stranded state, RNA probes are highly vulnerable to rapid
digestion by ubiquitous RNase enzymes and care must be taken throughout the
procedure described below for this to be avoided.

2.8.1 Solutions

All in situ hybridisation work was done in RNase free conditions, using only baked
glass- and metalware, sterilising all solutions by autoclaving where possible or using
DEPC-treated water to make them up in, where not. Gloves were worn at all times
and sterile eppendorfs (from newly opened bags, Sarstedt), falcon tubes (Becton-
Dickinson) and pipette tips (autoclaved, Sarstedt) were used.

Diethyl pyrocarbonate (DEPC)-treatedwater:
0.1% DEPC (Sigma) in distilled water. Stand in fume hood for at least one hour,
autoclave.

Subbing solution for slide preparation:
0.03% sodium azide, 0.15% gelatine (both Sigma) solution in DEPC-treated water,
heated to 40-50°C with stirring until dissolved, then passed through a Whatman n° 1
filter paper.

4% paraformaldehyde in 0.1Mphosphate buffer:
20mM NafEPCE, 80mM NaiHPCE (both BDH) dissolved in DEPC-treated water,
heated to 70-80°C with stirring and then 40g paraformaldehyde (Fisher Scientific)
added and dissolved per litre of solution.

20xSSC:

3M NaCl, 0.3M trisodium citrate. Autoclave.

2xSSC:

1 in 10 dilution of either sodium saline citrate solution (Sigma) or sterilised 20xSSC
solution described above, in DEPC-treated water.
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0. lxSSCfor washes:
1 in 20 dilution of 2xSSC.

Deionisedformamide (molecular grade):
10% amberlite resin (BDH) in formamide solution (Sigma; molecular grade), stirred
for 3 hours then filtered twice through Whatman n° 1 filter paper. Aliquoted into
desired volumes and stored at -80°C.

Deionisedformamide for box buffer:
10% amberlite resin in formamide solution (Sigma), stirred for 1-3 hours and filtered
twice through Whatman n° 1 filter paper. Light-sensitive.

Box buffer (for humidified chamber):
50% deionised formamide, 20% 20xSSC, 30% DEPC-treated water. Kept in dark
until used.

2xPre-hybridisation buffer:
0.6M NaCl, lOmM Tris-Cl (pH 7.5), ImM EDTA (pH 7.5), lxDenhardt's solution,
0.5mg/ml denatured salmon sperm DNA (all Sigma) and O.lmg/ml yeast tRNA
(Gibco BRL).

2xHybridisation buffer:
10% dextran sulphate (weight for volume), 0.6M NaCl, lOmM Tris-Cl (pH 7.5),
ImM EDTA (pH 7.5), lxDenhardt's solution, O.lmg/ml denatured salmon sperm

DNA (all Sigma) and O.lmg/ml yeast tRNA (Gibco BRL).

RNase buffer:
lOmM Tris-Cl (pH 7.5), ImM EDTA (pH 7.5), 0.5M NaCl, in distilled water.

Ethanol in ammonium acetate solutions:

50%; 50% ethanol (BDH), 0.3M ammonium acetate (Sigma) in distilled water.

70%; 70% ethanol, 0.3M ammonium acetate in distilled water.

90%; 90% ethanol, 0.3M ammonium acetate in distilled water.

1MDTT:

1M DTT. Filter-sterilise and divide into 50pl aliquots.
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2.8.2 Slide Preparation

Glass microscope slides with frosted ends (BDH) were placed in 0.2M HC1 in
DEPC-treated water, DEPC-treated water and acetone (BDH) in series, each for 3
min, for cleaning. Slides were dried in a 50-60°C oven, then dipped in subbing
solution. Slides were subbed for 5min and returned to the oven for drying overnight.
The next day, slides were dipped in poly-L-lysine (Sigma) solution (lOOmg in 500ml
DEPC-treated water) for 20 sec and rinsed in DEPC-treated water for 10 min. After
drying at 50-60°C again, the slides were packaged in aluminium foil until used.

2.8.3 Tissue Preparation

Tissues which were to be used for in situ hybridisation, were dissected rapidly
(within 3-4 mins) and placed on powdered dry ice until frozen through, then stored in
the -80°C freezer. Upon removal, tissues were placed in the cryostat and left for 20-
45 mins to come up to the ambient temperature (about -20 to -35°C). The samples
were then attached to cork squares with tissue embedding compound (Bright) and
these were mounted onto a chuck by freezing and positioned for cutting. Typically,
10pm thick tissue sections were cut, except for kidney where 30pm sections were

cut. All sections were mounted on gelatine/poly-L-lysine coated RNase-free glass
slides and kept within the cryostat until moved back to the -80°C freezer for storage.

2.8.4 Preparation of 11B-HSD2 Probes

Generation ofa mouse 11/3-HSD2 cDNA template:

Owing to lack of success in attempting to subclone small fragments (approximately
500bp in length) of the mouse 11P-HSD2 cDNA into an appropriate vector with
initiation sites for RNA polymerase enzymes, the technique of polymerase chain
reaction (PCR) was used to synthesise a strand of mouse 11P-HSD2 cDNA from the
original cloned fragment. In this way, the resulting cDNA strand could be designed
to be of a suitable length from which to generate a riboprobe and would have the
necessary RNA polymerase initiation sites to do so, tagged on at either end.
Consequently, 2 primers were designed to amplify a section of the mouse 11P-HSD2
cDNA contained within the Bluescript plasmid vector. The primers consisted of the
following sequences:
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Primer TX3: 5'-TCTAG/ATTAACCCTCACTAAGGGA/GACAGCTA-3'

(sequence equivalent to: Xbal cleavage site/ T3 RNA polymerase promoter site
mouse 11P-HSD2 forward primer from nt position
292).

Primer BB7: 3' -GAATCGGG/GGGATATCACTCAGCATAAT/CCTAGG-5'

(sequence equivalent to: mouse 1 lp-HSD2 reverse primer from nt position 959/
T7 RNA polymerase promoter site/ BamHI cleavage
site).

Thus, following PCR, the resulting DNA strand was 666 base pairs in length. Used
as a template with T3 RNA polymerase, the 11P-HSD2 sense (5' to 3') riboprobe
was generated, whilst T7 RNA polymerase generated the equivalent antisense (3' to
5') riboprobe.

For the PCR, 2-3 ng of template were mixed with approximately 10pM of each
primer (TX3, BB7, designed by Oswel), lxbuffer, 2.5 mM magnesium, 200pM
dNTPs (all from Gibco BRL 5' RACE system), 1 unit of Taq DNA polymerase
(Promega) and made up to 50pl with distilled water. The mixture was placed under 2
drops of mineral oil (Sigma) in a sealed tube and the following PCR conditions were

used:

5 cycles of 95°C for 45 sec; 55°C for 1 min; 72°C for 2 min.
15 cycles of 95°C for 45 sec; 70°C for 1 min; 72°C for 2 min.
20 cycles of 95°C for 45 sec; 70°C for 1 min; 72°C for 3 min.
1 cycle of 72°C for 10 min.

The PCR mixture was then placed on ice, the mineral oil removed, loading buffer
added and the total volume run on a 1.5% Low Melting Point Agarose gel (Gibco
BRL) against a lkb DNA ladder. The amplified band was confirmed as being
approximately 660 nucleotides in length, then cut out and the DNA purified using a

Hybaid DNA extraction kit. Of the resulting 20pl of pure mouse 11P-HSD2 cDNA
template, lpl was run on a 1.5% agarose gel against a lkb DNA ladder to ensure that
the DNA was clean, with no extra bands, and of a sufficiently concentrated nature.

Linearisation ofthe rat 11 /3-HSD2 cDNA template:

The rat 11P-HSD2 cDNA template consists of a 659 base pair fragment (spanning
from nucleotide position 525 to 1184 of the published rat cDNA sequence) contained
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within the plasmid vector pGEM-T (Promega), suspended in TE buffer at a

concentration of 2.5pg/ml. This cDNA was generated by RT-PCR carried out on
total RNA from rat kidney. The reverse transcribed cDNA was then subjected to 35
cycles of PCR (96°C for 30 sec; 42°C for 45 sec; 72°C for 30 sec) using the
following primers designed from the published rat cDNA sequence:

5' -GCTGCTGCAGATGGACCTGACCAAG-3' and

5' -TAGTGGTGGATGAAATACATGAGC-3'.

The PCR products were subcloned into pGEM-T (Promega) and kindly donated by
Dr Caroline Leckie. Table 2.1 summarises which restriction endonucleases and RNA

polymerase enzymes were used to generate both sense and antisense probes for rat
11 p-HSD2.

Table 2.1. Enzymes required for rat 11P-HSD2 riboprobe generation.

11P-HSD2 Vector Probe length
(nucleotides)

Restriction

enzyme

RNA

polymerase
Rat sense Gem 659 NCOI SP6

Rat antisense Gem 659 NOTI T7

The initial linearising step is similar to the DNA restriction digestion step described
in section 2.1.1. Briefly, 4pg of DNA was incubated at 37°C for 1 hour with lx
universal restriction buffer, 1.5 units of appropriate restriction endonuclease and the
volume made up to approximately 25pl with distilled water, lpl of the mixture was

diluted with 5pl of distilled water and 2pl of gel loading buffer and run on a 1%
agarose gel against 2pl of lkb DNA ladder and a similarly diluted volume of uncut
plasmid, to check that restriction was complete. This being the case, the remaining
digestion mixture was phenokchloroform extracted, ethanol precipitated, air-dried,
resuspended in 3 0-45pi of TE buffer and stored at -20°C until required.

In vitro transcription ofboth rat and mouse riboprobes:

For synthesis of the RNA probe, 1.5pg of linearised cDNA template was added to

20pM nucleotide mix (CTP, ATP, GTP), lxTB buffer, 6.7mM DTT, 0.5pl RNase
or

inhibitor (Promega), 3.5pl S-UTP (specific activity 800Ci/mmol, Amersham
International) and lunit of the appropriate RNA polymerase enzyme, in a total
volume of 15pl. This mixture was incubated at 37°C (T7,T3, both Promega) or 40°C
(SP6, Promega) for one hour after which a further 2pl of 5xTB buffer was added,
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with 8pl of DEPC-treated water, 0.5pl RNase inhibitor and lunit of DNase I (both
Promega), to digest away the now unnecessary DNA template. After a further 10 min
at 37°C, the mixture was placed on ice.

Purification and checking ofriboprobes on acrylamide gels:

Probes were purified on NICK columns (Sephadex G50, Pharmacia Biotech). They
were added singly to the gel at the top of each column and 400pl of effluent
containing the incorporated full-length probe was finally collected. 1 pi of the probe
was taken for checking on an acrylamide gel whilst another lpl was added to 1ml of
Cocktail T scintillation fluid (BDH) and measured on a p counter for an estimate of

o

the total activity of the probe. Probes giving counts of less than 2x10 cpm/ml were
rejected as they were likely to be degraded or not full-length. A 4% polyacrylamide
gel was made from 3.6g urea, 1.32ml 40% acrylamide solution (both Sigma), 1ml of
lOxTBE and made up to lOmls with distilled water. lOOpl of 10% ammonium
persulphate (Sigma) solution and lOpl of TEMED (N,N,N',n'-
tetramethylethylenediamene; Sigma) were added to polymerise the acrylamide and
the gel was poured immediately between two vertical glass plates and left to solidify
for approximately 20min. The gel was placed in a bath of lxTBE solution, the wells
were rinsed out with lxTBE and the aliquot of probe was mixed with 5pi of loading
buffer, before being added to the well. The gel was electrophoresed at 11mA for
20min or until the first blue dye-front of the loading buffer ran off the gel into the
bath. The glass plates were then removed and carefully separated from each other.
The gel was covered with clingfilm and placed against Hyperfilm P-max (Amersham
International) autoradiographic film and left overnight to develop. A good clean
probe produced a single black band on the film, indicating incorporation of the
radioactive nucleotide. Any probes which failed to produce any band or which
produced several bands (a result of the RNA being degraded) were rejected. All
probes were kept at -20°C until used and only defrosted once.

2.8.5 Experimental Protocol

Post-fixation of tissue sections:

Slides containing the relevant tissue sections were transferred to pre-chilled (by
placing on dry ice) metal racks, all the time being kept at approximately -80°C.
Slides and racks were then transported on dry ice to the fume hood and placed
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directly into a glass trough containing 350ml of 4% paraformaldehyde in phosphate
buffer for post-fixation of the tissue. The paraformaldehyde was kept at 4°C until use
and the slides were submersed in it for lOmin. The slides were then washed three

times in 2xSSC for 5min each.

Pre-hybridisation:

Slides were drained, the remaining 2xSSC removed with a lens cleaning tissue
(Whatman) and 200pl of pre-hybridisation solution (50% deionised formamide,
lxPre-hybridisation buffer) was pipetted over the sections. Each slide was then
carefully placed face-up on a piece of 3M Whatman paper, soaked in box buffer, and
cut to fit the RNase-free humidified chamber. The boxes were covered by their lids
and placed in a pre-heated 50°C oven for 3 hours. This pre-hybridisation step reduces
any potential background or non-specific binding by reducing the amount of free
RNA in the tissue which may bind some of the 11P-HSD2 probe in a non-specific
manner, thereby giving a false positive result.

Hybridisation:

Sense and antisense riboprobes were removed from the -20°C freezer and allowed to
thaw to room temperature. The probes were mixed with 2xHybridisation buffer, then

7 ^ S
added to 50% deionised formamide to give 1x10 cpm/ml of S-a-UTP labelled
11P-HSD2 sense or antisense cRNA probe in buffer. This was heated to 75°C for 10
min to denature the probe, then placed on ice for 1 min and mixed with 1 OmM DTT,
vortexed briefly and brought to the radioactive area. Slides were removed from the
oven, drained of their pre-hybridisation buffer, wiped carefully with lens tissues and
covered with 200pl of probe, before being placed back inside their humidified
chambers and returned to the oven for 16 hours at 50°C.

RNase digestion ofunbound riboprobes:

After hybridisation, slides were removed from their humidified chambers, drained of
riboprobe and rinsed briefly in 2xSSC for 5 min in each of three glass troughs. Slides
were propped against the last glass trough and drained of solution, then carefully
wiped around the edges with lens cleaning tissue before having 200pl of RNase A
(30pg/ml RNase buffer) applied to them. The remaining RNase buffer was used to
soak new 3M Whatman paper, cut to fit humidified chambers used for RNase work.
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The slides were again placed face-up in these chambers, covered by their lids, and
put at 37°C for one hour.

Washing and dehydration ofsections:

Slides were removed from the oven, placed in plastic racks and rinsed in 2xSSC
solution at room temperature for 30 min. Meanwhile, a second wash of O.lxSSC
solution was prepared and heated to 60°C. The slides were transferred to this wash
and kept at 60°C for one hour. A third wash of O.lxSSC solution was prepared in the
same way, but once the slides were positioned, the heater was switched off and the
solution was allowed to cool to approximately 35°C, over the course of 60-90 min.
Following washing, sections were dehydrated through graded 50%, 70% and 90%
ethanol in 0.3M ammonium acetate solutions for 2 min each. Slides were then left in

their racks in the fume cupboard to air dry before being placed against Hyperfilm P-
max (Amersham) autoradiographic film for 10-14 days.

2.8.6 Validation of the In Situ Hybridisation Technique and 11 [3-HSD2 Probes

The in situ hybridisation histochemistry technique described above was adapted from
a method originally designed for MR and GR probes and explained fully in Seckl et
al. (1990). Pilot in situ hybridisation studies were conducted on both rat and mouse

brain sections with the rat GR riboprobe to verify that the method described above
gave the same patterns ofmRNA expression in these tissues as had been previously
reported (Seckl et al. 1990; Holmes, French and Seckl, unpublished observations).
Although it is preferable to use probes in which the sequence is an exact match to the
intended target, a cross-species hybridisation can be used if the sequence of a gene is
sufficiently similar between species (Wilkinson 1999). As the mouse GR cDNA and
rat GR cDNA share 94.7% sequence homology across the 674 base pair target region
(EBI accession numbers Y12264 (rat) and X13358 (mouse); sequences aligned and
compared with Gene Runner), we decided that the rat GR probe could be used to
validate the in situ hybridisation technique on mouse brain sections.

The rat GR cDNA template was a kind gift from Dr Joyce Yau and was contained in
the pGEM3 plasmid as a 674 base pair Pstl/EcoRl fragment, corresponding to the
steroid binding domain (base pair 1734-2364) of the receptor. The template was

linearised by incubation with Aval and transcription with the T7 RNA polymerase
enzyme (Promega) yielded the final GR antisense riboprobe. GR sense riboprobes
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were generated by transcription with the SP6 RNA polymerase (Promega) after the
cDNA fragment had been linearised by incubation of the template with EcoRl. The
probes were purified and checked on an acrylamide gel as described in section 2.8.4.

An MF1 male mouse brain and a male Wistar rat brain were dissected and stored as

described in section 2.8.3. The brains were cryostat-cut with serial 10pm thick
coronal sections being collected throughout the hippocampal region, known to be
one of the highest GR expressing areas in the rodent brain. 20 slides containing a

minimum of three sections on each were collected for both the rat and mouse brains;
10 slides from each animal had the GR antisense probe applied whilst 10 slides had
the equivalent sense probe applied. In situ hybridisation histochemistry was carried
out as described in section 2.8.5 after which slides were placed against Hyperfilm (3-
max (Amersham) for one week. The autoradiographs showed the expected
distribution of GR mRNA on both the mouse and rat antisense sections compared
with the equivalent sense control sections (see Figures 2.1 and 2.2), thereby
validating the in situ hybridisation technique.

Figure 2.1 GR mRNA expression in the hippocampus of the rat brain (darkened areas). The
autoradiographs show typical sections from a single rat brain. A total of 30 antisense sections
and 30 control sense sections were used for the in situ hybridisation study. The
autoradiographs of the GR sense control brain sections were so faint (due to lack of non¬
specific probe binding) that they were unsuitable for print production and can not be shown.

66



Figure 2.2 GR mRNA expression in the hippocampus of the mouse brain; A) GR antisense
probe and B) GR sense probe. The autoradiographs show typical sections from a single
mouse brain. A total of 30 antisense sections and 30 control sense sections were used for the
in situ hybridisation study.

Following validation of the in situ hybridisation technique on both rat and mouse

brain sections, further studies were used to authenticate the rat and mouse 11 (3-HSD2
probes. The mouse 11 (3-HSD2 probe was validated in an extensive study by Brown
et al (1996a) using in situ hybridisation on whole mouse embryos from embryonic
day 9.5 (E9.5) to the first postnatal day (P0). The sense 11[3-HSD2 sections showed
non-specific background radioactivity only, whilst the antisense 11P-HSD2 sections
showed high levels of specific hybridisation and low background. This specific 11P-
HSD2 mRNA was widespread until E12.5, but thereafter became rapidly restricted to
the hindgut, a few brain areas and aldosterone target tissues (Brown et al. 1996a).
My own in depth studies on 5 adult rat brains, detailed in Chapter Four, validated the
rat 11P-HSD2 probe and further confirmation of the specificity of this probe on rat
sections comes from a study by Diaz et al. (1998). Their extensive study on 11 p-
HSD2 mRNA expression in the embryonic rat used an llp-HSD2 riboprobe
transcribed from the same cDNA template described above (provided by Dr Caroline
Leckie and identical to that used in my studies). Their results show that high 11P-
HSD2 mRNA expression throughout the CNS in development, become confines to
the thalamus and external granular layer of the cerebellum at birth (PI), confirming
my own findings (detailed in Chapter Five) and thereby validating the rat 11P-HSD2
riboprobe.
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2.8.7 Quantification ofmRNA Expression

All sections from each animal studied were dipped in NTB-2 emulsion (Kodak),
diluted 1:1 with distilled water at 42°C, carefully laid flat and left to dry overnight
under red light conditions. Slides were then wrapped to protect them from light and
exposed for 4 weeks at 4°C. Prior to developing, slides were allowed to come up to
room temperature for one hour. Under red light conditions, slides were placed in
clean developer solution (Kodak) for 5 min, then rinsed briefly in distilled water and
placed into fixer solution (Amfix) for 10 min. A final wash in tap water for 10 min
was carried out and then slides were left to dry. It was critical that all solutions were

kept as close to 15°C as feasibly possible during the developing process. Dried slides
were counterstained with Pyronin Y (Sigma) solution (1% w/v, filtered once through
a n°l Whatman filter) for 3 min, then rinsed three times in distilled water for lmin
each time. Slides were then glued to coverslips with DPX mountant (BDH).

Tissue sections were selected for quantification of mRNA expression if they
contained the complete cross-section of the brain structure/area being investigated
and were not damaged or defaced in any way. 11P-HSD2 mRNA expression was

quantified by counting silver grains over individual neurones under bright-field
conditions at x400 magnification, using a computer driven image analysis system

(Seescan, Cambridge or MCID, Research Imaging, Canada). A thresholding method
was employed for the analysis of mRNA quantification, whereby neurones were

classified as expressing 11 p-HSD2 if the number of silver grains in the neurone was

four times greater than background. Background measurements were made on

adjacent areas of tissue that did not show specific expression of 11P-HSD2 mRNA.

2.9 11B-HSD Bioassavs

All 11P-HSD bioassays on adult rat tissues were done according to methods adapted
from either Moisan et al. (1990a) or Moisan et al. (1990b). The 11 P-HSD bioassay
performed on tissues from neonatal rats was carried out following the method
described in Brown et al. (1993). These experiments were not designed to determine
the initial enzyme velocity of the reactions, but were simply intended to show
whether 11P-HSD2 activity was readily detectable in rat brain subregions or not.
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2.9.1 Tissue Preparation

Animals were killed by decapitation and tissues immediately removed and placed
into ice-cold assay buffer (5mM K2PO4, ImM DTT, ImM EDTA (all Sigma) in 20%
glycerol (BDH) solution, pH 7.0) or were first partially dissected on a chilled glass
plate, and then placed in buffer. For all assays performed on sections of brain, some
kidney was assayed in addition as a positive control for lip-HSD2 activity and
where necessary, liver was assayed as a positive control for lip-HSDl activity. All
tissues were carefully homogenised in a pre-chilled Mini Glass Homogenizer
(Jencons) with new assay buffer, ranging in volume from 300pl to 2mls, depending
on the size of tissue being homogenised. Tissue homogenates were kept at 4°C at all
times, except during the period of incubation.

2.9.2 Bioassav Conditions

Protein estimation:

The protein concentration of the homogenates was estimated using a Bio-rad protein
assay kit and carried out according to the manufacturers instructions. 20pl of serial
dilutions of Bio-rad protein assay standard II (1.4, 1.2, 1.0, 0.8, 0.6, 0.4, 0.2 and
O.lmg/ml) and 2pl of tissue homogenate were mixed with 1ml of Bio-rad protein
assay dye reagent (diluted 1:5 with distilled water and passed through a Whatman
n°l filter) and left to stand for 15 min. A blank control, consisting of homogenisation
buffer and dye reagent only, was included. Samples were placed in a UV-160A
Shimadzu spectrophotometer and their absorbency read at 595nm. The protein
concentration of the tissue homogenates was determined from a standard curve

derived from the values obtained for the protein standards. Any necessary dilution of
the homogenate (the protein concentration being high enough to result in a volume of
less than 5pi having to be aliquoted for the assay) was made with fresh cold
homogenisation buffer.

Assay conditions and incubation times:

Preliminary studies on adult rat brain subregions indicated that 11 p-HSD2 activity
was very hard to determine against a background of lip-HSDl activity. In an

attempt to optimise bioassay conditions for llp-HSD2 detection, a total protein
concentration of 500pg/ml and an incubation time of 60 min were selected (see
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Figures 2.3a and 2.3b). These conditions had been used previously to show 11 P~
HSD1 activity in adult rat brain subregions in the presence of an excess of NADP
(Moisan et al. 1990a; Moisan et al. 1990b) and so the same conditions, although with
an excess of NAD in this instance, were chosen for the detection of 11P-HSD2
activity.

In neonatal rats, however, 11P-HSD2 activity was readily detectable and an initial
experiment which varied both incubation time and protein concentration of the brain
tissue homogenate, found that a time of 20 min and a total protein concentration of
75pg/ml gave a percentage conversion of tritiated steroid which was in the mid-range
of the linear part of the relationship between protein concentration and enzyme

activity (see Figure 2.4). Incubation times of 10, 20 and 30 min were selected for the
neonate homogenates since previous experiments on tissues showing high 11P-HSD2
activity had indicated that a steroid conversion rate of between 10-40% was obtained
after just 10 min (Brown et al. 1993). Thus, all assays on brain tissue utilised a total
protein concentration of lmg/ml for adults and 75pg/ml for neonates. Kidney control
samples were assayed at 50pg/ml total protein.

Homogenates were incubated in eppendorf tubes with either 200pM NAD
(0.33mg/ml, Sigma) or 200pM NADP (0.35mg/ml, Sigma) and 1,2,6,7 [3H]
corticosterone (specific activity 84Ci/mmol, Amersham International) at a final
concentration of 12nM (adults) or in a range of concentrations from 0.5nM to

10,000nM to span the anticipated Km values of both isozymes (neonates). The final
reaction volume was made up to lOOpl with homogenisation buffer, the tubes sealed
and incubated in a shaking water bath at 37°C for 20 or 60 min. Negative or

background control samples were made up as described, but without any tissue
homogenate. All samples were run in quadruplicate and all tissues were treated the
same way.
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Figure 2.3a Graph showing the percentage conversion of [3H] corticosterone (B) to [3H] 11-
dehydrocorticosterone (A) in adult brain subregions, with increasing protein concentration.
All samples were incubated for 60 min with 200pM NAD. Each point shows the mean value
of quadruplicate samples taken from a single rat brain.
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Figure 2.3b Graph showing the percentage conversion of [3H] corticosterone (B) to [3H] 11-
dehydrocorticosterone (A) in adult brain subregions, with increasing incubation time. All
samples contained 500pg/ml protein and 200pM NAD. Each point shows the mean value of
quadruplicate samples taken from a single rat brain.
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Figure 2.4 Graph showing the percentage conversion of [3H] corticosterone (B) to [3H] 11-
dehydrocorticosterone (A) in neonatal PI (first postnatal day) brain homogenates, with
increasing incubation time. 75pg/ml of protein gave a linear relationship between protein
concentration and enzyme activity during the 10-30 min incubation time. All samples were
incubated with 200p.M NAD. Each point shows the mean of quadruplicate samples taken
from the homogenate of 3 pooled rat brains.

Extraction ofsteroids:

After incubation, samples were placed in ice and 1ml of ethyl acetate (BDH) was
added to each. Tubes were vortexed and then spun in a microfuge for 3 min at 13,000
rpm. The upper steroid-containing layer of each sample was transferred to a new

eppendorf tube and air dried at 55°C under a sample concentrator. Steroids were

resuspended in 60pl of cold corticosterone and 11-dehydrocorticosterone (2.5mg of
each (Sigma) per ml of absolute ethanol) and 40pl of each sample was applied (as 4
x 10(14.1) to lanes drawn on aluminium silica plates (Merck). The steroids were

separated by thin layer chromatography by placing the plate edge in about 2cm of
solvent (92:8, chloroform:95% ethanol, both BDH) in a sealed glass chamber for
approximately one hour. The separated steroids were visualised under UV light and
the areas corresponding to corticosterone and 11 -dehydrocorticosterone were scraped
into eppendorfs containing 1ml Cocktail T scintillation fluid (BDH) and vortexed.
The radioactivity in each fraction was quantified on a p counter (Wallac) and lip-
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HSD activity was calculated as the percentage conversion of [3H] corticosterone to
■j

m

[ H] 11-dehydrocorticosterone.

2.10 Histochemistry

Brains of rats which were to be processed for the purposes of studying tissue
morphology, were placed directly into 10% buffered formalin upon dissection.
Brains remained in formalin overnight at room temperature for fixation. They were

then placed at 4°C until mid-afternoon (3.00-4.00 pm) when they were taken to the
Pathology laboratory and placed in cassettes in fresh 10% formalin to await
processing and wax embedding that evening. Tissue samples which could not be
processed and wax embedded the following evening, were switched to 10% buffered
formalin with 15% sucrose after overnight fixation and kept at 4°C until they could
be transferred to Pathology. Following wax embedding, brain sections were cut on a

microtome at a thickness of 3pm, floated onto poly-L-lysine and gelatine coated
slides (see section 2.8.2) and left to dry at 37°C for 1 hour. Tissue sections were then
de-waxed by placing the slides in xylene (BDH) for 10 min (as 2x 5min steps), re-
hydrated through graded alcohol solutions (100% ethanol for 5 min, 90% for 3 min,
70% for 3 min) and rinsed briefly in tap water. Sections were then dipped in
haematoxylin stain (Sigma) for 45 sec and placed back in tap water (Scottish or

alkali tap water) for 1-2 min until the stain turned purple. Finally, sections were

dehydrated through alcohol solutions (70% ethanol for 3 min, 100% for 3 min) and
placed in xylene again for 10 min (as 2x 5 min steps), before being glued to

coverslips with DPX mountant. Once dry, sections were viewed under a light
microscope and the areas and perimeters of the various cell layers of the cerebellum
were quantified with the aid of an MOID image analysis system (Research Imaging,
Canada).

2.11 Corticosterone Radioimmunoassay

All corticosterone radioimmunoassays were carried out according to a method
described originally by Kenyon et al. (1986), but adapted by Dr Chris Kenyon to use

rabbit scintillation proximity assay beads (Amersham Life Sciences Ltd, UK). The
inter-assay variation was <10% whilst the intra-assay variation was <5%. The limit
of detection was 0.5pg/dl.
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2.11.1 Solutions

Borate buffer:
0.135MNa-borate (pH 7.4), 0.5% Bovine serum albumin (BSA, Sigma).

Anti-rabbit SPA (scintillation proximity assay) reagent:
SPA reagent was diluted in lOOmls of borate buffer and stored in 10ml aliquots at -
20°C.

Anti-corticosterone antibodies:

Antiserum was raised in rabbits and provided by Dr Chris Kenyon. A stock solution
was made up in borate buffer and 10% sodium azide added to a final concentration of
0.1%.

Corticosterone standards:

A stock concentration of 3.2pM corticosterone (Sigma) in borate buffer was made up

and stored at -20°C. For standards, a 1 in 10 dilution of the stock solution in borate
buffer gave a solution of 320nM. Then, serial 1 in 2 dilutions in borate buffer were
done to give a final concentration of 0.625nM. Thus, 11 standards were created in
all, including a "zero" standard (borate buffer alone).

2.11.2 Assay Protocol

Trunk blood was collected and spun down as described below in section 2.12.3.
Plasma samples were kept at -20°C and defrosted on ice for the corticosterone assay.

25pl of each sample was aliquoted into fresh eppendorf tubes and incubated with
225pl of borate buffer at 75-80°C for 30 min. Meanwhile, [3H]-corticosterone
(specific activity 84Ci/mmol, Amersham International) was added to 9mls of borate
buffer such that 50pl of solution produced between 104 and 1.5xl04 cpm when
counted on a P-counter. 90pl of specific anti-corticosterone antiserum was then
added to the tritiated borate buffer (final antibody dilution of 1 in 10,000) and
duplicates of standards and samples (all 20pl) were all incubated with 50pl of
antibody/ [3H] corticosterone buffer mix at room temperature for 1 hour. 50pl of
SPA reagent was then added to each preparation, the wells sealed and the assay left
to incubate for 24 hours at room temperature. The assay was then counted in a p-
counter (Wallac) and 1224 Multicalc Software v2.0 (Wallac Software) used to
construct a standard curve plot and do sample calculations.

74



2.12 Physiological Experiments

2.12,1 Animal Maintenance

Mice:

Mice were of the MF1 strain and were kept in cages of 5 to 6 animals. Lights were

on from 07.00h to 19.00h and water and chow were available ad libitum. The mice

were handled regularly and those used for experimental purposes were killed by
decapitation between 09.00h and lO.OOh.

Rats:

All rats were of the Wistar breed and were obtained either from the in-house colony,
or commercially, in which case they were kept within the animal unit for at least 2
weeks before use to adjust to their new environment. Lights were on from 07.00h to
19.00h and tap water and rat chow were available ad libitum, unless otherwise
specified. Adult male rats (at least 72 days old) were housed singly or in groups of up
to 5 animals when space was restricted. This variable caging regime was due to the
gradual phasing-out and closing down of the animal unit during the period of my
PhD and was an unavoidable variable in experiments. Animals being housed together
were left for a minimum of 2 weeks to become accustomed to their new cage-mates
and surroundings.

Virgin female rats were time-mated and housed singly until parturition. Pups were

kept with their mothers until 3 weeks (postnatal day 21 where day of birth is
considered day 0) of age and then weaned. Pups remained housed with their siblings
thereafter. This is because rodents that have been born and raised in a litter together
often find isolation stressful, as shown by their reduced secretion of corticosterone
and reduced brain MR and GR mRNA levels (Rodd et al. 1996). Furthermore, this
housing regime has been used in previous experiments on prenatal programming of
the HPA axis (Lindsay et al. 1996a; Lindsay et al. 1996b). Neonatal rats were

handled regularly from birth until 6 weeks of age, but adult animals were not handled
due to lack of time and would therefore have been stressed by human contact prior to
being killed for experimental purposes. All animals were killed between 08.30h and
lO.OOh unless otherwise stated.
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2.12.2 Drug Preparation and Administration

All drugs were dissolved in 0.9% saline which had been sterilised by passage

through a 0.22pm millipore filter (Millex-GS).

Vehicle:

4% ethanol in 0.9% saline. Previous studies by Miss Leonie Welberg had
demonstrated that animals treated with vehicle consisting of 4% ethanol in 0.9%
saline did not differ from those treated simply with 0.9% saline. The former was

selected as the vehicle in this experiment since it was considered a more accurate
control for the solution in which the treatment drug carbenoxolone was dissolved.

Carbenoxolone (CBX):
A stock solution of 40mg/ml was made by dissolving CBX (Sigma) in 40:60
ethanol:saline. A 1 in 10 dilution in sterile saline gave a working solution of 4mg/ml
which existed as a fine suspension (sonicating and warming in water failed to get the
CBX into solution; hence, it was diluted daily and vortexed before injecting).
Although more soluble forms of carbenoxolone are available, these have not yet been
assessed experimentally whereas previous studies have shown a significant effect of
this drug when administered subcutaneously at a dose of 60mg/kg (Lindsay et al.
1996a; Lindsay et al. 1996b). We therefore chose to use the same drug, although at a
lower dose to allow for the smaller size of the pups and to improve the solubility of
the solution.

Dexamethasone (DEX):
A stock solution of 0.15mg/ml was made by dissolving DEX (Sigma) in absolute
ethanol. A 1 in 25 dilution in sterile solution gave a working concentration of
6pg/ml.

Drugs were administered subcutaneously at the skin fold between the neck and
shoulders, via a U100 insulin syringe (Becton-Dickinson), which was used a

maximum of three times before being discarded. The dose given was calculated by
body weight of the animal, with no greater volume than 0.1ml being administered to
the neonates at any time. Consequently, 0.1ml of vehicle, 20pg/g ofCBX and 30ng/g
DEX were given to the different experimental rat pups daily (injected between
08.30h and 12.30h) from postnatal day 4 (P4, where P0 was the day of birth) to P14.
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A pilot study using CBX and DEX established that none of the doses given were

lethal.

2.12.3 Dissection

All animals were killed by decapitation up to 4 weeks of age, and at adulthood if
trunk blood collection was necessary. Otherwise animals were killed by having their
necks broken. Typically, brains, kidneys, part of the liver, the adrenals and thymus
were removed and placed either on dry ice, into ice cold buffer, or in 10% formalin
according to which experimental protocol they were being prepared for. All tissues
were removed as quickly as possible (within a few minutes) to preserve RNA and
enzyme integrity. Where trunk blood was collected, pre-chilled tubes coated lightly
with heparin were used, then placed immediately on ice. Blood was spun in a bench
centrifuge at 4°C for 10 min at 6,000 rpm and 1.5mls of plasma was taken off and
stored at -20°C until the corticosterone content could be assayed.

2.12.4 Ethics

All animals were housed and used experimentally according to the Animals
(Scientific Procedures) Act 1986 and guidelines issued by the Home Office. No
procedures were carried out without prior approval of the project by the Home
Office.
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CHAPTER THREE

PARTIAL CLONING AND BRAIN TISSUE DISTRIBUTION OF

THE MOUSE lip-HSD TYPE 2

3.1 Introduction

The human 11P-HSD2 enzyme was cloned in late 1994 from a human kidney
cDNA library (Albiston et al. 1994). Its tissue distribution and activity profde
indicated a high affinity dehydrogenase enzyme which was expressed in
mineralocorticoid target organs, consistent with its proposed role as a protector of
aldosterone-selective MR. But northern blot analysis failed to show detectable 11 p-
HSD2 mRNA in preparations from human brain, a finding confirmed in post-mortem
adult brain subregions and fetal whole brain (Brown et al. 1996a). However, post¬
mortem tissue is not ideal for studying mRNA distribution, since transcripts are

subject to breakdown by RNAse enzymes once removed from the body. Thus,
further investigation of 11P-HSD2 required the use of tissue from laboratory
animals, where samples could be rapidly removed and frozen to preserve enzyme

mRNA integrity. At this time, the only animal isoform of 11P-HSD2 to have been
cloned and characterised was that of the sheep, and its distribution in brain had not
been studied (Agarwal et al. 1994). Hence, we decided to investigate the distribution
of 11P-HSD2 mRNA in the rodent brain, but we first needed to obtain a specific rat
or mouse 11P-HSD2 probe. Initially, we chose to concentrate on the isolating the
mouse isoform of 11P-HSD2, as this would provide the starting point for any

eventual attempts at creating an 11P-HSD2 "knock-out" mouse for physiological
studies. As the human placental 11P-HSD2 cDNA was available to us (Brown et al.
1996a) we decided to use it as a probe to isolate the mouse 11P-HSD2 cDNA from a

mouse kidney cDNA library (Clontech Laboratories Inc., Palo Alto, CA). This
approach was taken because the degree of enzyme homology between the human and
mouse 11P-HSD2 isoforms was unknown. Thus, although the full-length human
11P-HSD2 cDNA was probably sufficient for probing a mouse kidney cDNA library,
a shortened version of it might not have annealed to any mouse 11P-HSD2 mRNA
during in situ hybridisation histochemistry ofmouse brain sections.
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3.2 Methods

3.2.1 Isolation and sequencing of a mouse 11B-HSD2 clone

An adult BALB/c mouse kidney cDNA library contained in the cloning
"39

vector kgtlO was screened by hybridisation to a P-radiolabelled human placental
11P-HSD2 cDNA probe (see section 2.2). Following subsequent screens, isolated
pure clones were subjected to PCR (section 2.4) with A.gtl0 forward and reverse

primers (956R and 957R) to check the length of the cDNA clones isolated. The
longest PCR-amplified clones were extracted and characterised by restriction
endonuclease mapping (section 2.1.2) with enzymes present in the phage (kgtlO) and
Bluescript plasmid vector cloning sites, including Aval, BamHI, Bglll, Clal, EcoRI,
Hindlll, Kpnl, Smal and KpnI. Further PCR analysis of the longest positive clones
isolated, using various combinations of the primers 956R, 957R, 98A, B, C, B3,
XT1, XB2 and XB3 (Figure 3.1), was used to establish which sections of the mouse

11P-HSD2 cDNA were contained in each clone.

A dual subcloning approach was adopted for one of the longer mouse 11P-
HSD2 cDNA clones. Firstly, modified kgtlO forward and reverse primers (N4959
and N4960), containing sequence for Hindlll and BamHI cleavage sites respectively,
were used for PCR amplification (section 2.4) of the selected clone. The resulting
11P-HSD2 cDNA was then introduced into the Bluescript plasmid by ligation to the
Hindlll and BamHI sites of the cloning region (section 2.5.3) and this was

transformed into XLl-Blue cells by electroporation (section 2.5.4). DNA from
bacterial colonies containing the recombinant plasmid vector was isolated from mini-
lysates (section 2.6.2) and digested with Hindlll and BamHI to check successful
cleavage of the cDNA insert from the plasmid vector. The second subcloning method
involved cleavage of the selected clone from the A,gtlO phage vector using restriction
enzymes whose cleavage sites lay outside the unique EcoRI cloning site. The 11P-
HSD2 clone was excised from the vector by double restriction digestion with Hindlll
(nucleotide position 32470 of kgtlO) and Bglll (position 33610 of A-gtlO), creating a

fragment which was extracted from a 0.8% agarose gel and ligated to the Hindlll and
BamHI sites of the Bluescript plasmid cloning region (Bglll and BamHI cut sites
being sufficiently similar in sequence for ligation to occur). The ligation mix was

transformed into XLl-Blue cells by electroporation and recombinant bacterial
colonies were cultured for mini-lysate DNA extraction and restriction digestion
testing as described above.
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300 600 900 1200 1500 1800

956R 98A C B3 XT1 B XB2 XB3 957R

PCR strategy:

1) 956R B3

2) 956R B

3) 98A B3

4) 98A B

5) 956R XB2

6) 956R XB3

7) XT1 957R

8) C 957R

9) 98A
<J=>
957R

Figure 3.1 Schematic representation of the PCR strategy used to determine whether the
longest positive clones obtained from the library screen contained all or part of the mouse
11P-HSD2 cDNA sequence. It was assumed that a full-length cDNA sequence would be
approximately 1.8 kb.

For sequencing and riboprobe generation, large scale preparation of DNA
from both 11(3-HSD2 cDNA subclones was done (section 2.6.3) and a concentrated
stock of each template prepared. Sequencing was carried out as described in section
2.7 using primers 956R, 957R, C, XT1, XB2 and B3 (section 2.4.2). A schematic
diagram of the sequencing strategy adopted is shown in Figure 3.2.
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Sequencing strategy:

400? 600 900 1200 1500 1800

I i I I I
956R C B3 XT1 XB2 957R

Figure 3.2 Illustration of the primers used for sequencing of the mouse 11P-HSD2 clone.
Again, the full-length cDNA was assumed to be approximately 1.8 kb in total. The first 400
bases are represented by a dotted line, following the discovery that all the clones obtained in
the library screen were missing a substantial portion of the 5' end (section 3.3.1). It was
therefore uncertain as to where the isolated mouse 11P-HSD2 cDNA began.

3.2.2 Preparation of a mouse 11 p-HSD2 riboprobe and in situ hybridisation

The Bluescript plasmid containing the PCR-amplified mouse llp-HSD2
cDNA product was used for generating the mouse 11P-HSD2 riboprobe. Primers
TX3 and BB7 (section 2.8.4) were used to generate a 666 base pair cDNA template,
corresponding to bases 399-1064 of the human placental 11P-HSD2 cDNA and bases
417-1083 of the rat 11P-HSD2 cDNA, with flanking T7 and T3 RNA polymerase
binding sites. This cDNA template was used for in vitro transcription of the mouse

11P-HSD2 sense and antisense RNA probes according to the method described in
section 2.8.4. Three male MF1 mice were killed between 9.00 - 9.30 a.m. and their

brains were rapidly dissected and frozen on dry ice. Serial coronal sections were

cryostat-cut at a thickness of 10pm with 2 consecutive sections being collected every

10 sections. This resulted in 20 slides with 3 sections per slide being collected for
each animal (60 sections in total per animal). Kidneys were also dissected from each
mouse and 2 slides containing 30pm serial sections were collected per animal to be
used as positive controls (6 sections per animal in total). Slides were stored for later
in situ hybridisation, as described in section 2.8.5. 30 brain sections from each
animal had 11P-HSD2 antisense probe applied whilst 30 brain sections had the
equivalent sense probe applied. 3 kidney sections per animal were likewise
designated as 11P-HSD2 antisense whilst another 3 kidney sections were used as

sense controls. Following in situ hybridisation, all sections were exposed to

photographic emulsion, developed, counter-stained and viewed under a dark-field
microscope for silver grains (section 2.8.7).
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3.3 Results

3.3.1 Isolation and sequencing of a partial mouse 1 lp-HSD2 clone

A total of 22 putative positive clones were identified from 2 initial primary
screens of a total of 600,000 plaques, but this was reduced to 9 positive clones in
subsequent screens. A total of four screening rounds were required to obtain pure

clones from all the positive plaques of interest. PCR on the isolated clone-containing
phage vectors with Agt 10 forward and reverse primers revealed that the 7 longest
clones (112, 132, 161, 162, 1132, 1134, 1221) were all approximately 1.5 kb in
length and were therefore all approximately 400 nucleotides (nt) short of the
expected full-length cDNA. Of the 2 shorter clones isolated, one was approximately
700 basepairs (bp) in length (A172) and the other (>.231) approximately 1000 bp, as

determined by the same PCR protocol. The 7 clones of greatest length were all found
to be resistant to restriction digestion by BamHI, Bglll, Hindlll, Kpnl, Smal and
Xbal, but were all digested by Aval, Clal and EcoRI to give the same fragment size
profiles (Figure 3.3). Thus, these clones were considered to be virtually identical and
161 was selected for subcloning purposes.

Aval digest: Clal digest: EcoRI digest:

900 nt 800 nt 700 nt

400 nt 750 nt 600 nt

200 nt 200 nt

(1100 nt)
(600 nt)

Figure 3.3 Approximate fragment sizes generated by restriction digestion of all 1.5 kb clones
by Aval, Clal and EcoRI. Aval yields 2 additional fragment sizes (in brackets) upon partial
restriction digestion.

As the full-length mouse 11 p-HSD2 cDNA was anticipated to be similar in
size to the human 11P-HSD2 cDNA (1871 nt), it was suspected that none of the
clones obtained were in fact full-length. More detailed PCR of the longest clones
isolated (112, 132,161,162,1132,1134,1221) according to the strategy outlined in
Figure 3.1 revealed that all were lacking approximately 400 nucleotides at their 5'
end. Table 3.1 shows that all reactions with forward primer 956R, generated cDNAs
which were between 400 and 450 nucleotides short of the predicted DNA fragment
(assuming that a full-length clone would have been in the region of 1.8 kb). Those
reactions using the reverse primer 957R and opposing primers whose sequence was

82



located at the 3' end of the clones, generated fragments which were all of the correct

predicted length. All of the reactions using 98A as the forward primer, failed to

produce any fragments whatsoever, suggesting that the site at which the primer
normally anneals did not exist. Alternatively the 98A primer, which had been
designed to anneal to the human 11P-HSD2 cDNA, might not have been able to bind
to the mouse 11P-HSD2 cDNA sequence due to lack of homology between the two.

Table 3.1 Resulting cDNA fragments, as detected by gel electrophoresis, from PCR of the
longest positive clones with a variety of forward and reverse primers.

Primers used in PCR: Predicted fragment size
(approx.)

Actual fragment size
(average and approx.)

956R and B3 930 nt 450 nt

956Rand B 1270 nt 800 nt

98A and B3 760 nt none

98A and B lllOnt none

956R and XB2 1580 nt 1100 nt

956R and XB3 1800 nt 1350 nt

957R and XT1 840 nt 830 nt

95 7R and C 1060 nt 1000 nt

957R and 98A 1720 nt none

The process of subcloning the mouse 11P-HSD2 cDNA was complicated by
the fact that all the 1.5kb isolated clones were digested by EcoRI. The kgtl 0 vector
contains a unique EcoRI cloning site which means that any potential EcoRI cleavage
sites located within the subcloned cDNA inserts, should have been methylated during
library construction for their protection from EcoRI digestion. Incomplete
methylation of the cDNA library meant that excising the 11P-HSD2 clone from the
XgtlO cloning site by digestion with EcoRI, also resulted in the clone itself being cut
into three pieces. Consequently, the two mechanisms described in section 3.2.1 were

employed to attempt to subclone the lip-HSD2 cDNA clone (A.61) into the
Bluescript plasmid vector as a single entity. The first subcloning method produced an

11P-HSD2 cDNA by PCR which was subcloned into Bluescript and used for
generating the mouse 11P-HSD2 cRNA probe for in situ hybridisation. The second
subcloning method generated a large insert composed of the X.61 clone (1.5 kb)
together with two sections of XgtlO phage DNA at either side (1.14 kb in total)
which was also subcloned into Bluescript. This subclone was used for sequencing of
the mouse 11P-HSD2 cDNA as the PCR-generated subclone had the possibility of
mutations, making it unsuitable for such purposes.
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Efforts at sequencing the mouse 11P-HSD2 cDNA were directed mainly at
the 5' and 3' ends in order to ascertain where the clone began and ended when
compared with 11P-HSD2 cDNAs for human (Brown et al. 1996a) and rat (Gene
bank accession number 755574) which became available in 1995. The sequence we

obtained was also compared with that of the 129/Sv mouse 11P-HSD2 gene

sequence (Cole, 1995), published 3 months after we had isolated our clone. The
mouse 11P-HSD2 gene is composed of 5 exons and 4 introns over a total of 7 kb,
and the first section of our nucleotide sequence spans from amino acid 95 (Glycine)
to amino acid 333 (Glutamine) of the open reading frame. This is equivalent to the
nucleotide position 283 (exon 2) to position 999 (exon 5) (Figure 3.4), without intron
sequences, and corresponds approximately to bases 410-1125 of the rat cDNA
sequence and bases 391-1106 of the human cDNA sequence. The first 275 bases of
this section were sequenced by myself, whilst Dr Roger Brown extended and
confirmed the sequence over the following 441 bases. A total of 3 indeterminate
bases (n) and 8 potential base changes in our 717 bp sequence means that it shares
98.5% identity with that published for the 129/Sv mouse strain (Cole, 1995).
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283 GGCAAGGAGACAGCTAAGAAACTGGATGCCATGGGCTTCACGGTGCTG

3 31 GCCACAGTGTTGGATTTGAATAGCCCTGGTGCCCTAGAACTGCGTGAC

379 CTCTGTTCTCCTCGCCTGAAGCTGCTGCAGATGGATCTGACCAAGGCA

427 GAGGACATCAGCCGTGTTCTGGAAATCACCAAGGCCCACACGGCCAGC
Int.B C

475 ACTG GCCTGTGGGGTCTGGTTAACAACGCTAGCCTCAATATtGTA
T CG G C

520 GTGGCnGAgcTGGaACTGTCTCCAGTGGCGAnTTTCCGGAAGTGCATGGAG
G

5 71 GTGAACTTCTTTGGTGCACTTGAGCTGACCAAGGcCCTCCTGCCACTC
A Int.C

619 TTGCGTCACTCGAGGGGACGTATTGTGnCCGTTGGCAGCCCAGCAG

665 GAGACATGCCATACCCCTGCTTGGCAGCCTACGGCACCTCCAAGGCA

712 GCAATAGCACTGCTTATGGACACATTCGGCTGTGAGCTGCTTCCCTGG
Int.D C

760 GGTATCAAGGTCAGCATTATCAAGCCTGGCTGCTCCAAGACAG aT

805 GCAGTGACTAATGTGAACCTCTGGGAGAAACGCAAGCAACTGCTGCTG
CC

853 GCCAACATTCCTAGAGAGCTGCTCCAGGCCTATGGTGaaGACTACATT

901 GAGCACGTGCACGGGCAGTTCCTGAATTCACTCAGAATGGCATTGCCT

949 GACCTTAGCCCAGTTGTAGATGCCATCATCGATGCATTGCTGGCAGCT

997 CAG

Figure 3.4 Sequence from the 5' end of the cloned mouse 11P-HSD2 cDNA. Bases in our

sequence which differ from the published mouse cDNA sequence (Cole, 1995) are in small
caps, with the corresponding bases from the published sequence, printed above in capitals.
Dotted lines indicate the positions of introns B, C and D.

Our mouse 11P-HSD2 cDNA sequence gives rise to the amino acid sequence

shown below in Figure 3.5. It begins 14 amino acids into the highly conserved
cofactor binding site and also contains the enzymatic active site, common to all
members of the short-chain alcohol dehydrogenase (SCAD) superfamily (Krozowski,
1992).
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95 Gly Lvs Glu Thr Ala Lvs Lvs Leu Asn Ala

105 Met Glv Phe Thr Val Leu Ala Thr Val Leu

115 Asp Leu Asn Ser Pro Gly Ala Leu Glu Leu

125 Arg Asp Leu Cys Ser Pro Arg Leu Lys Leu

135 Leu Gin Met Asp Leu Thr Lys Ala Glu Asp

145 lie Ser Arg Val Leu Glu He Thr Lys Ala

155 His Thr Ala Ser Thr Gly Leu Trp Gly Leu

Gly
165 Val Asn Asn Ala Ser Leu Asn He Val Val

Asp Val Gly Thr
175 Ala Glu Leu Glu Leu Ser Pro Val Ala X

185 Phe Arg Lys Cys Met Glu Val Asn Phe Phe

195 Gly Ala Leu Glu Leu Thr Lys Ala Leu Leu

205 Pro Leu Leu Arg His Ser Arg Gly Arg He
Pro

215 Val X Val Gly Ser Pro Ala Gly Asp Met

225 Pro Try Pro Cys Leu Ala Ala Tvr Glv Thr

235 Ser Lvs Ala Ala He Ala Leu Leu Met Asn

245 Thr Phe Glv Cvs Glu Leu Leu Pro Trp Gly

255 lie Lys Val Ser He He Lys Pro Gly Cys

265 Ser Lys Thr Asp Ala Val Thr Asn Val Asn

275 Leu Trp Glu Lys Arg Lys Gin Leu Leu Leu

285 Ala Asn He Pro Arg Glu Leu Leu Gin Ala

295 Tyr Gly Glu Asp Tyr He Glu His Val His

305 Gly Gin Phe Leu Asn Ser Leu Arg Met Ala

315 Leu Pro Asp Leu Ser Pro Val Val Asp Ala

325 He He Asp Ala Leu Leu Ala Ala Gin

Figure 3.5 Amino acid sequence derived from the cloned mouse 11P-HSD2 cDNA. X
denotes an undetermined amino acid. In cases where our cDNA sequence gives a differing
amino acid, the corresponding one derived from the published cDNA sequence (Cole, 1995)
is shown above in italics. Amino acids that are underlined denote conserved regions between
members of the SCAD superfamily (the cofactor and enzymatic sites, respectively).
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A second 288 bp section of mouse 11(3-HSD2 cDNA was also sequenced by
myself and correlates with bases 1564-1842 of the rat cDNA, therefore probably
encoding the very 3' end of the mouse 11P-HSD2 cDNA (Figure 3.6). Since this
section of the mouse 11P-HSD2 cDNA has not been published, it has not been
possible to confirm sequence identity.

1 CCCAGGTGGATGGAGAGTTTAGTATAAGATTTTGGCGTAGGGCCTTTG

49 ATAGTACTCTACAGACGATTTCTGTGCTAACTTTAGAATGATTAGGCA

97 GGTGGGGACCTCCTCAGAATTCTTTTGGAGCCACGTCTCAGTGCTGCA

145 AGTCCAGAGTAAATCCGCAAGCAGCCTCTTGACTGGCTCAAGATTTAG

193 GTCCTCAATTACTGGCCCCCAGCCACATGGAGGCAGTATGTTGTACCT

241 GCCTGGTTGTTGGCATTTTAAAATAAAGATACGTATTTATTTCTTCTA

Figure 3.6 Sequence of the cloned mouse 11P-HSD2 cDNA at the 3' end of exon 5. The
nucleotide numbering merely indicates their positions within this short section of sequence
and does not correspond to any published sequence.

3.3.2 The distribution of 11B-HSD2 mRNA in adult mouse brain

Very low levels of 11P-HSD2 mRNA were found in general throughout the
adult male mouse brain. The only area that showed moderate to high 11P-HSD2
mRNA expression was the nucleus of the solitary tract (NTS; Figure 3.7). Otherwise,
11P-HSD2 expression was virtually undetectable, even in structures thought to
contain aldosterone-selective MR in the rat brain, such as the circumventricular

organs, the hypothalamus and the AV3V region (McEwen et al. 1986; Yongue and
Roy, 1987). Following the discovery of high 11P-HSD2 mRNA expression in the
subcommissural organ (SCO) and hypothalamic ventromedial nucleus (VMN) of the
adult rat brain (see Chapter Four), the mouse brain sections were re-examined, but a
lack of expression in these areas was confirmed (Figure 3.8 and 3.9). The positive
control kidney sections, however, demonstrated high and wide-spread expression of
11P-HSD2 mRNA, particularly around the area of the outer medulla and inner cortex
(Figure 3.10).
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A B

Figure 3.7 In situ hybridisation histochemistry showing typical 11P-HSD2 mRNA
expression in the nucleus of the solitary tract (NTS) of the adult mouse brain; A) antisense
11P-HSD2 probe and B) sense 11P-HSD2 probe. A total of 90 antisense sections and 90
sense control sections from 3 mouse brains were studied to verify the expression pattern
shown above. The dark field photographs show sections from one of the mouse brains,
magnification xl50.

Figure 3.8 In situ hybridisation histochemistry showing a lack of 11P-HSD2 mRNA
expression in the subcommissural organ (SCO) of the adult mouse brain; A) antisense 11P-
HSD2 probe and B) sense 11P-HSD2 probe. A total of 90 antisense sections and 90 sense
control sections from 3 mouse brains were studied to verify the lack of expression shown
above. The dark field photographs show sections from one of the mouse brains,
magnification x200.
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Figure 3.9 In situ hybridisation histochemistry showing a lack of 11P-HSD2 mRNA
expression in the hypothalamic ventromedial nucleus (VMN) of the adult mouse brain; A)
antisense 11 |3-HSD2 probe and B) sense 11P-HSD2 probe. A total of 90 antisense sections
and 90 sense control sections from 3 mouse brains were studied to verify the lack of
expression shown above. The dark field photographs show sections from one of the mouse
brains, magnification xlOO.

Figure 3.10 In situ hybridisation histochemistry showing typical 11P-HSD2 mRNA
expression in the outer medulla and inner cortex of the kidney; A) antisense 11P-HSD2
probe and B) sense 11P-HSD2 probe. A total of 9 antisense sections and 9 sense control
sections from 3 mouse kidneys were studied to verify the expression pattern shown above.
The low power autoradiograph pictures show sections from one of the mouse kidneys.
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3.4 Discussion

We have isolated a mouse 11(3-HSD2 cDNA, approximately 1.5 kb in length,
which is missing the first 282 nt at its 5' end and therefore constitutes a partial mouse
clone. Sequencing of the first 717 bp of our clone indicates that it encodes for 238
amino acids of the open reading frame and shares 98.5% sequence identity with the
published mouse 11(3-HSD2 cDNA (Cole, 1995). The small number of nucleotide
differences between our clone and the published version could be as a result of strain
differences between the source of our cDNA library (a BALB/c mouse) and that of
the library used by Timothy Cole (a 129/Sv mouse; Cole 1995). Another possibility
is that these nucleotide differences result from sequencing errors on our part. As our

partial mouse 11(3-HSD2 clone was developed for the purposes of in situ
hybridisation, where a few potential base changes over a probe of several hundred
nucleotides in length would have little effect on the binding of that probe, these
minor differences were considered unimportant. Furthermore, although an exact

sequence match is preferable, cross-hybridisation is not generally a problem for long
probes (over 100 bp) with the potential to form a large number of hydrogen bonds, if
used under highly stringent conditions (Wilkinson, 1999), such as those employed in
our in situ hybridisation technique.

It is likely that our clone actually encodes for 301 of the total 396 amino acids that
make up the mouse 11P-HSD2 protein, since sequencing at the 3' end of our clone
indicates a close homology with the 3' end of the rat 11P-HSD2, thereby confirming
that only the 5' end has been lost. Although missing sequence for all of exon 1 and
part of exon 2, our partial mouse clone still covered the highly conserved co-factor
binding site as well as all of the enzymatic active site, thereby increasing the
likelihood of a strong sequence similarity between our 11 p-HSD2 RNA probe and
the matching sequence in MF1 mouse tissues. Sense and antisense RNA probes were
generated by PCR with primers designed to cover a 666 bp region (Threonine-98 to

Serine-319) of our mouse 11P-HSD2 clone. The validity of these probes was

confirmed in an extensive in situ hybridisation histochemistry study on 11P-HSD2
mRNA expression in the developing mouse fetus by Brown et al. (1996a). The
limited in situ hybridisation study described here, on serial brain sections from three
MF1 male mice showed no significant 11P-HSD2 mRNA expression, with the
exception of the nucleus of the solitary tract (NTS), which demonstrated moderate to

high expression. Kidney sections taken from each animal also showed high 11 p-
HSD2 expression, particularly in the outer medulla and inner cortex where
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aldosterone target cells of the collecting ducts and distal tubules are located, again
confirming the probe's authenticity. However, given the small number of animals
and tissue sections used in this limited in situ hybridisation histochemistry study, a

more in depth study on 11 p-HSD2 mRNA expression in the mouse is warranted.
This in depth study should not only investigate the distribution of 11P-HSD2 mRNA
in the brain itself, in order to confirm and possibly extend the findings described
here, but to complete a thorough investigation of 11P-HSD2 expression across a

variety ofmouse tissues and organs.

During the course of isolating a mouse 11P-HSD2 cDNA, other groups in the
field were also turning their attention to the study of 11P-HSD2 mRNA expression in
laboratory animals. Zhou et al were the first to obtain the rat isoform of 11P-HSD2
and publish its cDNA sequence (Zhou et al. 1995), whilst Cole cloned the mouse

11 p-HSD2 gene and published the nucleotide sequence which coded for the amino
acids of the protein (Cole, 1995). The mouse 1 lp-HSD2 gene consists of a large first
intron of 5.0 kb containing exon 1 with the last 4 exons clustered over 2.0 kb,
together with a further three introns. Southern blot analysis confirmed that the gene

exists as a single copy in the mouse and encodes a protein of 396 amino acids.
Interestingly, Northern blot analysis revealed that strong expression of a 2.0 kb band
was found in total RNA from adult mouse kidney and colon, with much lower
expression being detected in small intestine. No band was detected in RNA from
brain, liver, heart, lung, testis, thymus, spleen, adrenal, skin and skeletal muscle
(Cole, 1995).

Despite these findings, our work and that by other groups has revealed that
11 p-HSD2 mRNA is expressed in brain, albeit in very small amounts, which may

explain why this was not picked up by probing whole brain RNA. In the mouse, we

have found 11P-HSD2 mRNA expression exclusively in the NTS, although careful
RT-PCR amplification of RNA from various other brain subregions may have
demonstrated some llp-HSD2 transcripts elsewhere. However, this type of study
can be subject to false positive results due to amplification of non-brain tissue by the
PCR process. For instance, a study of this type in the rat brain (Zhou et al. 1995)
revealed 11P-HSD2 transcripts in all of the subregions investigated (hippocampus,
hypothalamus, midbrain, cerebellum, brainstem and pituitary), suggesting the
possibility of contamination from 11P-HSD2 expressed in cerebral blood vessels.
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The importance of developing a species-specific 11(3-HSD2 RNA probe is
demonstrated by a study in which serial sections of rat brain were studied for 11 p-
HSD2 mRNA expression using an RNA probe transcribed from a human 11P-HSD2
cDNA template (Roland et al. 1995a). Despite successfully detecting llp-HSD2 in
the distal convoluted tubules of the rat kidney cortex, the group failed to detect any
signal on serial sections of the brain, including the pituitary. They later retracted
these findings when they repeated the experiment using a rat 11P-HSD2 RNA probe
and found 11P-HSD2 mRNA expression in the commissural portion of the NTS, the
subcommissural organ, the ventrolateral part of the ventromedial hypothalamus and
the medial vestibular nucleus (Roland et al. 1995b). These findings were confirmed
and extended by our own study of 11 p-HSD2 mRNA expression in adult rat brain,
described in Chapter Four.

In our study of the mouse brain, 11P-HSD2 expression was confined to the
NTS, one of the most important relay centres of the brainstem, which is intimately
involved in cardiac reflexes and the integration of a wide variety of viscerosensory
information. One of the most important cardiac reflexes is that of the baroreceptor
reflex, a phenomenon whereby baroreceptors, located in the carotid sinus and aortic
arch of the heart, are stimulated by an increase in blood pressure which is
communicated via afferent fibres to the medial and commissural portions of the NTS
(Snell, 1987c; Van Giersbergen et al. 1992). Efferent neurones from the NTS
forward this information to the hypothalamus, whilst connector neurones in the
medulla oblongata activate the parasympathetic nucleus of the vagus nerve to slow
the heart. Additional inhibition of the sympathetic input to the heart and arterioles
reduces the rate and force of contraction of the heart and causes a decrease in blood

pressure (Snell, 1987c). Thus, blood pressure is determined by afferent information
from the baroreceptors together with modulation of the autonomic nervous system by
the hypothalamus. The NTS is also involved in the Bainbridge right atrial reflex
whereby nerve endings situated in the right atrium and walls of the vena cava, detect
a rise in venous pressure which is transmitted via afferent fibres, to the NTS. This
time, connector neurones inhibit the parasympathetic nucleus of the vagus whilst
reticulospinal fibres stimulate the sympathetic input to the heart, thereby causing
cardiac acceleration (Snell, 1987c).

This pivotal role of the NTS, both in cardiovascular control and blood
pressure regulation, is reinforced by studies where lesions of the medial and
commissural parts of the NTS have resulted in hypertension (Van Giersbergen et al.
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1992). The NTS contains over thirty neurotransmitters or neuromodulators
(Lawrence and Jarrott, 1996), as well as a whole host of receptors, which may all
contribute towards cardiovascular function. Due to the complexity of the NTS, the
actions ofmany of these neurotransmitters are still under debate, although there now
seems to be a general consensus that L-glutamate is the transmitter at baroreceptor
afferents within the NTS. Its actions on a-amino-3-hydroxy-5-methyl-isoxazole
(AMPA) and kainate receptors are essential for the propagation of the baroreceptor
reflex, whilst the N-methyl-D-asparate (NMDA) and metabotropic glutamate
receptors appear to mediate more modulatory actions (Lawrence and Jarrott, 1996).
The noradrenergic system is also involved in cardiovascular control by the NTS;
noradrenaline is not a neurotransmitter at the baroreceptor afferents (Rang and Dale,
1991a; Van Giersbergen et al. 1992), but tonic stimulation of ot2-adrenergic receptors
in the NTS appears necessary for the baroreceptor reflex (Sved et al. 1992) and the
maintenance of stable blood pressure (Van Giersbergen et al. 1992). Inhibitory
neurotransmitters such as y-aminobutyric acid (GABA) were thought to be
principally involved in neuromodulation at the NTS, via GABAa receptors, although
evidence is now emerging for GABA being a neurotransmitter at some of the vagal
afferent neurones, as well as being involved in respiratory function via GABAb
receptors (Lawrence and Jarrott, 1996). 5-Hydroxytryptamine (5-HT) has been
shown to have both pressor and depressor effects at the NTS (Van Giersbergen et al.
1992; Lawrence and Jarrott, 1996); its actions are complicated by the numerous

receptor subtypes present including the 5-HT 1A, IB, 2 and 3 receptors (Van
Giersbergen et al. 1992; Thor et al. 1992; Lawrence and Jarrott, 1996). The effects of
5-HT on blood pressure may not be its principal action in the NTS, however, since
many of these receptors are distributed across subnuclei thought to be concerned
with the co-ordination of swallowing and respiration (Van Giersbergen et al. 1992;
Thor et al. 1992). Lastly, neurones in the NTS have been found to contain
angiotensin II, angiotensin converting enzyme and angiotensinogen, whilst
autoradiography has shown a high density of angiotensin II binding sites, both in the
NTS itself and in the surrounding nuclei (Lawrence and Jarrott, 1996). Central
angiotensin has been implicated in drinking behaviour, salt appetite, the release of
pituitary hormones and blood pressure regulation, although its effects on the latter
vary with concentration (Van Giersbergen et al. 1992; Lawrence and Jarrott, 1996).
All of the receptors listed above and their respective neurotransmitters may be
involved in cardiovascular regulation at the level of the NTS, since all are found
within sections of the NTS associated with cardiovascular regulatory mechanisms
and their afferent inputs. Given the complexity of the NTS, numerous other
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neurotransmitters or neuromodulators may also influence cardiovascular control,
whilst many of these systems probably interact with each other, providing an

intricate control network which is still a long way from being understood.

The NTS is also the primary relay of sensory information from the body to
the hypothalamus and higher centres of the brain. Taste sensations from the mouth,
for instance, are relayed to the brain via neurones which synapse predominantly in
the rostral NTS (Van Giersbergen et al. 1992). From there, secondary fibres reach
the contralateral posterior medial nucleus of the thalamus and nuclei of the
hypothalamus. Axons from the thalamus eventually terminate in the taste area of the
cerebral cortex (Snell, 1987a). Thus, in rats, the taste of starch elicits a different
profile of neural activity in the NTS from that of sucrose, a discernment they are able
to make as early as postnatal day 9 (Sclafani, 1991). Furthermore, the morphology of
salt-sensitive gustatory neurones in the rostral NTS of young rats has been shown to
correlate with their ability to respond to salt solutions of differing concentrations in a

taste array experiment (Renehan et al. 1997). Cells which could respond to all three
salt solutions in the taste array had greater dendritic length, a greater cell volume and
more dendritic branches than those which only responded to one solution. These
neurones also underwent extensive dendritic remodelling during development,
indicating that the taste response of the NTS matures towards adulthood. The NTS
also receives input from the vestibular system as shown by the anterograde labelling
of neurones from the medial and inferior vestibular nuclei of rabbits (Balaban and
Beryozkin, 1994). Neurones were traced to the parvocellular, medial, lateral,
intermediate and ventrolateral subnuclei of the NTS with some axons ending near the
dorsal nucleus of the vagus nerve. This suggests that the NTS relays information on

motion and altered gravitation and may even influence cardiac, respiratory and
gastrointestinal function during head and body movement. Disturbances of the
autonomic nervous system during vertigo and motion sickness include sweating,
increased heart rate, nausea and increased respiratory rate, all of which might be
mediated by the NTS following input from the vestibular system (Balaban and
Beryozkin, 1994). The NTS may also be an important sensor of body fluid
homeostasis, with its own subset of neurones for detecting plasma sodium levels.
Infusion of hypertonic saline in conscious rats causes neuronal activation in the
medial, dorsolateral and commissural subnuclei of the NTS, shown by Fos-like
immunoreactivity (Hochstenbach et al. 1993), whilst the firing frequency of a subset
of NTS neurones, measured by extracellular recording, has been found to increase
during hypernatraemia (Hochstenbach and Ciriello, 1994). Interestingly,
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microinjections of hypertonic saline solution given into the medial NTS result in a

dose-dependent decrease in blood pressure and heart rate (Hochstenbach et al. 1993;
Lawrence and Jarrott, 1996). It is therefore possible that the NTS plays a part in the
central regulation of fluid balance and sodium homeostasis, although most of the
studies mentioned above were done in rats and further investigation of the role of the
NTS in the mouse is required.

What might be the role of 11 (3-HSD2 in any of these functions of the NTS?
GR are expressed widely throughout the NTS (Van Eekelen et al. 1987; Morimoto et
al. 1996; Levitt et al. 1996), whilst MR are only expressed in the medial part of the
NTS (Arriza et al. 1988). If these MR and 11 (1-HSD2 are co-localised within the
same cells, then aldosterone may be acting through its receptors to modulate central
regulation of fluid balance, blood pressure and cardiovascular function. Certainly
aldosterone given centrally into other parts of the brain causes hypertension (Gomez-
Sanchez, 1986) so the same effect might occur at the level of the NTS. Furthermore,
angiotensin and aldosterone are known to have synergistic effects on salt appetite
(Epstein, 1991) and there is also evidence for a central renin-angiotensin-aldosterone
system (Van Giersbergen et al. 1992). Might 11P-HSD2 be protecting aldosterone-
selective MR at the NTS to allow interaction between the aldosterone and

angiotensin systems, thereby enabling information on sodium state and fluid balance
to be passed onto other parts of the brain? In other words, could the NTS contain an

"aldosterone-sensor", which together with an angiotensin sensor and salt sensor,

provides the brain with information on the state of sodium and fluid balance?

Another possibility is that llp-HSD2 in the NTS is modulating
glucocorticoid access to GR, and may therefore be the means through which the
HPA axis regulates the NTS. In all of the possible functions of the NTS and its
various connections, the thing which strikes me most is that they all relate to the
HPA axis and its regulation of the autonomic nervous system. Information on taste,

motion, gravity, visceral movement, sodium state, blood pressure, heart rate,

respiration, fluid balance, gastrointestinal and hepatic function is all communicated
to the brain, and the hypothalamus in particular, through the NTS. Furthermore, all of
this information is essential for the smooth running of both the autonomic nervous

system and HPA axis, allowing for necessary adjustments should any of these
systems experience an "extreme" which could constitute a stress. Thus, information
from the NTS is critical for ensuring that the homeostasis of the organism remains
intact. Studies have shown that multiple connections exist between the NTS and
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components of the HPA axis; the hypothalamus, medial preoptic area, bed nucleus of
the stria terminalis (BNST), central amygdala and subfornical organ all receive direct
neuronal inputs, arising mainly from the commissural and medial NTS (Van
Giersbergen et al. 1992). These projections are opiocortin-immunoreactive (Sim and
Joseph, 1994a) and proopiomelanocortin (POMC)-immunoreactive (Sim and Joseph,
1994b) whilst other parts of the NTS have been shown to contain CRH, ACTH and
other products of the POMC peptide (Van Giersbergen et al. 1992). Furthermore,
activation ofGABAa receptors in the NTS results in increased plasma levels of both
ACTH and AVP (Gieroba et al. 1992), suggesting that activation of the HPA axis is
an integral and instantaneous response to any change in neuronal input at the NTS.

Glucocorticoids may regulate many of these components, either by altering
receptor numbers, affecting neurotransmitter synthesis or by heightening or lowering
the threshold for neuronal activation. Glucocorticoids have been shown to enhance

glutaminergic neurotransmission, for instance, possibly through upregulation of
glutamate receptor expression, and a similar effect in the NTS has been suggested
(Seckl, 1997). In this way, glucocorticoids may be able to alter the sensitivity of the
HPA axis by determining the set-point for various stressors as they are

communicated to the brain from the periphery, via the NTS. It is worth bearing in
mind, that 11P-HSD2 has a high affinity for glucocorticoids and might therefore
provide a "security blanket" against excessive downregulation of the NTS by these
hormones. Perhaps, after all, it is not in our interest to down-regulate the HPA axis at
the level of its input from the periphery; not reacting to counteract a stress and
preserve our homeostasis has lethal potential.

Lastly, the absence of 11P-HSD2 mRNA expression elsewhere in the mouse

brain is of considerable interest in itself. Studies in the rat have suggested that
aldosterone-selective MR and, by implication 11P-HSD2, would be more widespread
in the brain and not confined to the NTS, as seen in this study. It has been proposed
that aldosterone-selective MR involved in the central regulation of salt appetite and
fluid balance might be located in the AV3V region, the SFO, the OVLT, the area

postrema, the preoptic area, the hypothalamus and the amygdala (Birmingham et al.
1984; McEwen et al. 1986; Yongue and Roy, 1987; Gomez-Sanchez, 1991). This
study shows no such distribution of 11P-HSD2 mRNA in the mouse brain, and so

suggests a similar lack of aldosterone-selective MR in these regions. The mouse and
rat do show some interesting species differences, particularly in relation to salt
appetite which may explain this unexpected finding. Where the rat displays a
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significant need-free salt appetite, the mouse shows no such preference for salt
solutions of various concentrations over water (Rowland and Fregly, 1988).
Furthermore, a potent need-induced salt appetite is seen in the rat following
adrenalectomy, subcutaneous injection of mineralocorticoid or a sodium deficient
diet. In the mouse, however, neither adrenalectomy nor 2 weeks of a sodium-
deficient diet, nor even the two treatments together, resulted in an increased intake of
0.15M salt solution. Chronic subcutaneous treatment with DOCA also failed to

increase either the preference or intake of 0.15M or 0.3M salt solution in mice
(Rowland and Fregly, 1988), although another study has shown that subcutaneous
injection of high dose DOCA does increase consumption of saline in mice, but only
if they are group-housed during the experiment (Rodd et al. 1996). This difference in
mineralocorticoid-induced expression of salt appetite appears to hinge on the plasma
glucocorticoid levels of the animals involved; plasma levels of both ACTFI and
corticosterone are decreased in socially isolated mice and these animals also fail to
show an increase in salt intake following injection of DOCA. Thus,
mineralocorticoid-induced salt appetite in the mouse appears to be dependent on an

accompanying glucocorticoid action (Rodd et al. 1996). This has been confirmed in
three genotypes of mice given either subcutaneous fludrocortisone acetate, a

synthetic steroid with both mineralocorticoid and glucocorticoid activity, or DOCA.
Those mice receiving the fludrocortisone acetate significantly increased their
consumption of a 3% salt solution on the first day after treatment, compared with
both vehicle-injected controls and mice given DOCA (Underwood et al. 1993).

The mouse does display a salt appetite in response to volumetric changes,
angiotensin II manipulations, diuretic-induced sodium deficiency and food
deprivation. Intake of a 0.15M salt solution was increased in mice following a

subcutaneous injection of PEG, with most of the drinking occurring in the first hour
immediately after injection (Rowland and Fregly, 1988). PEG induces a loss of
plasma volume which explains the subsequent requirement for salt and water,

although this treatment also causes an increase in corticosterone levels, along with
angiotensin II and mineralocorticoid levels, again suggesting that glucocorticoids
may facilitate mineralocorticoid-induced salt intake (Rodd et al. 1996). Angiotensin
II has little effect on the salt intake of mice when given systemically, but produces a

large salt appetite following three days of an intracerebroventricular infusion
(70ng/day) (Denton et al. 1990). Mice made sodium deficient by administration of
furosemide demonstrate a significant increase in salt intake which can be reduced by
80-85% following intraperitoneal injection of an angiotensin-converting-enzyme
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inhibitor, captopril (Weisinger et al. 1990). This decrease in salt intake is restored by
a concomitant subcutaneous infusion of angiotensin II. Diuretic administration
causes sodium deficiency and is very successful at inducing salt appetite in the
mouse, although unlike the rat, successive episodes of sodium deficiency do not
result in a persistent increase in salt intake on each occasion, a phenomenon known
as "sensitisation" (Denton et al. 1988; Rowland and Fregly, 1988; Galaverna et al.
1991; Epstein, 1991). Both food (48 hours) and water (12 hours) deprivation cause

an increase in salt intake in mice, but over slightly different time-scales; food
deprivation produces a significant increase in saline consumption on the second day,
and for 7-10 days after the experiment when mice are given a choice of electrolyte
solutions. Water deprivation, on the other hand, significantly increases the intake of
both water and 0.3M salt solution during the first 2 hours after access (Denton et al.
1988).

Thus, from the studies described above, it is clear that aldosterone and other
mineralocorticoids are not as influential in arousing salt appetite in the mouse as they
are in the rat. Indeed, many manipulations which induce a potent salt appetite in the
rat are without effect in the mouse. In this species, it appears that either central
angiotensin II or a combined mineralocorticoid/glucocorticoid action are the main
stimuli for increasing salt intake. Some have even suggested that the wild mouse

does not possess an innate mechanism for salt appetite as it may have evolved in a

high-salt content environment, thereby avoiding the selection pressure for sodium
conservation and salt appetite (Pasley et al. 1977). This lack of mineralocorticoid-
induced salt intake needs to be confirmed in other strains ofmice, but might explain
the lack of 11P-HSD2 expression in areas of the mouse brain typically considered to
be sites of aldosterone-selective MR in the rat. It remains to be seen whether the

distribution of lip-HSD2 in the rat brain is any different and whether centrally
administered aldosterone has any effect on salt appetite in the mouse, before this
hypothesis can be substantiated.
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CHAPTER FOUR

llp-HSD TYPE 2 ACTIVITY AND mRNA EXPRESSION IN THE
ADULT RAT BRAIN

4.1 Introduction

Following our study of 11P-HSD2 mRNA expression in the mouse brain
(Chapter Three), we were anxious to investigate the distribution of 11P-HSD2 in the
rat brain, especially as the rat is the main laboratory animal used for the
physiological analysis of mineralocorticoid and glucocorticoid action. Furthermore,
the rat brain is significantly larger than that of the mouse, and a highly detailed and
well established rat brain atlas already existed (Paxinos and Watson, 1986) where an

equivalent highly-detailed brain atlas for the mouse has only just been published
(Franklin and Paxinos, 1997). Dr Caroline Leckie succeeded in cloning part of the rat
isoform of 11P-HSD2 by RT-PCR of total RNA from adult rat kidney (described in
section 2.8.4) and alignment of this clone against the published rat cDNA sequence

(Gene bank accession number 755574), confirmed that we had isolated a section of
the rat 11P-HSD2 cDNA covering base pairs 525 to 1184. This allowed us to

generate a rat llp-HSD2 riboprobe which could be used for in situ hybridisation
histochemistry of rat brain sections. Efforts were also directed towards detecting
11P-HSD2 bioactivity in adult rat brain subregions, since lack of a specific antibody
to the rat lip*HSD2 protein meant that bioassays were the only means of
demonstrating the translation of any mRNA present into a functional 11P-HSD2
protein. Previous enzyme assays on rat brain had been done at a time when only one

isoform of lip-HSD was recognised (Lakshmi et al. 1991; Moisan et al. 1990a;
Moisan et al. 1990b), which later transpired to be that of 11P-HSD type 1. When
these experiments were repeated, using either NAD or NADP to try and differentiate
between the two isozymes, 11P-F1SD type 1 activity still predominated (Seckl et al.
1993), but localised 11P-HSD2 expression could not be ruled out. Lastly, in
collaboration with Dr Chris Kenyon, we studied the effects of salt intake on 11P-
FISD2 mRNA expression in the rat brain by placing adult male rats on a low or high
salt diet for 14 days and thereby manipulating their sodium balance.
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4.2 Methods

4.2.1 11B-HSD bioassav

Following initial experiments designed to find the optimum conditions for
llp-HSD bioassay (see Figures 2.3a and 2.3b in section 2.9.2), all assays were

incubated for 60 min with brain tissue at a protein concentration of 500pg/ml and
kidney at 20pg/ml. Four male adult rats were killed and their brains rapidly removed.
Brains were then carefully dissected on an ice-cold glass dish to obtain subregions of
the hippocampus (HC), cerebellum (CB), frontal cortex (FC) and hypothalamus
(HYP). A section of kidney (K) was taken from each animal as a positive control and
homogenised in l-2mls of ice-cold assay buffer (section 2.9.1), whilst all brain parts
were homogenised in 500pl of the same. Two different protocols were adopted; in
the first experiment (protocol A), hippocampal, cerebellar and kidney samples from
two of the animals were incubated with either 200pM NADP, 200pM NAD or no co-

factor. An aliquot of each of the tissue samples was also heat inactivated by boiling
for 10 min first, then incubated with either 200pM NADP, 200pM NAD or no co-

factor. All samples were provided with [3H] corticosterone to a final concentration of
12nM and "blank" controls, containing no tissue homogenate, were included. The
second experiment (protocol B) used the hippocampal, frontal cortex, hypothalamic
and kidney tissue samples from the second pair of animals and incubated these with
[3H] corticosterone to a final concentration of 12nM, together with 200pM NADP,
200pM NAD or no co-factor. None of the tissue samples were heat inactivated and
"blank" controls were included as before. Table 4.1 describes the 2 protocols used
and all assays were performed as described in section 2.9.

Table 4.1 Details of the two protocols (A and B) used to assay subregions of adult rat brain
for 11P-HSD activity.

Protocol
used

N° of rats Tissue samples
used

Samples Co-factor used

A 2 HC, CB, K Quadruplicate NADP, NAD, none
HC, CB, K all
heat-inactivated

Duplicate NADP, NAD, none

B 2 HC, FC, HYP, K Quadruplicate NADP, NAD, none

A final llp-HSD assay was carried out using frontal cortex (FC),
hypothalamus (HYP), amygdala (AM), hippocampus (HC), brainstem (BS) and
kidney (K) tissue samples from a single adult male rat. This time, brain subregion
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homogenates were assayed at a protein concentration of Img/ml and kidney at

lOOpg/ml during an incubation time of 60 min. Again, samples were assayed with
either 200pM NADP, 200pM NAD or no co-factor and all other conditions were as

described above or in section 2.9.

4.2,2 Preparation of a rat 11P-HSD2 riboprobe and in situ hybridisation

The 659 base pair (bp) section of rat 11P-HSD2 cDNA was subcloned into
the pGEM-T vector (Promega) from which a sense RNA probe was generated using
Ncol and SP6 polymerase, whilst an antisense RNA probe was generated using NotI
and T7 polymerase (see Table 2.1 and section 2.8.4 for details). Six adult male rats

(at least 72 days old) were killed between 9.00-10.00 a.m. and their brains rapidly
removed and immediately frozen on dry ice. Serial coronal or sagittal sections were

cryostat-cut at a thickness of 10pm with duplicate fifth to tenth sections being slide-
mounted for later in situ hybridisation with sense and antisense 11P-HSD2 probes.
Adult rat kidneys were also dissected and 30pm serial sections collected for positive
11P-HSD2 controls. Two pilot studies were carried out with just 20 slides from one

of the control rat brains; each study used 5 slides (15 brain sections) for 11P-HSD2
antisense and 5 slides (15 brain sections) for 11P-HSD2 sense. 3 kidney antisense
sections and 3 kidney sense sections were also included in each study as controls for
the 11P-HSD2 probes. Although both studies followed the protocol described in
section 2.8.5, the first study used a wash temperature of 55°C whilst the second used
a wash temperature of 60°C. The latter, more stringent, in situ hybridisation protocol
resulted in a reduced level of non-specific binding and a much lower background on

both antisense and sense sections. This was therefore adopted as the protocol for all
subsequent studies.

Five detailed in situ hybridisation studies were carried out on sections from the
remaining five control rat brains. The total number of brain sections used for either
11P-HSD2 sense or 11P-HSD2 antisense for each animal are listed below:

Studv Rat brains Antisense Sense Cut tvne

1 1 60 sections 60 sections Coronal

2 1 90 sections 90 sections Sagittal
3 1 150 sections 24 sections Coronal

4 1 90 sections 90 sections Coronal

5 1 150 sections 24 sections Coronal

101



Each of the five studies also included at least 3 kidney 11P-HSD2 antisense
and 3 kidney 11P-HSD2 sense control sections. Owing to the large number of
antisense sections included in studies 3 and 5, only a reduced number of brain 11 p~
HSD2 sense sections could be included as controls. All remaining studies contained
equal numbers of 11P-HSD2 sense and 11P-HSD2 antisense sections and were used
to verify that sense control sections showed low, non-specific background binding
only. In situ hybridisation histochemistry was carried out as described in section
2.8.5 after which the sections were exposed to photographic emulsion, developed,
counter-stained and viewed under a dark-field microscope for silver grains (section
2.8.7).

4.2.3 The effect of salt balance manipulation on brain 11B-HSD2 mRNA expression

16 adult male Sprague-Dawley rats (Harlan-Olac) were fitted with indwelling
carotid cannulae, under halothane anaesthesia (Fluothanc, Zeneca), which could be
attached to an Elcomatic pressure transducer for later blood pressure measurements,

according to the method described by Benediktsson et al. (1993). All animals were

provided with low sodium food containing lOmmol sodium and 182 mmol potassium
(Special Diets Services). 8 animals were given tap water to drink (low sodium diet)
whilst 8 animals were given saline (1.5%) to drink (high sodium diet) for a period of
14 days, after which all animals were weighed. Average systolic and diastolic blood
pressure measurements were calculated from continuous 15 min recordings in
quiescent, conscious, unrestrained animals (Benediktsson et al. 1993). Animals were

killed at 9.00 a.m. by decapitation and trunk blood was collected for later angiotensin
II measurements, according to methods described in Morton and Webb (1995) after
extraction using a Sep-Pak CI8 cartridge (Morton et al. 1990). Aldosterone was

measured by radioimmunoassay using a kit (DPC, Los Angeles, Ca.) and both
angiotensin II and aldosterone measurements were done by Dr Chris Kenyon.

Brains were rapidly dissected onto dry ice and stored at -80°C. The brains
were cryostat-cut at a thickness of 10pm and 9 to 12 coronal sections, containing
subcommissural organ (SCO), were collected for each animal. Only three brains
could not be used due to incorrect freezing; this destroyed the structure of the tissue
and made it impossible to locate the SCO. All other brain sections were used for in
situ hybridisation histochemistry with an 11P-HSD2 antisense RNA probe, as

previously described (section 2.8 and section 4.2.2), with at least 3 sections per

animal being used for 11P-HSD2 sense controls. 12 control adult rat kidney sections
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(30pm) were included as controls for the llp-HSD2 antisense and 11J3-HSD2 sense

probes. Following the in situ hybridisation study, sections were treated as described
in section 2.8.7, although on this occasion, lip-HSD2 mRNA expression was

quantified using an MCID image analysis system (Research Imaging, Canada). The
study was performed blind and 6 to 8 measurements of subcommissural 11P-HSD2
mRNA expression were done on 6 sections for each animal. Sections included in the
study were selected on the basis that they showed the complete SCO structure.

Background measurements were made on adjacent sections of tissue and
automatically subtracted from SCO measurements. The group means were then
calculated. Hybridisation with 1 ip-HSD2 sense probes in adjacent sections produced
an extremely low background signal; 4 measurements were made on a single section
from each animal and the group means were calculated.

4.2.4 Statistical Analysis

The results obtained fitted a normal distribution curve and the two groups were

compared using an independent Student's t-test. Values are shown as means ± s.e.m.

(standard error of the mean). The Null Hypothesis was rejected at the 5% probability
level.

4.3 Results

4.3.1 1 lp-HSD bioactivitv in adult rat brain subregions

All of the 11P-HSD assays demonstrate measurable NADP-associated
activity, but little or very low NAD-associated activity, except in kidney where the
two are comparable. Figure 4.1 shows the results of the bioassay which followed
protocol A; the blank (no tissue) control, heat-inactivated tissue samples and samples
containing no co-factor all show a similar low level of [ H] corticosterone
conversion. Where co-factor is supplied, NADP-associated activity is greater than
the equivalent NAD-associated activity, although still low when compared with other
bioassay studies of rat brain subregions (Moisan et al. 1990a; Moisan et al. 1990b).
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Figure 4.1 1 lp-HSD bioassay following protocol A. Results show the percentage conversion
of [3H] corticosterone (B) to [3H] 11-dehydrocorticosterone (A) by brain homogenates in the
presence of 200pM NADP, 200pM NAD or no co-factor (ALONE). Tissue samples include
a blank control (BL; 2 samples per animal) without homogenate, cerebellum (CB; 4 samples
per animal), hippocampus (HC; 4 samples per animal), kidney (K; 4 samples per animal) and
heat-inactivated samples of the same (hCB, hHC, hK; 2 samples of each per animal). Two
rat brains were used in the study and all samples were incubated for 60min at a protein
concentration of 500pg/ml (brain) or 20pg/ml (kidney).

Figure 4.2 shows the results of protocol B and again, the NADP-associated
activity is greater than that ofNAD in the three brain subregions studied. Overall, the
general level of enzyme activity is still very low, with virtually no detectable activity
in the hypothalamus, regardless of whether co-factor is provided or not. In both
frontal cortex and hippocampus, the NAD-associated activity is not significantly
different from the basal activity of samples that did not contain co-factor. In both
protocols, the enzyme activity in the kidney was unusually low (<50% conversion)
and although it has been shown to use both co-factors (Walker et al. 1992), we
expected NAD-associated activity to slightly outweigh that of NADP-associated
activity.
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Figure 4.2 11 p-HSD bioassay following protocol B. Results show the percentage conversion
of [3H] corticosterone (B) to [3H] 11-dehydrocorticosterone (A) by brain homogenates in the
presence of 200pM NADP, 200pM NAD or no co-factor (ALONE). Tissue samples include
a blank control (BL; 2 samples per animal) without homogenate, frontal cortex (FC; 4
samples per animal), hypothalamus (HYP; 4 samples per animal), hippocampus (HC; 4
samples per animal) and kidney (K; 4 samples per animal). Two rat brains were used in the
study and all samples were incubated for 60min at a protein concentration of 500pg/ml
(brain) or 20pg/ml (kidney).

In the final 11 P-HSD bioassay (Figure 4.3), the total protein concentration
was increased for both brain and kidney tissue samples, resulting in an increase in
measurable enzyme activity. Again, NADP-associated activity far outweighed NAD-
associated activity, except in kidney which showed a slight preference for utilising
NAD. In brain, however, NAD-associated activity was not significantly different
from that of samples without co-factor, suggesting that any 11 P-HSD2-like activity
detected was not real.
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Figure 4,3 lip-HSD bioassay using homogenates of brain (lmg/ml protein concentration)
and kidney (100pg/ml protein concentration). Results show the percentage conversion of
[3H] corticosterone (B) to [3H] 11-dehydrocorticosterone (A) by brain homogenates in the
presence of 200pM NADP, 200 p.M NAD or no co-factor (ALONE). Tissue samples include
a blank control (BL) without homogenate, frontal cortex (FC), hypothalamus (HYP),
hippocampus (HC), brainstem (BS), amygdala (AM) and kidney (K). Tissue from a single
rat was used and all samples (except blank controls) were run in quadruplicate.

4.3.2 The distribution of 11B-HSD2 mRNA in adult rat brain

11|3-HSD2 mRNA expression was located in a few discrete nuclei of the
adult rat brain. Very high expression was seen in the subcommissural organ (SCO;
Figure 4.4) with more moderate expression found in the ventromedial nucleus
(VMN; Figure 4.5) of the hypothalamus and some scattered cells of the amygdala
(see Figure 4.6). Lower expression was observed in the nucleus of the solitary tract

(NTS) and the medial vestibular nucleus (Figure 4.7A). Detectable 11P-HSD2 gene

expression was also found in the rhomboid and posterior paraventricular nucleus of
the thalamus (Figure 4.7B). Low 11P-HSD2 mRNA expression was also found in the
centromedial nuclei of the thalamus (Figure 4.8), the xiphoid nucleus (Figure 4.9)
and interomedial thalamic nucleus. Some expression was also apparent in the locus
coeruleus (LC), the red nucleus of the midbrain and some cells of the dorsal raphe.
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Semi-quantitative analysis of the 11 (3-HSD2 mRNA expression in these regions from
studies 3 and 5 (150 antisense brain sections in each) is included in Table 5.1 in
Chapter Five.

A B

Figure 4,4 Dark field photographs showing specific 11P-HSD2 mRNA expression in the
SCO of the adult male rat brain. A total of 540 11P-HSD2 antisense sections (A) and 288
11 p-HSD2 sense sections (B) from 5 rats were examined to verify the expression pattern
shown above. Photographs show typical sections from one of the rat brains (magnification
xlOO).

A B

Figure 4.5 Dark field photographs showing specific 11P-HSD2 mRNA expression in the
VMN of the adult male rat brain. A total of 540 11P-FISD2 antisense sections (A) and 288
11P-HSD2 sense sections (B) from 5 rats were examined to verify the expression pattern
shown above. Photographs show typical sections from one of the rat brains (magnification
x400).
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B

Figure 4.6 Dark field photographs showing specific 11P-HSD2 mRNA expression in the
amygdala of the adult male rat brain. A total of 540 11 p-HSD2 antisense sections (A) and
288 11P-HSD2 sense sections (B) from 5 rats were examined to verify the expression pattern
shown above. Photographs show typical sections from one of the rat brains (magnification
x400).

B

Figure 4.7 Autoradiographs showing 11P-HSD2 mRNA expression in the medial vestibular
nucleus (picture A; MVN) and rhomboid (R) and paraventricular (PV) nuclei (picture B) of
the adult male rat brain. A total of 540 11P-HSD2 antisense sections and 288 11P-HSD2
sense sections from 5 rats were examined to verify the expression pattern shown above. The
low power autoradiographs show typical sections from one of the rat brains.
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Figure 4.8 Dark field photographs showing specific 11P-HSD2 mRNA expression in the
centromedial nucleus of the adult male rat brain. A total of 540 11P-HSD2 antisense sections
(A) and 288 11P-HSD2 sense sections (B) from 5 rats were examined to verify the
expression pattern shown above. Photographs show typical sections from one of the rat
brains (magnification xlOO).

A B

Figure 4.9 Dark field photographs showing specific 11P-HSD2 mRNA expression in the
xiphoid nucleus of the adult male rat brain. A total of 540 11P-HSD2 antisense sections (A)
and 288 11P-HSD2 sense sections (B) from 5 rats were examined to verify the expression
pattern shown above. Photographs show typical sections from one of the rat brains
(magnification xlOO).
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4.3.3 The effect of salt balance manipulation on 11BHSD2 mRNA expression in
adult rat subcommissural organ (SCO)

The effects of the low or high salt diet on blood pressure, body weight,
plasma aldosterone and plasma angiotensin II levels for the 2 treatment groups are

shown in Table 4.2. As three of the rat brains were unusable, the equivalent data on

the other parameters has been left out. Unfortunately, all three rats were from the low
sodium group, resulting in an imbalance in the numbers for each treatment group

(n=5 versus n=8).

Table 4.2 The effect of salt intake on blood pressure (BP), body weight and plasma
aldosterone and angiotensin II levels.

Low Salt Diet High Salt Diet Significance
(mean ± s.e.m.) (mean ± s.e.m.) (independent t-test)

Number per group n = 5 n = 8 -

Systolic BP (mmHg) 146.2 ±3.7 144.2 ±4.4 ns

Diastolic BP (mmHg) 94.0 + 2.5 100.6 ±4.5 ns

Mean BP (mmHg) 114 ± 1.7 115.2 ±4.4 ns

Body weight (g) 284.4 ±5.4 288.6 ±3.0 ns

Aldosterone (nmol/1) 4.7 ± 1.5 2.2 ±0.3 ns

Angiotensin II (pg/ml) 4.3 ± 1.2 1.5 ±0.3 p<0.05
Not significant (ns) means there was no significant difference between the two groups.

Statistical analysis revealed that a significant difference existed between the 2
groups in terms of their plasma angiotensin II levels only (p<0.05, independent
Student's t-test), as shown in Table 4.2. Plasma aldosterone levels did not quite reach
significance between the 2 groups (p=0.058, independent t-test) and there was no

significant difference in blood pressure either. Removing the data on 3 of the low salt
diet rats did not affect the statistical analysis of the two groups. This suggests that
although the blood pressures of these animals were not altered during 14 days of a
high or low sodium diet, the latter group did reach a sodium-depleted state after this
time interval, as indicated by their heightened plasma angiotensin II levels.

Quantification of the 11P-HSD2 mRNA expression in the SCO of these
animals revealed no significant difference in the levels of expression between the 2
groups (Figure 4.10). Thus, 11P-HSD2 mRNA expression in the SCO of the rat brain
is not affected by variations in salt balance, although considering that the 2 groups of
animals were not significantly different in terms of their blood pressures or plasma
aldosterone levels, it is not possible to claim that severe salt loading or salt deficit
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does not affect brain 11P-HSD2 mRNA expression, only that less severe variations
in salt balance do not have an effect over this time course.

20

S
=l

p 15

93
0>
U
C3

T3
CD
a
a
cs
CJ

10

o
o

93
i-

u

"

IF jJIllipi*"

|1|l
1m

M m |' I f

ml

|; V

Low

Mean+SE

Mean-SE

High

Salt Diet

Figure 4.10 The effect of salt intake on 11P-HSD2 mRNA expression in the SCO. Results
show the number of grain counts per 100pm2 of SCO area scanned for each group, and are
expressed as means ± s.e.m. (13.3 ± 0.4 for the low sodium group (n=5) versus 12.5 ± 0.5 for
the high sodium group (n=8). Equivalent counts for control sense sections were 0.63 ± 0.08
for the low sodium group (n=5) and 0.60 ± 0.05 for the high sodium group (n=8)). There was
no significant difference between the 2 groups (independent Student's t-test).

4.4 Discussion

This study shows that high 11P-HSD2 mRNA expression is found in the SCO
of the adult rat brain, with more moderate levels being detected in the hypothalamic
VMN, scattered cells of the amygdala and specific regions of the brainstem (NTS,
medial vestibular nucleus, LC). Very low 11P-HSD2 mRNA expression was found
in several of the thalamic nuclei. Adult rats placed on a high or low salt diet for 14
days, showed no difference in 11P-HSD2 mRNA expression in the SCO of their
brains. Bioassay experiments failed to confirm the presence of distinct 11P-HSD2-
like activity in selected rat brain subregions, but as 11P-HSD2 mRNA was expressed
in such a small number of cells, it is likely that any such activity was not detected
above a background ofwide-spread 11P-HSD1 activity.
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In situ hybridisation histochemistry is an extremely sensitive and relatively
■ir

reliable method of detecting specific nucleic acid sequences in cells. At present, S-
labelled probes, particularly single-stranded RNA probes between 0.3 and lkb in
length, are considered more sensitive and are therefore the probes of choice for
detecting low abundance transcripts (Wilkinson, 1999). If used under highly
stringent conditions, employing pre- and post-hybridisation techniques to reduce the
likelihood of non-specific binding, then in situ hybridisation is an effective and
accurate means of determining levels of expression of a transcript within a

population of cells. However, despite the fact that our in situ hybridisation technique
employs all of the criteria listed above, it remains only semi-quantitative in nature.
This is because it does not include standards of radioisotopic activity and therefore
the number of grains per 100pm2 can not be related to a finite value for the amount
ofmRNA expressed. Thus, although a highly sensitive technique for detecting 11 p-
HSD2 mRNA distribution in the rat and mouse brain, it is not the best means of

quantitatively assessing levels of mRNA expression, as in the study of 11 (3-IISD2
expression in rats exposed to sodium loading or sodium deficit over a 14 day period.

This above is due to the interexperimental variability inherent in the in situ
hybridisation technique. Even if all parameters such as pre-hybridisation,
hybridisation and wash conditions are strictly maintained, there remains a difference
in the specific activity of the labelled probes used, due mainly to the activity of the
RNA polymerase. This will introduce variation into the number of silver grains
appearing on the processed sections, a problem which can be partly off-set by using
larger group numbers (at least 5-6 animals per group) as we have done here for the
high and low sodium diet experiment. In terms of the study of 11P-HSD2 mRNA
distribution in the rat or mouse brain (described previously in Chapter Three), larger
numbers of brains need to be examined before a more accurate semi-quantitative
analysis can be made of the relative levels of 11P-HSD2 mRNA expression in each
subregion. The results presented thus far and in Chapter Five should therefore be
viewed as an initial thorough investigation of areas of 11 p-HSD2 expression in the
rat and mouse brain, to be followed up with further in situ hybridisation studies using
sections from 5-6 brains over the areas of interest described here. Sections containing
the SCO would be used as positive controls for 11P-HSD2 expression in the rat

brain, whilst sections containing NTS would be used as equivalent positive controls
of 11P-HSD2 expression in the mouse brain. An alternative approach would be to do
quantitative PCR on the brain nuclei of interest in order to amplify the 11P-HSD2
signal in the areas of expression described here. Quantification of the llp-HSD2
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mRNA expression in each area could then be achieved by including standards into
the PCR process for comparison.

Since the discovery of the second isoform of 11 p-HSD, bioactivity studies
have been repeated with NAD as co-factor instead ofNADP, and have found distinct
11P-HSD2 activity in most mineralocorticoid target organs as well as in placenta
(Brown et al. 1993; Whorwood et al. 1994; Stewart et al. 1994b). Most tissues
showing 11 P-HSD activity demonstrate the ability to utilise both NAD and NADP,
indicating that both isoforms of 11 P-HSD are present or that each isoform is able to
utilise the other's co-factor, albeit to a limited degree (Walker et al. 1992). Another
possibility, of course, is the existence of a cellular mechanism which generates
NADP from NAD and vice versa, thereby providing a small source of renewable co-

factor to whichever isoform predominates. Thus, in the 11 P-HSD bioassays shown
here, it is possible that the NAD-associated activity seen in the brain tissue samples
is actually 11 P-HSD 1 activity. The 11 P-HSD type 1 isoform could either be
managing to use NAD as a co-factor, albeit at a much lower efficiency, or else be
benefiting from an unknown source ofNADP, possibly generated by conversion of
the NAD supplied. A further possibility is that both the NAD and NADP used,
although molecular grade reagents, may contain a small percentage of the alternative
co-factor thereby enabling 11 p-HSD type 1 activity to dominate in the supposed
presence of the type 2 11 p-HSD2 preferred co-factor. The purity of each compound
should have been ascertained prior to beginning the assay experiments, although the
main problem remains in the small numbers of rat brains used. Once I had
established that the increased protein concentration used in the final study (Figure
4.3) dramatically improved the percentage conversion of corticosterone to 11-
dehydrocorticosterone, it was always my intention to repeat the experiment with
homogenates from a further 4-5 rat brains, but time did not allow for it. Overall, the
bioassay experiments do not show distinct 11P-HSD2 activity in any rat brain
subregions. Future attempts to demonstrate specific 11P-HSD2 activity in the adult
rat brain may benefit from trying to micropunch out the SCO, given the high
expression of 11P-HSD2 mRNA in this area. Furthermore, a more serious approach
to bioassay experiments should be adopted including sampling at a range of
incubation times and a range of co-factor and substrate concentrations, not only to
determine the optimal experimental conditions, but also to allow an accurate
calculation of Vmax and Km values. Other means of demonstrating the existence of
a functional 11 (3-HSD2 protein in adult rat brain are discussed in Chapter Seven.
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The in situ hybridisation study shows some interesting differences in 11P-
HSD2 mRNA expression between the adult mouse and rat brain. In the mouse,

expression was confined to the NTS whereas in the rat, expression extends to several
other discrete areas of the brain including the SCO, the hypothalamic VMN and
scattered cells of the medial vestibular nucleus. These findings agree with those
published previously (Roland et al. 1995b), but my study shows additional 11P-
HSD2 mRNA expression in the amygdala and other brainstem and thalamic nuclei.
The implications of 11(3-HSD2 mRNA expression in the NTS have already been
addressed in Chapter Three and apply to the rat as they do to the mouse. Thus, 11 (3-
HSD2 may be acting to protect aldosterone-selective MR in the NTS, thereby
allowing aldosterone to influence central regulation of cardiovascular function, blood
pressure and sodium balance. Alternatively, 11P-HSD2 could be modulating
glucocorticoid access to GR, thereby preventing excessive down-regulation of the
HPA axis, at the level of the NTS, after prolonged stress.

The presence of 11 p-HSD2 in the medial vestibular nucleus is of interest,
since anterograde labelling of neuronal axons in rabbits has demonstrated afferent
inputs to the NTS from the medial vestibular nucleus (Balaban and Beryozkin,
1994), suggesting a vestibular influence on the autonomic nervous system. Diffuse
MR mRNA has been reported over all four vestibular nuclei as well as a variety of
other motor and sensory neuronal pathways in the brainstem (Arriza et al. 1988),
whilst both GR mRNA expression and immunoreactivity have been reported across

the vestibular complex (Morimoto et al. 1996). This structure receives information
on balance from the semi-circular canals (Snell, 1987a) and alterations in
gravitational environment can cause several disturbances to the autonomic nervous

system, including altered heart and respiration rates, sweating and nausea (Balaban
and Beryozkin, 1994). Thus, corticosterone and aldosterone may be involved in
modulating vestibular input to autonomic function, by influencing the neural activity
within the vestibular complex itself. This hypothesis is partially confirmed by a study
in which dexamethasone was shown to increase the spontaneous firing of the medial
vestibular neurones in rabbits and cats in a dose-dependent fashion, a phenomenon
which was blocked by a GR antagonist (Yamanaka et al. 1995). 11P-HSD2 in the
LC, red nucleus and dorsal raphe nucleus might also be involved in regulating
corticosteroid action on sensory and motor function. MR mRNA expression has been
reported in the red nucleus and the nucleus of the dorsal raphe (Arriza et al. 1988),
whilst high GR mRNA expression and immunoreactivity are apparent in the LC and
dorsal raphe nucleus with much lower levels being found in the red nucleus of the
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midbrain (Morimoto et al. 1996). All of these structures contain major ascending
neuronal pathways, together with their neurotransmitters and neuromodulators,
which could be subject to regulation by corticosteroids (De Kloet, 1991). Likewise,
many of the thalamic nuclei relay sensory information to areas of the cortex and
hypothalamus and express both MR (Van Eekelen et al. 1991) and low to moderate
amounts of GR (Morimoto et al. 1996). The low levels of 1 lp-HSD2 mRNA in any

of these structures could reflect some degree of modulation of corticosteroid effects
on sensory transmission and neurotransmitter synthesis and turnover.

The role of the hypothalamic VMN is complex and not yet entirely
understood. It plays a part in the glucocorticoid feedback regulation of the HPA axis
and also receives positive input from the suprachiasmatic nuclei or "circadian clock",
since lesions of the rat VMN cause an elevation in morning plasma corticosterone
levels and a hyperactivity of the HPA axis (Dallman, 1984; Suemaru et al. 1995).
This loss of circadian rhythm has an impact on other behaviours as well, since the
VMN is also implicated in food intake, satiety and insulin secretion (Dallman, 1984;
Snell, 1987d; Suemaru et al. 1995). Thus, VMN lesioned rats exhibit a lack of
diurnal rhythm in food intake, eventually resulting in obesity, hyperinsulinaemia and
hyperglycaemia (Dallman, 1984; Suemaru et al. 1995). Studies in VMN-lesioned
weanling rats suggest that obesity occurs in these animals despite a normal daily
intake in food, albeit in a disrupted circadian eating pattern. Interestingly, these
animals also display altered food selection, choosing to eat more carbohydrates and
fats than controls (Bernardis, 1985). No studies have investigated the effects ofVMN
lesions on thirst or the response to angiotensin or aldosterone administration
(Bernardis, 1985), so it is difficult to comment on why 11P-HSD2 may be expressed
here. The hypothalamic VMN does show some weakly diffuse MR mRNA
expression (Arriza et al. 1988), whilst GR mRNA expression and immunoreactivity
levels are much higher (Morimoto et al. 1996). These MR are generally thought to be
unprotected corticosterone-preferring MR, since VMN lesion effects are suggestive
of a disrupted inhibitory corticosterone signal, mediated by those MR which control
the basal activity of the HPA system during the diurnal nadir (Suemaru et al. 1995).
But it is possible that some of these MR constitute aldosterone-selective MR, given
the presence of 11P-HSD2 mRNA, and these may be involved in mediating the
actions of aldosterone on thirst and hunger. Certainly, no 11P-HSD2 mRNA
expression was found in other anterior hypothalamic structures, such as the SFO,
OVLT or AV3V regions, thought to be structures involved in the central regulation
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of fluid balance and salt appetite (McEwen et al. 1986; Yongue and Roy, 1987;
Gomez-Sanchez, 1991).

Moderate 11P-HSD2 mRNA expression was seen in scattered cells across the
amygdala, a significant finding given that this structure is generally considered to be
the main site of central aldosterone action on salt appetite (Nitabach et al. 1989;
Schulkin et al. 1989). MR mRNA has been demonstrated across areas of the
amygdala including the medial and cortical nuclei, with slightly more moderate
labelling in the central amygdaloid nucleus (Arriza et al. 1988). This expression ties
in with earlier studies of aldosterone binding which showed labelled aldosterone
uptake by the medial, basal and cortical nuclei of the amygdala (Birmingham et al.
1984). Destruction of the amygdala in humans causes an increase in appetite and
general interest in food (Snell, 1987b) whilst in rats, only their appetite for salt is
affected (Galaverna et al. 1991). Thus, lesions of the central amygdaloid nucleus of
the rat abolish the daily need-free salt intake of the animal, but do not affect sucrose,
water or food intake, even following 24 hours starvation (Galaverna et al. 1991).
Lesions of the central nucleus of the amygdala also abolished the natriorexigenic
effects of both subcutaneous deoxycorticosterone acetate (DOCA) and central
angiotensinogen activation by renin. Finally, sodium deprivation of lesioned animals,
through a combination of salt-free food and treatment with a diuretic, did induce a

weak expression of salt appetite, although they still failed to correct their sodium
balance after 2 hours of access to a 3% saline solution. Further investigation revealed
that lesioned animals avoided salt solutions unless they were reduced to 0.2%,

suggesting they had a strong taste aversion for sodium (Galaverna et al. 1991). This
is not surprising given that the central nucleus of the amygdala contains the terminals
of a major gustatory projection from the NTS, lesioning of which also blocks the
behavioural expression of salt appetite (Flynn et al. 1991). This suggests that
connections between gustatory afferents, the NTS and amygdala are all necessary for
salt consumption in response to sodium deficiency. Lesions of the medial nucleus of
the amygdala also abolish the aldosterone- and DOCA-induced expression of salt
appetite without preventing that induced by sodium depletion or adrenalectomy
(Nitabach et al. 1989; Schulkin et al. 1989). However, infusion of MR antisense
oligonucleotides into the medial amygdala of rats only decreases, rather than
abolishes, the salt appetite induced by DOCA (Sakai et al. 1996). The discovery of
11 p-HSD2 mRNA expression and its implication for the existence of aldosterone -
selective MR further supports the argument for MR in the medial and central
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amygdala being the means by which mineralocorticoid-induced salt intake and salt
appetite in general, occurs in the rat.

The discovery of 11 (3-HSD2 mRNA expression in the SCO is of considerable
interest given that this structure is associated with the central control of adrenal
aldosterone secretion (Palkovits et al. 1965) and sodium homeostasis (Dundore et al.
1984; Dundore et al. 1987; Severs et al. 1987), although the exact means by which it
mediates these effects is unknown. The areas surrounding the third and fourth
ventricles have also been implicated in mediating the central effects of aldosterone
on blood pressure (Gomez-Sanchez, 1991), although a precise role for the SCO in
this kind of regulation has not yet been demonstrated. MR mRNA expression has
been shown in the SCO (Levitt et al. 1996) and these MR could be made
aldosterone-selective through the action of 11(3-HSD2. Thus, central aldosterone
could influence both sodium homeostasis and its own secretion from the zona

glomerulosa of the adrenal gland by binding MR in this region.

Studies on the function of the SCO have been complicated by its position in
the brain (the roof of the third ventricle) which makes access difficult, and also by a

substantial lack of knowledge concerning its afferent neuronal input, its efferent
output and the nature of its secretions, both into the cerebrospinal fluid (CSF) and
possibly into the adjacent blood vessels (Severs et al. 1987). It is now accepted that
the SCO receives inhibitory innervation from serotonergic fibres arising in the raphe
nuclei (Leger et al. 1983) and growing evidence suggests a noradrenergic input to the
SCO as well (Balaban et al. 1994). The SCO is unlike other circumventricular organs
in that it has a relatively intact blood brain barrier, suggesting its secretory activity is
directed primarily towards the CSF (Severs et al. 1987). It produces a glycoprotein
which aggregates to form a structure that extends from the SCO to the central canal
of the spinal cord, called Reissner's fibre (Cifuentes et al. 1994). The exact role of
this fibre is not understood, but it may function as a sense organ or mechanoreceptor
or perhaps aid in maintaining bulk CSF flow through the central canal, or play a role
in the regulation of CSF composition and its detoxification (Vullings and Diederen,
1985; Cifuentes et al. 1994).

The main function of the SCO appears to be in regulating sodium
homeostasis and aldosterone secretion. Experiments where extracts of SCO have
been injected into laboratory animals, have shown decreased drinking, increased
antidiuresis, increased sodium and water absorption from the gut and increased
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nuclear volume of zona glomerulosa cells (Severs et al. 1987). Thus, the SCO
appears to contain a substance which stimulates the zona glomerulosa of the adrenal
gland and increases systemic mineralocorticoid activity. Lesion studies have
produced somewhat conflicting data, but in general it appears the SCO is not
essential to ensure water intake or balanced electrolyte excretion (Severs et al. 1987),
although destruction of the SCO does lower water consumption slightly and decrease
urine output (Vullings and Diederen, 1985). More importantly, lesions of the SCO
cause a significant decrease in the thickness of the zona glomerulosa and in the
nuclear volume of its cells, together with a decrease in aldosterone secretion (Severs
et al. 1987). This finding, together with histological evidence that adrenalectomy
causes SCO stimulation whilst high dose aldosterone alters SCO function after only
2 hours, prompted the suggestion of a negative feed-back loop between the adrenal
gland and the SCO (Severs et al. 1987). Infusion experiments have complicated the
picture slightly by showing that aldosterone infused close to the SCO actually causes

an increase in the urinary sodium-potassium ratio, adrenal corticosterone and plasma
adrenaline levels, yet causes a decrease in the cross-sectional area of the adrenal
medulla (Dundore et al. 1984; Dundore et al. 1987). However, this enhanced urinary
sodium excretion may simply reflect a hypertension-induced pressure natriuresis,
whilst the reduced adrenal medulla area might not affect production of adrenaline by
chromaffin cells (Dundore et al. 1987).

My own study of the expression of 11P-HSD2 mRNA in the SCO of rats on

either a high or low salt diet, is the first of its kind. 11P-HSD2 mRNA expression has
been previously reported in the rat SCO (Roland et al. 1995b), but few studies have
looked at the regulation of 11P-HSD2 expression, in the brain or anywhere else.
Brem et al have looked at the influence of dietary sodium on the mRNA levels and
activity of 11 p-HSD2 in canine renal cortex following 5 days of a high sodium diet
versus a control diet. They found no detectable change in either expression or

activity of the type 2 isoform, but did not include data on the experimental animals'
blood pressure, plasma aldosterone or plasma angiotensin II levels to confirm their
altered sodium status (Brem et al. 1997). A similar study was undertaken in our

laboratory using the protocol described in section 4.2.3, which is known to cause

altered sodium balance in rats (as shown by plasma aldosterone and angiotensin II
measurements in section 4.3.3). Again, quantitative analysis of llp-HSD2 mRNA
expression in the kidneys of these animals revealed no difference between the two
treatment groups and only a slight decrease was noted in the Vmax value of the
enzyme in the high sodium group (McKinnell, Lloyd-Macgilp and Kenyon,
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unpublished observations). These studies confirm that 11P-HSD2 concentrations
remain relatively stable in the face of varying sodium levels, consistent with its role
in ensuring mineralocorticoid receptor specificity and possibly suggesting that the
enzyme is constitutively regulated. Thus, the final picture of the relationship between
the SCO and the adrenal gland remains a complicated one, with little known about
the nature of the factor released by the SCO, the extent to which the SCO-adrenal
feed-back loop plays a part in sodium homeostasis and the means by which both the
SCO factor and aldosterone reach their feed-back destinations. The presence of 1ip-
HSD2 in the SCO is obviously essential for aldosterone to be able to bind MR in this
area in order to mediate its feed-back effects. However, as the amount of 11P-HSD2
mRNA does not change according to sodium state, it suggests that although its
presence is required, 11P-HSD2 is not a variable component of the feed-back loop
itself. Obviously, evidence that the amount of 11P-HSD2 protein in the SCO remains
unchanged too, despite altered salt loading, is required before this claim can be
substantiated.

This study also shows significant differences between 11P-HSD2 expression
in the adult rat brain compared with that of the mouse brain and may explain the
unusual differences in salt appetite displayed by these two species. Rats exhibit a

potent need-free salt appetite and can also be made to ingest saline solutions by
adrenalectomy or mineralocorticoid administration, none of which is true of the
mouse (previously discussed in Chapter Three). Thus, it is tempting to speculate that
the mouse has no need for aldosterone-selective MR in brain regions involved in
mineralocorticoid-induced salt appetite and this is why it does not show 11P-HSD2
mRNA expression in its amygdala, SCO or hypothalamic VMN. However, this
theory cannot be proved without additional studies and these are discussed in
Chapter Seven.

Having pinpointed the location of 11P-HSD2 in the adult rat brain, it is
interesting to speculate on how centrally administered carbenoxolone or

glycyrrhetinic acid might be having their blood pressure-raising effects. Given that
centrally infused carbenoxolone does not affect the salt appetite of the rat, it must be
assumed that it cannot penetrate tissue which is at some distance from the brain
ventricular system, such as the amygdala (Seckl, 1997). Thus, areas of 11 (3-HSD2
expression in the rat which may be influenced by i.c.v. carbenoxolone include the
SCO, the NTS and possibly regions of the hypothalamic VMN closest to the third
ventricle. If aldosterone binding MR in the SCO inhibits the secretory activity of this
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structure (Vullings and Diederen, 1985), then inhibiting 11(3-HSD2 and allowing
corticosterone to act as a "false" mineralocorticoid, would only inhibit this activity
still further. Therefore, any increase in blood pressure caused by central
carbenoxolone would not be via an indirect effect on the secretory activity of the
adrenal gland. The NTS is a possible site of aldosterone action on the central
regulation of blood pressure and might become vulnerable to inappropriate action by
corticosterone if 11 (3-HSD2 were inhibited. Corticosterone might then stimulate
cardiac output and affect the NTS input to the AV3V region, creating a disturbance
in an area associated with the interactive control of blood pressure homeostasis, fluid
and electrolyte balance (Gomez-Sanchez, 1991). This could lead, in turn, to a

variation in the secretion rate of ACTH and could also alter the sensitivity of this
region to salt, stress and action by other brain peptides, including angiotensin II and
vasopressin. Certainly, lesions of either the AV3V region or the NTS block the
development ofmineralocorticoid hypertension, suggesting these are crucial areas in
blood pressure regulation by the brain (Gomez-Sanchez, 1995; Seckl, 1997). Lastly,
the VMN is not associated with the central regulation of blood pressure, but
experiments with i.e.v. carbenoxolone in rats have shown that these animals put on
"real" weight during treatment, distinct from any weight gain which might be a result
of water retention (Gomez-Sanchez and Gomez-Sanchez, 1992). Thus, 11 (3-HSD2 in
this region may be modulating corticosteroid effects on appetite, satiety and eating
behaviour, a function which is lost when the enzyme is inhibited.

In fact, there are several discrepancies between the effects of centrally
administered aldosterone and liquorice derivatives which suggest that 11(3-HSD2
may have a wider role in the brain than simply conferring aldosterone selectivity on

brain MR. I.c.v. aldosterone, at a dose which is ineffective when given
subcutaneously, causes a significant increase in the blood pressure of rats after 7-10
days, whereas i.c.v. carbenoxolone or glycyrrhetinic acid, at a similarly low dose, has
the same effect within 3-5 days (Gomez-Sanchez, 1995). Furthermore, the
hypertensive actions of i.c.v. aldosterone can be exacerbated by uninephrectomising
animals and making them drink saline, whereas this has no effect on the hypertension
caused by i.c.v. carbenoxolone (Gomez-Sanchez and Gomez-Sanchez, 1992). Thus,
although the logical explanation for the blood pressure-raising effects of centrally
administered liquorice derivatives is through corticosterone occupation of
aldosterone-selective MR, these studies suggest that there is more to liquorice-
induced hypertension that the inhibition of 11(3-HSD2. This could involve lip-
HSD2 modulating glucocorticoid access to brain GR or indicate that carbenoxolone
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and glycyrrhetinic acid have additional actions in the brain. Certainly, glycyrrhetinic
acid has been shown to inhibit both hepatic 5p-reductase and 3P-hydroxysteroid
dehydrogenase, resulting in a prolonged half-life for aldosterone and
tetrahydroaldosterone (Latif et al. 1990), an effect which might also occur in the
brain. Thus, i.c.v. infusion of carbenoxolone could result in an amplified
mineralocorticoid effect, through the illicit mineralocorticoid activity of
corticosterone and the prolonged half-life of aldosterone, which might cause the
animal to reach a hypertensive plateau in a reduced length of time. However, without
compounds which are specifically able to inhibit 11P-HSD2, or studies of the effects
of GA or carbenoxolone infusion into the SCO, NTS or VMN, the mechanism
behind central carbenoxolone-induced hypertension in rats remains unknown.
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CHAPTER FIVE

11P-HSD TYPE 2 ACTIVITY AND mRNA EXPRESSION IN THE
NEONATAL RAT BRAIN

5.1 Introduction

Following successful isolation of the mouse 11P-HSD2 partial cDNA clone and
development of the corresponding 11P-HSD2 mRNA probe, Brown et al performed a

detailed in situ hydridisation study of the ontogeny of 11P-HSD2 mRNA expression in
the prenatal mouse from embryonic day 9.5 (E9.5) until the first postnatal day (P0.5)
(Brown et al. 1996b). This investigation demonstrated widespread 11P-HSD2 mRNA
expression in the developing foetus from E9.5 until E12.5, which was dramatically
reduced from El 3 onwards, becoming restricted to the kidney, gonads, gut, lung, adrenal
cortex and brain. By late gestation (E17.5-E18.5), 11P-HSD2 mRNA expression was

confined to the kidney, colon, developing tooth, whisker follicles, inner ear and was

apparent at a much lower level in the fetal brain. Finally, at P0.5, expression was still
seen in the kidney, colon and developing tooth whilst in the brain, only the thalamus and
cerebellum showed continued 11P-HSD2 mRNA expression (Brown et al. 1996b). The
results of this study indicated that 11P-HSD2 appeared in completely different brain
structures during development, from those it appeared in during adulthood, suggesting it
had a distinct and as yet unknown function in the developing brain. This finding was

confirmed and extended in a study by Diaz et al (1998) on 11P-HSD2 mRNA
expression and activity in the prenatal rat brain. They found that 11P-HSD2 was highly
expressed in all CNS regions at midgestation, but that this expression became rapidly
restricted to the thalamus and cerebellum during the third trimester. Furthermore, the
activity of the enzyme closely paralleled its pattern ofmRNA expression. These studies
prompted my study of the expression of 11P-HSD2 mRNA in the postnatal rat brain,
with the added emphasis of discovering at which point the early neonatal pattern of
expression gave way to the adult pattern. In addition, given that the expression of 11P-
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HSD2 appeared much more abundant in the neonatal brain, I again undertook to
demonstrate distinct 11|3-HSD2 activity by performing bioassays on brain regions at
different postnatal ages, thereby showing that 11 (3-HSD2 mRNA was translated into a

functional 11 (3-HSD2 protein.

5.2 Methods

5.2.1 Preparation of a rat 11B-HSD2 riboprobe and in situ hybridisation

Virgin female rats were time-mated and housed singly until parturition. The day
on which the pups were born was designated PO (postnatal day 0) and pups and their
mothers were kept as described in section 2.12.1. Brains were obtained from two male
pups on each of the following postnatal days: PI, P8, PI5, P22 and P29. Brains were

rapidly frozen on dry ice and serial coronal sections were cryostat-cut at a thickness of
10pm, with duplicate tenth sections being slide-mounted for later in situ hybridisation.
The total number of brain sections used for both 11P-HSD2 sense and 11P-HSD2
antisense at each age point are listed below:

Study

1

2

3

4

5

Age

PI

P8

P15

P22

P29

Pups Antisense

30 sections

45 sections

60sections

60 sections

75 sections

Sense

30sections

45 sections

60 sections

60 sections

75 sections

PI

P8

P15

P22

P29

30 sections

30 sections

45 sections

60 sections

60 sections

12 sections

12 sections

12 sections

12 sections

12 sections

The rat 11P-HSD2 antisense and sense RNA probes were prepared as described
before (section 2.8.4 and section 4.2.2) and 6-12 adult rat kidney sections (30pm) were
included in each experiment for 11P-HSD2 sense and antisense controls. All in situ
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hybridisation studies contained at least 3 sections of SCO at each age point as positive
controls for brain 11P-HSD2 mRNA expression. Sections from a single brain from each
age point were used for an in depth in situ hybridisation study, with individual
experiments being done for each age point (studies 1-5 above). Sections from a second
pup brain at each age point were amalgamated and a large in situ hybridisation
experiment was carried out (study 6 above) to ensure that all sections experienced the
same experimental conditions. Due to the size of this in situ hybridisation study, a sense

control section could not be included for every brain antisense section. Previous
individual studies (1-5) had already verified a lack of signal on brain sections with the
11P-HSD2 sense probe. Sections from the large in situ hybridisation (study 6) were used
for semi-quantification of 11P-HSD2 mRNA expression (Table 5.1), with 4-6
measurements being made per area examined. Due to the fact that sections from only a

single brain at each point were used for the mRNA quantification, levels of expression
were described in relative terms and not as absolute numbers. As previously described, a
thresholding method was used whereby cells were only classified as expressing 11P-
HSD2 if levels were four times above background. In situ hybridisation was carried out
as described in section 2.8.5 after which the sections were treated as described in

sections 2.8.7 and 4.2.2.

5.2.2 lip-HSD bioassav

Postnatal rat brains were divided into forebrain and hindbrain regions and
homogenised in 500pl of ice-cold assay buffer (section 2.9.1). Following initial
experiments (see Figure 2.4 and section 2.9.2), a final protein concentration of 75pg/ml
and an incubation time of 20 min were found to be at the mid-point of the linear part of
the relationship between incubation conditions and enzyme activity. Tissue from 2-3
pups was pooled for ages PI, P8 and PI5 whilst for all other ages, single brains were

used. Assays were performed in a lOOp.1 volume and [ H] corticosterone was provided to

give a range of final concentrations from 0.5 to 10,000nM to span the anticipated Km
values of both lip-HSDl and 11P-HSD2. Blank control samples were made up without
tissue and to a final [3H] corticosterone concentration of 12.5nM. Finally, 200pM NAD
was added to provide an excess of the preferred llp-HSD2 co-factor. Two assays were

performed as described in section 2.9 and all samples were run in duplicate.
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5.3 Results

5.3.1 The distribution of 11B-HSD2 mRNA in postnatal rat brain

Postnatal Day 1

High levels of 11(3-HSD2 mRNA expression were found throughout the
thalamus (Figure 5.1 A), with additional high expression visible in the cerebellum
(Figure 5.2A) and the subcommissural organ (SCO). 11(3-HSD2 mRNA expression in
the anteromedial and anteroventral nuclei of the thalamus was low, but that in the
rhomboid nucleus, the laterodorsal nucleus and the ventromedial nucleus was high. Both
the ventrobasal nuclear complex (precursor to the ventrobasal nucleus) and the section
of the ventrolateral nuclear complex (precursor to the ventrolateral nucleus) situated
directly above the external medullary lamina, were also highly expressing. Moderate
11P-HSD2 mRNA expression was apparent in the paraventricular nucleus, the
centromedial nucleus, the parafascicular nucleus, the mediodorsal nucleus and the
posterior nuclear complex (precursor to the posterior nucleus). Moderate expression was

also apparent in the medial geniculate nucleus of the thalamus, although ventral and
dorsal parts of the nucleus are not clearly distinguishable at this time (Altman and Bayer,
1995). More posterior sections showed that llp-HSD2 mRNA in the geniculate nucleus
disappeared caudally with expression confined to the more lateral structures of the
laterodorsal nucleus and ventrobasal nuclear complex. The reuniens nucleus of the
thalamus showed low to moderate expression of 11P-HSD2 mRNA; at later ages this
expression is confined to the xiphoid nucleus but at PI, this structure is not

distinguishable from the reuniens nucleus (Altman and Bayer, 1995). No expression is
seen in either the hypothalamic area, amygdala or hippocampus, but moderate to high
expression of 11 p-HSD2 mRNA was found in the red nucleus of the midbrain and some

moderate expression was also visible in the dorsal raphe nuclei. Very high expression
was seen in the external granular layer of the cerebellum. Table 5.1 shows a summary of
11 p-HSD2 mRNA expression across all the postnatal ages studied and includes semi-
quantification analysis of the adult rat 11P-HSD2 mRNA expression for comparison.
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Postnatal Day 8

Sections from the P8 rat brain exhibited very high 11P-HSD2 mRNA expression
across a large area of the thalamus (Figure 5.IB). The most strongly expressing areas

were those of the centromedial nucleus, the centrolateral nucleus, the parafascicular
nucleus, the rhomboid and lateral posterior nuclei. High expression was also seen in the
ventromedial nucleus, the laterodorsal nucleus, the ventrolateral nucleus, the posterior
nucleus, the xiphoid nucleus, the paraventricular nucleus of the thalamus and the lower
part of the ventrobasal nuclear complex, just above the external medullary lamina.
Moderate expression was apparent in both dorsal and ventral medial geniculate nuclei.
Generally, expression of 11P-HSD2 mRNA throughout the thalamus was higher and
more widespread than that in PI rat brain sections. Very high 11P-HSD2 mRNA
expression remained in the SCO, with more strongly expressing cells than at PI. High
expression was also seen in the red nucleus of the midbrain. More moderate expression
was demonstrated in the posterior hypothalamic nucleus and the nuclei of the dorsal
raphe. Moderate to low expression was seen in the region of the medial vestibular
nucleus, whilst very low expression was visible in the hippocampus. No expression was

apparent in the amygdala whilst expression in the external granular layer of the
cerebellum was reduced compared with PI, although still high (Figure 5.2B).

Postnatal Day 15

Brain sections from rats of two weeks of age show a similar pattern of expression
of 11P-HSD2 mRNA to those from one week old rats across the central part of the
thalamus (Figure 5.1C), but expression is much more reduced in more lateral areas. Both
the anterior and posterior parts of the paraventricular nucleus of the thalamus express

low 11P-HSD2 mRNA, as does the interomedial nucleus. The centromedial, rhomboid
and ventromedial nuclei all show moderate to high levels of expression. Moderate
expression is also apparent in the xiphoid, centrolateral and laterodorsal nuclei. In more

posterior sections, scattered high expression can be found in the ventrolateral nucleus of
the thalamus and in the ventromedial nucleus of the hypothalamus. Low to moderate
levels of expression are apparent in the lateral posterior thalamic nucleus and in both
ventral and dorsal medial geniculate nuclei. A small number of highly expressing cells
were located in the region of the medial vestibular nucleus. No expression of 11P-HSD2
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mRNA was found in the hippocampus, amygdala or any other previously expressing
thalamic areas. High expression, comparable to that seen in PI sections, was present in
the SCO, but expression of 11(3-HSD2 mRNA in the external granular layer of the
cerebellum was much less than that seen at earlier ages (Figure 5.2C).

Postnatal Day 22

Brain sections from three week old rat pups only showed low to moderate 11P-
HSD2 mRNA expression in a reduced number of thalamic nuclei (Figure 5.ID). These
included the rhomboid, xiphoid, ventromedial, paraventricular, lateral posterior,
laterodorsal, interomedial, centromedial and centrolateral nuclei. Low expression was

detectable in both dorsal and ventral medial geniculate nuclei and also in the
mediodorsal nucleus of the thalamus. The moderate 11P-HSD2 mRNA expression in the
external granular layer of the cerebellum was lower than that seen in the PI5 rat brain
sections (Figure 5.2D). Expression remained high in the SCO, but both the hypothalamic
areas and amygdala were negative for 11P-HSD2 mRNA expression. Very low
expression was detectable in the hippocampus at this age, but overall significantly fewer
areas of the brain expressed the 11P-HSD2 transcript at 22 days compared with earlier
ages.

Postnatal Day 29

In brain sections from four week old rats, 11P-HSD2 mRNA expression was

close to the final adult pattern. Low to moderate expression was detected in the anterior
paraventricular nucleus, the centromedial nucleus, the centrolateral nucleus and the
rhomboid nucleus of the thalamus (Figure 5.IE). Some remaining expression was also
seen in the part of the xiphoid nucleus situated directly above the third ventricle, with
equally low expression detectable in the anterior part of the interomedial nucleus. More
posteriorly, 11 p-HSD2 mRNA expression was seen in scattered cells around the edge of
the lateromedial laterodorsal nucleus of the thalamus and in the medial geniculate
nucleus. At this age, moderate expression was fully apparent in the ventromedial nucleus
of the hypothalamus (VMN). Very low expression was found in the area of the medial
vestibular nucleus, in the hippocampus and in the nuclei of the dorsal raphe. 1 lp-HSD2
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mRNA expression was high in the SCO, but in the cerebellum, both the residual external
granular layer and the 1 lp-HSD2 expression had virtually disappeared (Figure 5.2E).
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Figure 5.1 Autoradiographs showing typical 11 (3-HSD2 mRNA expression in the thalamus of
rats at A) postnatal day 1 (PI), B) P8, C) P15, D) P22 and E) P29. In situ hybridisation
histochemistry was done on a total of 495 antisense and 330 sense sections from 2 rat brains at
each age point to confirm the pattern of 11P-HSD2 expression seen above. Abbreviations are
CM, centromedial nucleus; CL, centrolateral nucleus; LD, laterodorsal nucleus; PV,
paraventricular nucleus; R, rhomboid nucleus; VB, ventrobasal nuclear complex and VM,
ventromedial nucleus.
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A B

Figure 5.2 Autoradiographs showing typical 11P-HSD2 mRNA expression in the cerebellum of
rats at A) postnatal day 1 (PI), B) P8, C) P15, D) P22 and E) P29. In situ hybridisation
histochemistry was done on a total of 495 antisense and 330 sense sections from 2 rat brains at
each age point to confirm the pattern of 11P-HSD2 expression seen above.
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Table 5.1 11P-HSD2 mRNA expression in neonatal and adult rat brain.

Region 11(3-HSD2 expression

PI P8 P15 P22 P29 Adult

Thalamus:

Anteromedial nucleus ± - - - - -

Anteroventral nucleus + - - - - -

Centromedial nucleus ++ ++++ +++ + +/++ ±

Centrolateral nucleus ++ ++++ ++ ++ + -

Interomedial nucleus n/a + + + ± ±

Paraventricular nucleus ++ +++ + ++ + +

Reuniens nucleus +/++ - - - - -

Xiphoid nucleus n/a +++ ++ ++ + +

Rhomboid nucleus +++ ++++ +++ ++ + +

Laterodorsal nucleus +++ +++ ++ ++ + -

Lateral posterior nucleus n/a ++++ + + - -

Posterior nuclear complex ++ ++++ - - - -

Ventromedial nucleus +++ +++ +++ + - -

Ventrobasal nuclear complex +++ +++ - - - -

Ventrolateral nuclear complex +++ +++ ++ - - -

Parafascicular nucleus ++ ++++ - - - -

Mediodorsal nucleus ++ - - ± - -

Dorsal medial geniculate nu. ++ ++ + ± - -

Ventral medial geniculate nu. ++ ++ ++ + ± -

Subcommissural organ +++ ++++ +++ +++ +++ +++

Cerebellum (EGL) ++++ +++ ++ + ± -

Hypothalamus:
Posterior region - ++ - - - -

Ventromedial nucleus - - ++ + ++ +/++

Dorsal raphe nucleus ++ + - ns ± ±

Medial vestibular nucleus - + + ± ± +

Locus coeruleus - ± ± + ± ±

Red nucleus +++ +++ - - ns ±

Hippocampus - + - ± + -

Amygdala - - - - - ±

Distribution of 11P-HSD2 mRNA expression by in situ hybridisation histochemistry in brain
regions of rats aged PI, P8, PI5, P22, P29 and adult (72 days). Key: absent; ±, very weak; +,
weak; ++, moderate; +++, strong; ++++, very strong. 'Not applicable' (n/a) refers to regions
which have not yet developed or have ceased to exist during differentiation. 'No section' (ns)
indicates sections which were damaged or unreadable. 30-60 antisense sections were examined
from a single brain at each postnatal age point, whilst 300 antisense sections were studied from 2
adult rat brains. Sense 11P-HSD2 sections were available for comparison at each age point.
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5.3.2 11(3-HSD bioactivitv in neonatal rat forebrain and hindbrain regions

The Km and Vmax values for 11(3-HSD2 in rat brain regions at each age point
were calculated according to the Michaelis-Menten equation, tailored to fit my

experimental conditions by Dr Simon Daff and Professor Steven Chapman:

% conversion = specific activity at 20 mins/(S+Km) + B

where % conversion is the percentage conversion of [ H] corticosterone to [ H]
11 -dehydrocorticosterone during the 20 min incubation.
S is the concentration of substrate, [ H] corticosterone, in the reaction.
B is the background conversion of [3H] corticosterone in the absence of
tissue homogenate.

The Km value for 11P-HSD2 for all age groups studied was 10.7 ± 2.3nM (n=10,
with a range of 1.2-26.1nM) indicating that the enzyme activity obtained was that of
11P-HSD2 (Km for corticosterone of ~ lOnM), with no detectable activity of the lower
affinity llp-HSDl isozyme (Km ~ 2p.M). The specific activities at 20 mins for both
forebrain and hindbrain regions parallel the overall gradual decline in 11P-HSD2 mRNA
expression seen in most CNS regions over the first 3-4 postnatal weeks (Table 5.2).

Table 5.2 Kinetic analysis of 11P-HSD2 activity in neonatal rat brain.

AGE Forebrain Vmax

(pmoles/mg protein/min)
Hindbrain Vmax

(pmoles/mg protein/min)
PI 167 333
P8 267 200

P15 120 447

P22 26.6 33.3

P29 40 133

Specific activity at 20 mins for 11P-HSD2 from homogenates of forebrain and hindbrain regions
of rats aged from PI to P29. Values are means of duplicate samples from 2 separate assays.

5.4 Discussion

This study shows high 11P-HSD2 mRNA expression in localised regions of the
rat brain at birth, coupled with high affinity enzyme activity. The most significant 11 p~
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HSD2 mRNA expression is seen in the thalamus, cerebellum and SCO, although levels
of expression decrease dramatically over the first few postnatal weeks to reach a near

adult pattern by the end of the fourth week. This reduction is due both to a more discrete
localisation of 11P-HSD2 mRNA in fewer cells and to reduced transcript levels per

expressing cell. The activity of the enzyme parallels the decline in 11 p-HSD2 mRNA
expression over the first few weeks of life.

The in situ hybridisation histochemistry and bioassay experiments described here
are extensive, but must really be considered as preliminary investigations due to the very
small group numbers (n=2) used for each study. This was unfortunate and had I had
more time, additional studies would have been included to bring the group numbers up

to between 5 and 6 rat brains for both the in situ hybridisation semi-quantification and
the quantitative bioassay experiments. The limitations and interexperimental variation
associated with in situ hybridisation have already been described in Chapter Four, but
apply to this study as they did to my previous studies on the adult rat brain and adult
mouse brain. Hence, larger group numbers are the only means of partially off-setting the
variation in silver grain density introduced by the inherent variation in experimental
conditions and the lack of standards for radioisotopic activity. In terms of the 11 p-HSD
enzyme activity experiments, it might have been more appropriate to study the specific
activity of the enzyme at 0-5 minutes of incubation, during the initial velocity of the
reaction. However, this must be balanced against the difficulty of accurately measuring
low percentage conversions of corticosterone to 11-dehydrocorticosterone in the range

of 0-10%, values which were likely to be obtained if stopping the reaction within 5
minutes. Certainly, the assay experiments described here are not ideal, neither in
methodology nor in terms of small group numbers, but they were a crude means of
determining whether 11 P-HSD type 1 or type 2 dominated at birth and as such, have
provided a fairly conclusive answer. A similarly designed study, although using two
time points (10 min and 40 min), has likewise shown that 11P-HSD2 activity was clearly
detectable in homogenates of rat brain throughout gestation (Diaz et al. 1998) and my

limited study suggests that this activity continues postnatally for up to 3 weeks.

Many neuronal pathways in the brain continue to mature after birth, particularly
in the cerebellum, thalamus and hippocampus (Altman, 1972; Jones, 1985; De Kloet et
al. 1988). This study demonstrates high 11P-HSD2 mRNA expression in the external
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granular layer (EGL) of the cerebellum, a germinal zone present on the surface of the
cerebellum which gives rise to basket, stellate and granule cells during the first three
postnatal weeks (Altman, 1972). The expression and activity of 11(3-HSD2 in this region
parallels the disappearance of the EGL, suggesting that 11 p-HSD2 may be involved in
modulating glucocorticoid access to GR in this tissue, since areas of postnatal cellular
proliferation, migration and differentiation are all highly sensitive to variations in
glucocorticoid levels. Thus, in the rat, neonatal adrenalectomy has been found to prolong
mitosis and to delay the disappearance of the EGL, an effect which can be reversed by
corticosterone replacement suggesting that a low, constant level of circulating
glucocorticoid is required for normal cell proliferation (Yehuda et al. 1989). Postnatal
administration of Cortisol, on the other hand, has been found to cause premature
cessation of granule cell precursor division and decreased cell proliferation, resulting in
the early disappearance of the EGL (Bohn and Lauder, 1980). However, there appears to
be a distinct "window" of sensitivity for glucocorticoid effects in the cerebellum, since
Cortisol administered from PI to P4 caused both a reduction in the growth and mitotic
index of the EGL which rebounded following termination of the treatment, such that the
disappearance of the EGL was not prolonged (Bohn and Lauder, 1978). Cortisol
administered from P7 to PI 8 caused an amplification of these effects, since it coincided
with the period of maximal cell proliferation and neurogenesis in the EGL. Furthermore,
following cessation of treatment, proliferation in the EGL did not resume, resulting in
long-term deficits in both granule cells and molecular layer neurones (Bohn and Lauder,
1980). Longer term glucocorticoid exposure then, or exposure to glucocorticoids
specifically within the brain's "window" of sensitivity, can have far-reaching effects on

the cerebellum and consequent motor function. Thus, early postnatal Cortisol treatment
in rats retards their attainment of the adult swimming position (Anderson and Schanberg,
1975) and causes a general reduction in locomotor activity (Schapiro, 1968).
Dexamethasone has a similar effect with an initial acceleration of motor skill

development, but deficits in motor co-ordination becoming apparent later in adulthood
(Benesova and Pavlik, 1989). However, others have reported that corticosterone
treatment during the first 2 postnatal weeks in mice causes hyperactivity, with no

obvious difficulties in running, swimming or climbing (Howard and Granoff, 1968). In
fact, the only motor tasks which presented problems, compared with the control animals,
were those which required balance, such as standing on a rotating bar and crossing a

space between two surfaces (Howard and Granoff, 1968). This is of considerable interest
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given the discovery of 11 p-HSD2 mRNA expression in the medial vestibular nucleus of
the rat throughout development and into adulthood, suggesting that 11P-HSD2 may well
be involved in sensory processing by this structure, possibly through the modulation of
glucocorticoid access to GR.

The role of 11P-HSD2 in attenuating the deleterious effects of excess

glucocorticoids in the neonatal cerebellum, may also apply to the thalamus. Very little is
known about the developing thalamus as a whole, but it contains high levels of GR
postnatally and much thalamic maturation continues after birth. Numerous growth
factors, receptors and peptides appear in the thalamus during the first few postnatal
weeks and other signs of neuronal re-organisation and maturity, such as apoptosis and
myelination, occur at the same time. Nerve growth factor and neurotrophin 3 are present
as of PI, for instance, but a striking loss of expression is seen with increasing age

(Lauterborn et al. 1994). Binding of GABAb receptors peaks in the first 3 weeks,
specifically around P14 in the thalamus with a later peak of P21 for the medial
geniculate nucleus, before levels decrease at P28 (Turgeon and Albin, 1994). Expression
of the alphal subunit of the GABAa receptor, on the other hand, increases dramatically
after birth in the monkey thalamus and coincides with the formation of inhibitory
circuits and synaptogenesis, with a similar pattern apparent in the rat brain (Hornung and
Fritschy, 1996). Apoptosis, a major indicator of neuronal development and fine-tuning,
occurs mainly during the first postnatal week in scattered cells across the thalamus
(Spreafico et al. 1995), although another study has shown that whilst the actual number
of cells in the retricular thalamus peaks at P5, approximately 98% of the cell population
is lost between that time and PI5, where the remaining pattern is similar to that seen in
the adult (Earle and Mitrofanis, 1996). De Biasi et al confirmed the huge amount of
postnatal thalamic re-structuring and differentiation when they studied the development
of the ventrobasal and reticular thalamic nuclei from PO until P21 and found initial signs
of neuronal immaturity (scarcity of cytoplasmic organelles, absence of myelinated
fibres) visible in the first week, gradually disappeared until the synaptic organisation
seen in the third week was indistinguishable from that in adults (De Biasi et al. 1996).

Thus, the thalamus appears to be undergoing rapid organisational and
maturational events postnatally, paralleling some of the changes which have been well
documented in the cerebellum. 11P-HSD2 may therefore play an important part in
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preventing glucocorticoid damage here aswell, by attenuating excess levels and
modulating their access to GR. Thalamic nuclear differentiation has been described as

commencing posteriorly and laterally and proceeding anteriorly and medially (Jones,
1985), thereby correlating well with the ontogeny of 11 (3-HSD2 mRNA expression in
this structure. Few studies have specifically examined the potentially harmful effects of
postnatal glucocorticoid treatment on the thalamus, but many report reduced exploratory
behaviour and greater emotional reactivity in treated animals (Schapiro, 1968; Howard
and Granoff, 1968; Benesova and Pavlik, 1989), similar to the emotional, motor and
learning disturbances seen in animals with thalamic lesions (Waring and Means, 1976;
Oyoshi et al. 1996). Only one study has shown a distinct anatomical effect of late
postnatal corticosteroid insufficiency; adrenalectomy of female rats at P30 resulted in a

significant widening of the thalamus when measured 45 days later (Thomas and
Devenport, 1988), indicating that the plasticity of this brain region can still be affected
once most neuronal development has been completed.

GR and MR are expressed very early in fetal development and often, the adult
picture of corticosteroid receptor number and binding affinity in the brain is not
achieved until a few weeks postnatally. Thus, GR mRNA expression is apparent in the
rat as of El3 (Kitraki et al. 1996) and at birth, high expression is found in the
hippocampus, with more modest labelling seen in the hypothalamus, thalamus, basal
ganglia, lateral septum and parts of the amygdala (Van Eekelen et al. 1991). With
increasing postnatal age, the intensity of GR mRNA expression becomes stronger in the
hippocampus, but diminishes in the ventromedial and dorsomedial nuclei of the
hypothalamus at PI6 and adulthood (Van Eekelen et al. 1991). GR binding sites
followed a similar pattern with postnatal binding in the hippocampus becoming stronger

postnatally, but diminishing elsewhere in the brain (Rosenfeld et al. 1988a). The
cerebellum contains amongst the highest levels of GR in the neonatal rat brain; these
increase in the first postnatal week and peak during the second, with levels declining
slightly thereafter (Pavlik and Buresova, 1984). MR mRNA expression is also apparent
in the developing fetal brain, clearly visible in the mouse hippocampus and
rhinencephalon as of E15.5-E17.5 with expression appearing in the hypothalamus at
birth (Brown et al. 1996b). Postnatally in the rat, high levels of MR mRNA expression
are seen throughout the hippocampus, parts of the cortex, the subfornical organ and the
anterior hypothalamus. Modest labelling is found in the septal area, the BNST and
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various amygdaloid nuclei, whilst weaker labelling is apparent in the paraventricular and
ventromedial nuclei of the hypothalamus and in the lateral and anterior parts of the
thalamus (Van Eekelen et al. 1991). This distribution changed little with increasing
postnatal age, whilst both the affinity and binding capacity of the brain MR rise sharply
after birth to reach adult levels by P8 (Rosenfeld et al. 1988a).

Reports of 11P-HSD2 activity during pregnancy have concentrated mainly on its
role in the placenta (Murphy et al. 1974; Brown et al. 1993), where it prevents maternal
glucocorticoids from reaching the foetus and causing long-term harm (Benediktsson et
al. 1993). Few studies have actually investigated its role in the foetus itself, and until
recently, the ontogeny of 11 [1-HSD2 and its potential involvement in development were
largely ignored. Stewart et al looked at 11P-HSD2 in the human mid-gestational foetus
and found high levels of enzyme activity in the fetal kidney, with slightly lower levels in
the fetal lung, gonads, liver and colon. They highlighted the possibility of 11P-HSD2
having a role in development, but failed to take a closer look at the moderate levels of
11P-HSD2 activity in the developing brain (Stewart et al. 1994a). Hence, until the
detailed study by Brown et al no one had considered that the brain might be one of the
major sites of 11P-HSD2 action during development. Their study shows abundant
expression of 11P-HSD2 mRNA across the central nervous system which increases to
E12.5, declining sharply thereafter. Brain neuroepithelial 11P-HSD2 expression
becomes restricted to the thalamus, cerebellar primordia, the roof of the midbrain,
regions of pontine neuroepithelia, an area close to the subicular hippocampus/amygdala
and the neurohypophysis at El5.5. Expression is also apparent in the developing teeth
and inner ear, although the thalamus and cerebellum are the only structures to show
continued 11P-HSD2 mRNA after birth (Brown et al. 1996b). A recent study has
confirmed these findings in the developing fetal rat brain where high 11P-HSD2 mRNA
expression was found throughout the CNS until mid-gestation. Thereafter, it became
dramatically reduced until only the EGL of the cerebellum and the thalamus showed
significant 11P-HSD2 expression at birth, with 11P-HSD2 bioactivity matching the
changes in mRNA expression (Diaz et al. 1998).

Taken together with the information on GR and MR ontogeny, prenatal 11P-
HSD2 gene expression in the brain appears to precede that of both GR and MR, but
becomes rapidly restricted to certain sub-regions once these genes are switched on,
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suggesting an early differentiation between "protected" and "non-protected"
corticosteroid receptors. Postnatal 11P-HSD2 gene expression more closely follows the
pattern of GR expression, especially in areas such as the thalamus and cerebellum,
although MR are expressed in the thalamus aswell. Thus, the role of 11[3-HSD2 in the
postnatal brain may be to protect highly sensitive and vulnerable developing neurones

from the potentially toxic effects of glucocorticoids, by preventing their access to GR. In
the case of the cerebellum, this would explain the high levels of llp-HSD2 mRNA
expression in the EGL during the first 2-3 postnatal weeks, coinciding with the period of
maximal cell proliferation and neurogenesis. Furthermore, despite GR density in this
structure being very high postnatally, GR occupancy is actually very low (Pavlik and
Buresova, 1984), suggesting that 11P-HSD2 may indeed be one of the mechanisms for
attenuating glucocorticoid levels within cells, thereby ensuring a low glucocorticoid
background for postnatally developing neurones. Interestingly, the lip-HSD type 1
isoform, which amplifies glucocorticoid levels, is expressed in the differentiated internal
granule cell layers of the postnatal cerebellum (Moisan et al. 1990a), suggesting that the
control of steroid action by these isozymes is complex and cell-specific.

During early postnatal life, low glucocorticoid levels were thought to be ensured
by the stress hyporesponsive period (SHRP) (Schapiro, 1962; Haltmeyer et al. 1966),
but this concept has recently been challenged. Evidence now suggests that the SHRP is
selective only for mild stressors and blunts pituitary and adrenal secretions while leaving
the central components of the stress response intact (Rosenfeld et al. 1992; Smith et al.
1997). Thus, administration of a saline injection to pups aged P12 resulted in only a

slight elevation of plasma ACTH and corticosterone levels, a response which was

greatly potentiated by 24 hours of maternal separation prior to giving the stressor (Smith
et al. 1997). Furthermore, expression of two early immediate genes, c-fos and nerve

growth factor inducible gene (NGFI-B), were significantly increased in the
hypothalamic paraventricular nucleus (PVN) and the cerebral cortex following the mild
stress of a saline injection, and only in the PVN were these factors increased further by
prior maternal deprivation (Smith et al. 1997). Some stressors such as ether vapour,
maternal separation, cold exposure and histamine injection have been shown to induce
brisk hypothalamic-pituitary-adrenal (HPA) responses in 10 day old rats, suggesting that
the central components controlling the HPA axis are fully organised in an adult-like
fashion and that only the magnitude of the stress responses increases with increasing
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developmental age (Walker et al. 1991). Furthermore, Viau et al have shown that
despite the higher plasma corticosterone levels in adult rats, the increase in hippocampal
glucocorticoid receptor occupancy and translocation was similar for all ages studied (P6,
PI5 and adult), both under basal conditions and those following stress (Viau et al. 1996).
Thus, allowing for near non-existent levels of neonatal corticosterone-binding globulin
(Sheppard and Funder, 1987a; Sheppard and Funder, 1987b), "free" glucocorticoid
levels and GR occupancy in the hippocampus during the SHRP are probably similar to
those in the adult animal (Viau et al. 1996). Rosenfeld et al recently suggested that the
SHRP is a period during which decreased secretion of CRH, ACTH and corticosterone
are coupled to a central inhibitory influence to maintain the quiescence of the HPA axis.
However, a strong stressor can still override these protective measures and induce a

near-adult HPA axis response (Rosenfeld et al. 1992).

Thus, postnatal expression and activity of 11 p-HSD2 is probably necessary for
ensuring optimal glucocorticoid exposure of developing neurones. Interestingly, lip-
HSD2 mRNA expression also appears in a few brain regions postnatally where it may
not be associated with protecting GR from glucocorticoid occupation, but may instead
be fulfilling its "traditional" role of conferring aldosterone-selectivity on MR. SCO
expression of 11P-HSD2 mRNA is high from birth, suggesting that its proposed function
in the central control of aldosterone secretion and sodium homeostasis is important
throughout postnatal life. However, 11P-HSD2 expression in the hypothalamic VMN
only appears towards the end of the second postnatal week, following the advent of both
MR and GR expression in this region (Van Eekelen et al. 1991). It is possible that such
expression only becomes necessary in this structure at weaning, since prior to this, the
food, water and sodium intake of the pups is controlled by the content of maternal milk.

In general, though, postnatal llp-HSD2 in the brain probably has a role in
attenuating glucocorticoid levels in sensitive developing cells, given that it is expressed
in regions associated with ongoing postnatal maturation and differentiation. Experiments
in which glucocorticoids have been administered postnatally further support this theory,
although studies with 11P-HSD2 inhibitors given in the neonatal period may provide
more evidence. Generally, excess glucocorticoids during this sensitive period cause a

premature acceleration of brain development, resulting in long-term reductions in brain
weight, size, DNA content and myelination with associated behavioural abnormalities
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(De Kloet et al. 1988). Glucocorticoids may also influence cellular and neurotransmitter
phenotype by affecting enzyme activity to favour production of one transmitter over
another (Meyer, 1985; De Kloet et al. 1988). High dose Cortisol (Km for 11(3-HSD2 ~

50nM) administered to neonatal rats markedly attenuates cortical, brainstem and
cerebellar growth and also delays the normal ontogenetic pattern of ornithine
decarboxylase activity (Anderson and Schanberg, 1975), considered a marker of cell
proliferation (Meyer, 1985). Similarly, high doses of corticosterone (Km for 11P-HSD2
~ 1OnM) administered to mice during the first 2 postnatal weeks, reduce adult cerebellar
size and total DNA content (Howard, 1968), an effect not seen in animals treated with
corticosterone at 22 days of age (Howard, 1976). Dexamethasone, given at relatively
low doses, has similar potent effects on postnatal cerebellar development (Benesova and
Pavlik, 1989). This suggests that high doses of the physiological glucocorticoids are

required to produce similar morphological changes to those seen with low dose
dexamethasone, which is a relatively poor substrate for 11P-HSD2 (Km ~ 150nM),
further supporting a role for 11P-HSD2 in rendering the physiological glucocorticoids
less effective. However, Howard's experiment (Howard, 1968) with corticosterone
suggests that postnatal 11P-HSD2 is saturable, since there was still a marked effect
despite corticosterone being a good substrate for the enzyme. The importance of
glucocorticoid inactivation by 11P-HSD2 in the developing rat brain can really only be
addressed by experiments in which the enzyme is inhibited during this critical postnatal
period.
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CHAPTER SIX

THE EFFECT OF NEONATAL DEXAMETHASONE OR

CARBENOXOLONE TREATMENT ON RAT BRAIN

MORPHOLOGY

6.1 Introduction

The discovery of high 11P-HSD2 activity and mRNA expression in early
postnatal rat brain suggested an important role for the enzyme in development,
particularly in areas associated with continued postnatal neuronal maturation, such as

the thalamus and cerebellum (Chapter Five). Other studies have indicated that
perinatal administration of a variety of physiological and synthetic glucocorticoids to
laboratory animals, has profound effects on brain size, DNA content, cell
proliferation, neuronal differentiation and later motor co-ordination and behaviour
(Howard and Granoff, 1968; Howard, 1968; Anderson and Schanberg, 1975; Bohn
and Lauder, 1978; Bohn and Lauder, 1980; De Kloet et al. 1988; Benesova and
Pavlik, 1989). Thus, the developing brain is highly sensitive to the effects of
glucocorticoids and 11P-HSD2 may provide a means for regulating the access of
these potent hormones to their receptors. In order to test this hypothesis, we treated
young rats with carbenoxolone, an inhibitor of 11P-HSD, during their first 3 weeks
of life. Subsequent examination of the degree of foliation of the cerebellum and the
cross-sectional areas of its various cellular layers would provide an indication of the
involvement of llp-HSD2 in controlling local levels of glucocorticoid. Thus,
according to our theory, inhibiting 11P-HSD2 would result in an increase in the
intracellular concentration of corticosterone and cause abnormalities in the postnatal
developing brain.

The cerebellum is a particularly good indicator of brain development since
both cerebellar foliation pattern and cross-sectional area of the cellular laminae have
been shown to undergo profound changes after neonatal hydrocortisone treatment
(Bohn and Lauder, 1978; Bohn and Lauder, 1980). This fact, together with my

discovery that the EGL of the cerebellum showed some of the highest 11P-HSD2
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expression in postnatal rat brain, made this region the focus of our study on the
central effects of neonatal carbenoxolone treatment. In addition to treating animals
with carbenoxolone, I gave dexamethasone to a second group of rat pups over the
same time-course as a positive control (since postnatally administered
dexamethasone is known to have potent effects on brain development (Benesova and
Pavlik, 1989) and is a poor substrate for lip-HSD2 (section 5.4)), whilst a third
group received vehicle injections as a negative control. It was difficult to decide on

the exact "window" of drug treatment since we wanted to combine the period of
highest 11P-HSD2 expression in the EGL with the interval of maximal cerebellar
development, for greatest effect. Bohn and Lauder's studies had shown that treating
rats with hydrocortisone between postnatal days 7 and 18 (P7 to PI8) had the most

permanent effect on cerebellar morphology, whilst similar treatment from PI to P4
had only temporary effects (Bohn and Lauder, 1978; Bohn and Lauder, 1980).
Altman has also shown that most cerebellar proliferation, migration and
differentiation takes place during the first 2-3 weeks of life in the rat, although
specifically in the EGL, the depth of the proliferative cell layer remains fairly
constant during the first 9 days whilst the pre-migratory cell layer steadily increases
over the same period. Thereafter, both layers begin to shrink due to cell migration
and decreased cell proliferation, until they vanish altogether at around days 18-20
(Altman, 1972). Given these parameters and the fact that 11P-HSD2 expression in
the EGL is highest during the first 2 postnatal weeks, we decided to begin the drug
treatments at P5 and continue them through until PI4. There was one other concern
regarding how readily carbenoxolone and dexamethasone might reach the brain from
the site of injection. However, the rat and mouse blood-brain barriers remain highly
permeable to tracer molecules of a similar size to pituitary hormones until
approximately P9-P10. Thereafter, this barrier begins "tightening", but probably only
becomes fully formed towards the time of weaning (Ugrumov et al. 1983; Stewart
and Hayakawa, 1987). Hence, giving the drug treatments from P5-P14 heightened
the likelihood of their successful penetration of the brain tissue.

6.2 Methods

6.2.1 Drug treatment and tissue processing

19 virgin female Wistar rats were time-mated and housed singly until
parturition, as described in section 2.12.1. On the first day after birth (PI), litters
were culled to 8 male pups where possible, with this number being made up with
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female pups where necessary. From then on, pups were kept as described in section
2.12.1. Litters were assigned to one of the 3 treatment groups such that 6 litters
received dexamethasone (DEX), 5 received carbenoxolone (CBX) and 8 received
vehicle (VEH). The latter was due to the reduced number ofmales born in several of
the litters, making it necessary to have more vehicle-treated litters than for the other
drug regimes. This resulted in 43 male pups being treated with dexamethasone, 34
male pups with carbenoxolone and 32 male pups with vehicle. Pups were handled
daily from P4 until P21 and then twice weekly from P22 until they were 6 weeks of
age.

Drugs were made up as described in section 2.12.2 and rat pups received
either 0.1ml of vehicle, 20pg/g of CBX or 30ng/g DEX, injected subcutaneously at
the skin fold at the back of the neck. A volume no greater than 0.1ml was

administered to the neonates at any one time. All pups were weighed from P4 (day
before treatment) to P14 (last day of treatment) and again at P21 (day of weaning).
All pups were injected daily (females included) from P5 to PI4, between 8.30 a.m.

and 12.30 p.m. Following injection, the needle was carefully withdrawn and the
injection site gently massaged for a few seconds to aid fluid dispersal and to prevent

any drug seeping back out through the hole. 32 pups were killed by decapitation at
P9, 40 pups at PI 5 and the remaining animals (37) were killed at 72 days of age. Rats
were killed between 12.30 - 4.30 pm at P9 and P15 and between 8.30 am - 12.30 pm
at adulthood. Trunk blood was collected for corticosterone radioimmunoassay
(section 2.11) at all ages and dissection of tissues (section 1.12.3) was performed
with the help of Miss Leonie Welberg. The total brain weight, the weight of the
cerebellum and that of the thymus was recorded for each animal. The cerebella were
then placed in formalin and taken to Pathology within 48 hours for later fixation,
wax-embedding and sagittal cutting of sections. Sections were stained (section 2.10)
and the area of each of the cellular laminae of lobule VI of the cerebellum were

traced and measured using a camera linked to the MCID image analysis system

(Research Imaging, Canada).

6.2.2 Statistical Analysis

The results obtained all fitted a normal distribution curve and the effects of drug
treatment and time (age) were examined by two way ANOVA for repeated measures

on raw data, followed by Newman-Keuls t test. The Null Hypothesis was rejected at
the 5% probability level.
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6.3 Results

6.3.1 The effect of treatment on body and tissue weights

Two way ANOVA for repeated measures on body weight for all treatment
groups revealed a significant interaction of time and drug treatment (p < 0.001), as

for total brain weight (p < 0.005), cerebral weight (p < 0.05) and cerebellar weight (p
< 0.001). There was also a significant effect of time (p < 0.001) as expected, given
that animals grew swiftly during the time-span of the experiment (P9-P72). There
was also a significant effect of drug treatment (p < 0.0001). All other specific
comparisons were derived from Newman-Keuls t test.

DEX treatment significantly retarded the normal increase in body weight of
the pups (Figure 6.1), compared with both VEH and CBX-treated animals, from the
second day (P6) of treatment (p < 0.05) until the last day of treatment (p < 0.005 for
P7-P9, then p < 0.001 for P10-P14). This difference was still significant at P21 when
the pups were weaned (p < 0.001).
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Figure 6.1 Average weight gain (in grams) of pups from P4 (day before treatment) until PI 4
(last day of drug treatment), and then at weaning (P21). Values are means ± s.e.m. Two way
ANOVA followed by Newman-Keuls t test revealed a significant DEX effect at every age
from P6 to P21, versus the age-matched CBX and VEH-treated animals. # p < 0.05, *p <
0.005 and ** p < 0.001. DEX (n=43 to P9, then n=31 to P14, then n=16 for P21), CBX
(n=34 to P9, n=24 to P14, n=l 1 at P21) and VEH (n=32 to P9, n=23 to P14, n=10 at P21).
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DEX treatment also significantly reduced total brain weight, cerebral and
cerebellar weight at P9, PI5 and P72 compared with both CBX and VEH-treated
animals (p < 0.001, Table 6.1). CBX-treated animals were no different from VEH-
treated controls for total brain weight and cerebral or cerebellar weight, although
CBX-treated animals did show a distinct trend towards an increase in total brain

weight and cerebral weight at the end of treatment, compared with VEH controls.
Thymus weight was significantly decreased at both P9 and PI5 (p < 0.001) for the
DEX-treated group, compared with both CBX and VEH-treated controls, but had
recovered by adulthood (P72). CBX-treated animals were no different from VEH-
treated controls in terms of thymus weight.

Table 6.1 Brain and thymus weights at P9, P15 and P72 for rats injected with DEX, CBX or
VEH on P5-P14. Values are means ± s.e.m. Statistical analysis revealed a significant effect
of time for all groups (p < 0.001), but the effect of drug treatment was significant for DEX-
treated animals only (two way ANOVA followed by Newman-Keuls t test), 'ns' = not
significant.

Postnatal day Total brain Cerebral weight Cerebellar Thymus weight
weight (g) (g) weight (g) (per lOOg body

weight)
P9

DEX (n=12) 0.724 ±0.018** 0.608 ±0.015** 0.116 ±0.005** 0.133 ±0.017**

CBX (n=10) 0.830 ± 0.011 0.703 ±0.010 0.128 ±0.004 0.254 ±0.014

VEH (n=10) 0.849 + 0.012 0.713 ±0.012 0.136 ±0.004 0.277 ± 0.009

Significance **
p < 0.001 **

p <0.001 **
p <0.001 ** p< 0.001

P15

DEX (n=15) 1.065 ±0.009** 0.872 ±0.008** 0.193 ±0.004** 0.208 ±0.014**

CBX (n=13) 1.288 ±0.008 1.040 ±0.006 0.249 ± 0.004 0.390 ±0.012

VEH (n=12) 1.255 ±0.012 1.011 ±0.008 0.244 ± 0.006 0.394 ±0.009

Significance ** p< 0.001 **
p < 0.001 ** p< 0.001 ** p< 0.001

P72

DEX (n=16) 1.846 ±0.014** 1.404 ±0.012* 0.443 ±0.006** 0.115 ±0.002

CBX (n= 11) 2.024 ± 0.025 1.511 ±0.022 0.513 ±0.007 0.114 ±0.003

VEH (n=10) 1.998 ±0.021 1.483 ±0.018 0.515 ±0.010 0.116 ±0.007

Significance ** p< 0.001 ** p< 0.001 **
p <0.001 ns

6.3.2 The effect of treatment on plasma corticosterone levels

Two way ANOVA for repeated measures of the plasma corticosterone levels
in all treatment groups demonstrated a significant effect of drug treatment (p <

0.001) and of time (p < 0.001), but there was no significant interaction between time
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and drug treatment. All other specific comparisons were derived from Newman-
Keuls t test.

DEX treatment caused a significant reduction in basal plasma corticosterone
levels at P9 and PI5, compared with values obtained for CBX-treated and VEH
control animals (p < 0.001 Figure 6.2). CBX-treated animals, however, had
significantly higher basal corticosterone levels at P9 than VEH controls (p < 0.05).
All treatment groups demonstrated significantly higher plasma corticosterone levels
at P15 than at P9 (p < 0.001). The exact values obtained were 14.1 ± 0.7 nM (DEX),
82.3 ± 13.5 nM (CBX) and 53.5 ± 3.2 nM (VEH) at P9, with 88.1 ± 50.2 nM (DEX),
240.5 ± 30.1 nM (CBX) and 208.4 ± 21.4 nM (VEH) for P15. Plasma corticosterone
values obtained for P72 (adult) animals in all three groups were so variable that
statistical analysis was meaningless and they have not been included. This was due to
adult animals not having been handled regularly prior to decapitation and the fact
that animals were killed at a variety of times during the day (8.30 am - 12.30 pm).

300

□ VEH

□ DEX

■ CBX

P9 P15

Postnatal Day

Figure 6.2 Plasma corticosterone levels (nM) at P9 and PI5 for rats treated with DEX (n=12
at P9, n=15 at P15), CBX (n=10; n=13) or VEH (n=10; n=12). Values are mean ± s.e.m.
Two way ANOVA followed by Newman-Keuls t test demonstrated a significant DEX effect
at both time points (p < 0.001) and a significant effect of time for all treatment groups (p <
0.001). CBX treatment caused a significant increase in plasma corticosterone levels at P9
only. Plasma was collected between 12.30
0.001.

4.30pm for analysis. # p < 0.05 and ** <
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6.3.3 The effect of treatment on cerebellar morphology and development

Two way ANOVA for repeated measures on cerebellar areas for all the
treatment groups demonstrated a significant interaction between time and drug
treatment for the internal granular layer measurements only (p < 0.05). Otherwise,
there was a significant effect of time (p < 0.01), but there was no effect of drug
treatment. All other specific comparisons were derived from Newman-Keuls t test.

Midsagittal cerebellar sections from animals aged P9, PI5 and P72 were

analysed for both cellular laminae area measurements and cerebellar foliation.
Unfortunately, many of the more fragile tissues (particularly of the P9 age group)
were damaged during the fixation process, resulting in very few complete cerebellar
lobules being available for analysis. Insufficient numbers of complete lobules at P9,
in all treatment groups, meant that no EGL measurements could be made and thus no

conclusion be drawn regarding whether DEX or CBX treatment had significantly
accelerated or retarded disappearance of the EGL.

At PI5, the EGL had virtually disappeared in all age groups and further
measurements of total lobular area, internal granular layer (IGL) area, molecular
layer (ML) area and white matter (WM) area showed no significant difference
between drug treatment groups (Table 6.2). However, there is a visible trend towards
the DEX-treated group having a reduced total lobular area, ML area and IGL area,

when compared with the CBX-treated group. Unfortunately, due to the CBX-treated
group having dramatically reduced section numbers available for analysis, this trend
does not reach significance. In the adult animals, tissue damage again resulted in a

severely depleted number of brain sections being available for analysis. From the
remaining sections, it can only be concluded that there was no significant difference
between the DEX-treated and VEH-treated animals for all lobule VI measurements

made (Table 6.2). The numbers in the CBX-treated group were too depleted for any
accurate comparison to be made. Overall, it would appear that neither DEX nor CBX
have significantly altered the individual cerebellar laminar areas. However, there are

signs of a trend towards CBX causing a slight increase in laminar areas at PI5
compared with VEH controls, whilst DEX seems to have caused a slight reduction in
laminar areas at PI5 when compared with both CBX-treated and VEH control
animals.
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Table 6.2 Laminar area measurements (in mm2) of lobule VI at PI 5 and P72 for rats injected
with DEX, CBX or VEH on P5-P14. Values are means ± s.e.m. Statistical analysis showed a

significant effect of time (p < 0.01), but no effect of drug treatment (two way ANOVA
followed by Newman-Keuls t test), 'ns' = not significant.

Postnatal Day Total area Area ofML Area of IGL Area ofWM
P15
DEX (n=6) 3.48"± 0.26 1.60 ± 0.11 1.44 ±0.1 0.18 ±0.02
CBX (n=4) 4.80 ±0.38 2.20 ± 0.24 2.00 ±0.16 0.27 ± 0.02
VEH (n=5) 4.43 ±0.41 1.97 ± 0.18 1.84 ±0.15 0.21 ±0.02

ns ns ns ns

P72
DEX (n=4) 8.23 ±0.19 2.54 ±0.14 4.83 ±0.07 0.48 ± 0.04
CBX (n=2) 6.61 ± 1.29 2.26 ± 0.46 3.60 ±0.65 0.38 ±0.14
VEH (n=4) 7.42 ± 0.84 2.36 ±0.31 4.09 ± 0.42 0.58 ± 0.02

Significance ns ns ns ns

DEX treatment clearly affects the normal development of cerebellar foliation
compared with CBX or VEH-treated animals. The smaller DEX-treated cerebella
have the correct primary foliation pattern, but are deficient in secondary foliation
pattern at PI5 and P72 (Figures 6.3 and 6.4). The DEX-treated cerebellar lobules
tend to be more rounded and smoother, lacking the more convoluted shape of the
VEH-treated and CBX-treated lobules. The F-shaped lobule IX is especially
characteristic of the glucocorticoid-treated cerebellum (Bohn and Lauder, 1978). The
foliation pattern of the CBX-treated group does not appear significantly different
from that of the VEH-treated group, indicating that carbenoxolone treatment has not
affected the gross morphological structure of the cerebellum.
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Figure 6.3 Midsagittal sections of the cerebellar vermis at PI 5. A) DEX-treated, B) CBX-treated
and C) VEH-treated. Each section is from a single animal and shows the typical foliation pattern
for each treatment group (DEX, n=6; CBX, n=4 and VEH, n=5). Images are computer enhanced
for clearer definition, magnification approximately x20.
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Figure 6.4 Midsagittal sections of the cerebellar vermis at P72. A) DEX-treated, B) CBX-treated
anfC) VEH-treated. Each section is from a single animal and shows the typical foliation pattern
for each treatment group (DEX, n=4; CBX, n=2 and VEH, n=4). Images are computer enhanced
for clearer definition, magnification approximately x20.
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Lastly, the DEX-treated animals showed a slight acceleration in eye-opening
compared with CBX and VEH-treated controls. Eye-opening is often considered a

land-mark of development (Benesova and Pavlik, 1989) and DEX-treated animals
began showing signs of eye-opening at PI3, with almost all animals having their
eyes fully open at PI5. CBX and VEH-treated animals, on the other hand, did not

display any signs of eye-opening until P14/P15 with only 50% having their eyes fully
open at PI5.

6.4 Discussion

Early postnatal dexamethasone treatment caused a significant retardation in
weight gain from the second day of treatment onwards and this difference was still
apparent at three weeks of age, when the pups were weaned. Dexamethasone
treatment also caused a reduction in cerebral, cerebellar and total brain weights at all
three ages studied. Carbenoxolone treatment showed a trend towards an increase in
total brain weight and cerebral weight at the end of treatment, compared with vehicle
controls, but this did not reach significance. Thymus weight was significantly
reduced in the dexamethasone-treated group both during and after treatment, but had
recovered by adulthood. There was no significant difference in thymus weight
between the carbenoxolone group and the vehicle control group. Plasma
corticosterone levels were decreased in the dexamethasone-treated group compared
with both carbenoxolone and vehicle-treated groups. Carbenoxolone-treated animals
had higher plasma corticosterone levels than vehicle controls at P9, but the values
obtained at PI5 suggested that both groups were slightly stressed at the time of
sampling. The dexamethasone-treated animals also showed deficient secondary
cerebellar foliation compared with the other two treatment groups and a slight
acceleration in eye-opening. Interestingly, although neither the dexamethasone-
treated animals nor the carbenoxolone-treated animals showed any difference in
lobule VI area measurements compared with vehicle controls at PI5, there was a

suggestion that these two treatment groups were tending towards being significantly
different from each other. For instance, the carbenoxolone-treated animals showed an

increase in ML, IGL, WM and total cellular area, whilst the dexamethasone-treated
animals showed a decrease in the same regions. These differences may result either
from altered cellular proliferation in the EGL or altered cellular migration, with a

slightly increased (carbenoxolone group) or slighltly decreased (dexamethasone
group) number of cells penetrating the ML, IGL and WM layers from the EGL.
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This study was designed to try and address the importance of 11 (3-HSD2 in
the EGL and its role in the normal development of the cerebellum, but the
experimental design contains a number of flaws which may have introduced
variables into the study that were not accounted for. Firstly, the biggest single
difficulty with the study was the fact that too many litters were born at once,

resulting in the injections taking all morning and the killing and dissections therefore
being moved to the afternoon. This meant that trunk blood was being collected for
later corticosterone assay at between 12.30 - 4.30 p.m., a time when rat plasma
corticosterone levels are generally rising towards their diurnal peak. Furthermore,
although the adult animals were killed in the morning, trunk blood was not collected
the same time for all animals, but taken over a period of time extending from the
rats' normal diurnal nadir (8.30 a.m.) until the middle of the day (12.30 p.m.). In
addition, this final stage of the experiment was completed during the last few days
that the animal unit was open prior to refurbishment. Consequently, my animals were
moved to a room in a different section of the building which they shared with the
other remaining animals from the unit. This circumstance was outwith my control,
but undoubtedly introduced the stress of coping with a novel environment into my

experiment, as suggested by the huge variation in plasma corticosterone levels which
rendered the results for the adult group virtually meaningless. Some indication of the
effects of each treatment on the HPA axis might have been derived from a

comparison of the mean adrenal weights for each group. Unfortunately, this option
was not considered until most of the dissections had been completed, but any future
studies would benefit from looking at both properly measured plasma corticosterone
levels and adrenal weights.

Many of the problems described above could be avoided in future experiments by
staggering the timed-matings and litter births. However, despite the number of
animals I was dealing with at once, I ensured that all animals were handled daily
from P4 to P21 and at least twice a week from P22 until 6 weeks of age in order to
reduce non-specific stress effects during the experiment. Daily postnatal handling has
been shown decrease HPA responsivity to stress, effects that persist into adulthood
(Francis et al. 1996). This phenomenon results from reduced pituitary ACTH and
adrenal corticosterone responses to stress as well as enhanced glucocorticoid
negative feedback sensitivity, probably mediated by an increased expression of GR
in the hippocampus (Liu et al. 1997). Unfortunately, during the period of time from
P5 to PI4, my animals probably came to associate this handling with the trauma of
injection. Indeed, studies have shown that postnatal physical trauma can have the
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opposite effect, actually enhancing HPA responsivity (Francis et al. 1996). As my

study did not include an untreated group, the exact effect and counter-effects of the
postnatal injections versus postnatal handling can not be ascertained and this is
another serious drawback of the study. There is now increasing evidence that it is the
immediate "post-handling" interaction of the mother with the pup which leads to the
decreased HPA responsivity and not the handling per se (Liu et al. 1997). In this case

my pups may have benefited from increased licking and grooming by their mothers
after the trauma of injection, thereby canceling out the ill effects of the physical
trauma itself. However, without an untreated control group, it is impossible to be
sure and given the lack of time and resources, we decided that a vehicle-treated
group was the better control for this study than an untreated group.

Prior to this study, we hypothesised that neonatal carbenoxolone treatment
would produce similar morphological changes in brain structure to neonatal
glucocorticoid treatment, since the effects of 11P-HSD2 inhibition were likened to

exposing developing neurones to excess glucocorticoid, which llp-HSD2 would
normally have metabolised. From the above, it is apparent that carbenoxolone
treatment did not alter any of the experimental paradigms in the same way that
dexamethasone treatment did and there are several possible reasons for this. The first
and most important point to address is whether the administered carbenoxolone
reached the target tissue and was of a sufficient dose to permanently inhibit 11 p-
HSD2 during the 10 days of treatment. Carbenoxolone proved a difficult drug to
administer since it readily came out of solution and as a result, was injected into the
rat pups more as a very fine suspension, which may have caused problems in their
ability to absorb the drug. These problems have also been noted in adult female rats,
where repeated injection of 60mg/kg (or 12.5mg/rat) carbenoxolone throughout
pregnancy has been shown to inhibit placental 11P-HSD2 and give rise to offspring
with increased blood pressure and a predisposition to hyperglycaemia in later life
(Lindsay et al. 1996a; Lindsay et al. 1996b). Therefore, despite the obvious
solubility problems of this drug, these studies have demonstrated a significant effect
of subcutaneous carbenoxolone treatment (Lindsay et al. 1996a; Lindsay et al.
1996b) and extrapolating to the present study, it is probable that most of the injected
carbenoxolone was absorbed by the rat pups. Furthermore, at a dose of 20mg/kg, the
injected carbenoxolone was probably sufficient to inhibit much of the expressed 11P-
HSD2 throughout their bodies. As previously mentioned, the blood-brain barrier
(BBB) is not fully formed in the rat until some time between P9 and weaning
(Ugrumov et al. 1983; Stewart and Hayakawa, 1987) so it can be assumed that the
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drug successfully penetrated the brain tissue although, being lipid-soluble, this is not
critical to the action of carbenoxolone.

Some findings suggest that carbenoxolone did affect the developing rat brain;
total brain weight and cerebral weight were increased in these animals at the end of
treatment, compared with vehicle-treated controls, although not to a significant level.
However, this trend raises two important questions; firstly, why did carbenoxolone
seem to increase cerebral weight instead of causing the anticipated decrease in
cerebellar weight and lobular area? Secondly, did carbenoxolone have these effects
through the inhibition of 11P-HSD2 or through its actions on another enzyme

system? It is my opinion that both questions may have a single solution - that of 11 p-
HSD type 1. Carbenoxolone, glycyrrhetinic acid and glycyrrhizic acid all inhibit
lip-HSD types 1 and 2 (Teelucksingh et al. 1991; Monder, 1991b; Brown et al.
1996a), both of which are present in the neonatal rat brain. As previously described,
11P-HSD2 is found primarily in the thalamus and EGL of the cerebellum in the early
postnatal period, with both mRNA expression and NAD-associated activity peaking
at the end of the first week and declining thereafter to reach near adult levels by the
end of the third postnatal week (section 5.3). lip-HSDl mRNA is detectable in the
hippocampus, neocortex, hypothalamus and cerebellum in late gestation in the rat

(Seckl, 1997) and both mRNA expression and NADP-associated activity have been
shown in the early postnatal rat brain (Moisan et al. 1992b). lip-HSDl activity is
moderately high in the hippocampus and cortex at birth, but falls to a nadir at P10,
rising gradually towards adult levels thereafter, although mRNA expression in both
areas remains high throughout this period. Cerebellar lip-HSDl activity and
expression, on the other hand, is high at birth and peaks at P10, declining thereafter
to adult levels by PI5 (Moisan et al. 1992b).

The only problem with this study of postnatal ontogeny of 1 lp-HSDl is that
it did not address the issue of enzyme direction. Hence, if lip-HSDl is acting as a

reductase, which is the main reaction direction in primary fetal hippocampal cell
cultures (Rajan et al. 1996), then carbenoxolone could be causing opposing effects in
the neonatal brain by the simultaneous inhibition of 11 (3-HSD types 1 and 2. In the
case of lip-HSDl, carbenoxolone would prevent glucocorticoids being reactivated
and cause a reduction in their levels in the developing brain. On the other hand,
inhibition of llp-HSD2 would result in glucocorticoids not being metabolised,
thereby potentially raising hormone levels in the brain. In such a scenario, the end
result of carbenoxolone action would depend entirely on which isozyme dominated
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within a certain tissue or brain subregion. Given that excess glucocorticoids are

associated with premature cessation of cell division and decreased neurogenesis,
whilst glucocorticoid reduction causes prolonged mitosis (De Kloet et al. 1988;
Yehuda et al. 1989), carbenoxolone could have indirect effects on brain development
either through 11 [3-HSD1 inhibition (decreasing glucocorticoid levels) or through
11P-HSD2 inhibition (increasing glucocorticoid levels). Thus, in the rat forebrain,
which contains potentially more llp-HSDl than 11P-HSD2 (section 5.3 and Moisan
et al. 1992b), carbenoxolone might cause an overall decrease in glucocorticoid levels
resulting in an slight increase in cell proliferation and a subsequent trend towards an

increase in brain weight. In a structure such as the cerebellum, however, where
significant amounts of both lip-HSDl and llp-HSD2 are found, carbenoxolone
might inhibit both enzyme systems to a similar degree. This would result in little
overall change in glucocorticoid levels which could account for the lack of effect of
carbenoxolone on cerebellar weight or foliation pattern. A small glucocorticoid
reduction, through the predominant inhibition of 1 lp-HSDl, might explain the trend
for the slightly increased cell proliferation apparent in the cellular laminae of lobule
VI, whilst not being sufficient to affect the weight of this tissue as a whole. Given
that llp-HSDl mRNA expression is localised to the IGL of the cerebellum in the
adult animal (Moisan et al. 1990a), this could account for the trend towards an

increased area in this particular cell layer, following carbenoxolone treatment in this
study. These changes may appear negligible when compared with the vehicle-treated
controls, but become more noticeable when compared with the marginally decreased
cellular laminae measurements of the dexamethasone-treated animals. A further

study with increased numbers of animals in each group to allow for tissue section
loss during the fixation process, could help to determine whether the trend described
above is real, or merely a result of the small group numbers.

Another interesting difference in the carbenoxolone-treated group is the
timing of the slight carbenoxolone effects. Where the dexamethasone effects were

apparent from the second day of treatment for body weight and as of P9 for brain
weight, thymus weight and foliation effects, those of carbenoxolone only begin to

suggest themselves at PI 5, after the full 10 days of treatment. Again, the reasons for
this may be two-fold; firstly, levels of both lip-HSDl and 11P-HSD2 are varying
over the first two weeks of life, and secondly, part of the action of carbenoxolone
may be through the inhibition of 11P-HSD mRNA transcription (Whorwood et al.
1993), a mechanism which would require a few days for its full effects to become
apparent. Certainly, 7 days of carbenoxolone administration (lOmg/day/rat) was
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required to show inhibition of 11 (3-HSD1 activity in the adult perfused rat liver
-5

preparation, whilst acute administration of doses up to 10" M had no effect (Pauline
Jamieson, PhD thesis, University of Edinburgh 1997). 5xl0"5M carbenoxolone did
effectively inhibit lip-HSDl in hepatocyte cultures, although this was presumably
through easier access to the cells. Both carbenoxolone and glycyrrhetinic acid are

potent inhibitors of the 11P-HSD2 protein, either in placental homogenates
(Teelucksingh et al. 1991) or when expressed in CHO cells transfected with the
human 11P-HSD2 cDNA (Brown et al. 1996a). However, no studies have yet

investigated the influence of these drugs on tissue 11P-HSD2 mRNA levels after in
vivo administration of carbenoxolone, despite its frequent use as a means of
inhibiting placental llp-HSD2 to study the effects of prenatal exposure to high
maternal glucocorticoid levels (Lindsay et al. 1996a; Lindsay et al. 1996b). Given
that lip-HSDl activity levels reach a natural nadir in the rat forebrain at P10
(Moisan et al. 1992b) whilst several days of carbenoxolone treatment are necessary

to create a steady-state pre-translational inhibition of the enzyme (Whorwood et al.
1993), the trend towards an increased forebrain and increased total brain weight at
PI5 in animals treated with carbenoxolone could be explained by the predominant
inhibition of 1 lp-HSDl from about P9/P10 onwards. The lack of any suggestion of a
carbenoxolone effect at P9, suggests that the inhibitor was not administered at a high
enough dose or over a sufficient time-course to cause steady-state inhibition of both
1 lp-HSDl protein and mRNA expression. In the cerebellum, where both 1 lp-HSDl
mRNA and activity levels remain high (Moisan et al. 1992b), carbenoxolone
treatment, even after 10 days, may not have had sufficient impact at either the protein
or genomic level to produce a full 1 lp-HSDl inhibition and thus a significant change
in cerebellar weight, although possibly still influencing cell proliferation in the some

of the cellular layers of the lobules. Alternatively, inhibition of the 11P-HSD2
protein in this region, over the same time-course, could have reduced glucocorticoid
metabolism in the cerebellar cells, thereby preventing the full effects of lip-HSDl
inhibition from being seen.

Carbenoxolone treatment did cause a significant increase in plasma
corticosterone levels at P9 compared with vehicle controls, although there was no

difference between these groups at PI5. Acquiring a basal non-stressed blood sample
in this study was hampered by the fact that all dissections were done after completion
of the daily injection routine (whilst this part of the study was still on-going) and
were therefore taken at between 12.30 - 4.30 p.m., when the rats' plasma
corticosterone levels were beginning to rise towards their diurnal peak. Furthermore,
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animals being removed for killing and dissection purposes may have been stressed
by prior movement in the room, either during the daily injection routine or whilst
other animals were being removed for the same purpose. At P9, animals had the
additional stress of receiving their daily injection of drug, prior to being removed for
dissection purposes. This is particularly pertinent given the elevated corticosterone
levels obtained for the carbenoxolone-treated animals at P9, since their injection was

a particularly uncomfortable experience. Thus, the corticosterone values obtained for
the P9 vehicle-treated animals probably reflect the stress of maternal separation,
being handled and injected, whilst those of the carbenoxolone-treated group show the
additional stress of discomfort and an inflammatory response upon injection. This is
confirmed by the fact that both carbenoxolone-treated and vehicle-treated animals
showed no difference in their corticosterone levels at PI 5, when none of the animals
were injected prior to trunk blood collection. This simple fact could easily explain
the observed effect of carbenoxolone on plasma corticosterone levels at P9, although
inhibition of lip-HSDl by carbenoxolone might also be expected to produce a

forward drive in the HPA axis, resulting in an increase in endogenous corticosterone
secretion. Interestingly, basal plasma corticosterone levels are elevated in the 11 p-
HSD1 knockout mouse, presumably as a result of the increased drive of the HPA
axis which ultimately causes an increase in adrenal weight and adrenal cortical size
(Kotelevtsev et al. 1997). No previous studies of neonatal carbenoxolone treatment
and its effects on plasma corticosterone levels exist, but studies in pregnant females
have shown that carbenoxolone does not have any effect on basal (9.00 am) plasma
corticosterone levels after 18-20 days of treatment (Lindsay et al. 1996a). In
retrospect, I should have removed, killed and dissected all animals first thing in the
morning in order to obtain proper basal non-stressed corticosterone samples, before
returning to administer injections to the remaining pups. Future experiments on

neonates would probably benefit from adopting this protocol. Others have obtained
basal non-stressed corticosterone levels of approximately 60nM in rats aged P6 and
170nM in rats aged PI5 (Viau et al. 1996), indicating that my own values are

comparable, but slightly higher for the carbenoxolone-treated animals at P9 and both
carbenoxolone and vehicle-treated animals at PI5. Dexamethasone has a profound
effect on basal corticosterone levels, particularly in the neonate whose levels are

already low during the SHRP. Previous studies of glucocorticoid administration to
neonatal rats have shown both a significant suppression of endogenous
corticosterone levels and a significant decrease in thymus weight, probably through a

downregulation of the HPA axis and immune system (Fachet et al. 1966; De Souza
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and Adlard, 1973; Poland et al. 1981), and a similar effect is apparent in this study at
P9 and PI5.

Although there appears to be a trend for neonatal carbenoxolone treatment

having an effect on brain weight and cerebellar cell areas towards the end of
treatment, neonatal dexamethasone treatment has profound effects on both brain
tissue structure and hormone levels which are apparent from very early on. Most
studies of glucocorticoid effects on neonatal development in rodents have used high
dose Cortisol or corticosterone to artificially raise endogenous physiological
glucocorticoid levels (Howard, 1968; Howard and Granoff, 1968; Schapiro, 1968;
Anderson and Schanberg, 1975; Bohn and Lauder, 1978; Bohn, 1980) and these have
previously been discussed in section 5.4. Fewer studies have looked at the effects of
the synthetic glucocorticoid dexamethasone, despite it being a good agonist with
approximately seven times the affinity of Cortisol for GR (Rang and Dale, 1991b) as
well as not being subject to the same degree of metabolism by intracellular enzymes.
There is another more serious reason for studying the effects of synthetic
glucocorticoid treatment in neonatal rats and that is its common use as steroid
therapy for the premature human infant at risk from respiratory distress syndrome
(RDS). The perinatal rat brain is considered a good model of the human brain in late
pregnancy and the early neonatal period, since both pass through similar stages of
development (Dobbing, 1970). As such, any adverse effects of glucocorticoid
treatment on the neonatal rat brain could, by implication occur in the human infant
brain after prenatal or postnatal steroid therapy (De Souza and Adlard, 1973).

RDS, or hyaline membrane disease as it is otherwise known, is a serious
complication in the premature baby and results from surfactant deficiency in the
immature lung which compromises alveolar stability (Baden et al. 1972; Liggins and
Howie, 1972; Fitzhardinge et al. 1974). It can result in immediate and long-term
mortality and morbidity and contributes significantly to the costs of neonatal
intensive care (Crowley, 1998). Studies in the 1970s, in both animals and humans,
indicated that glucocorticoids might be useful in accelerating lung maturity, thereby
preventing the development of RDS. Glucocorticoids were found not only to induce
the enzymes involved in surfactant synthesis, but also to accelerate the appearance of
osmiophilic bodies, the sites of this surfactant synthesis, causing a premature
liberation of surfactant into the alveoli (Baden et al. 1972; Liggins and Howie,
1972). A study on 387 human neonates dying within 72 hours of birth also showed
that those dying with hyaline membrane disease had a reduced mean adrenal weight
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and half the mass of osmiophilic granules in their alveoli, compared with those dying
without the disease (Naeye et al. 1971). Following the discovery that intrafoetal
infusions ofACTH, Cortisol or dexamethasone to premature lambs improved alveolar
stability and survival (Liggins and Howie, 1972), the first clinical trials of prenatal or
perinatal glucocorticoid therapy for premature infants were begun.

In 1972, results of a trial in which 213 women in spontaneous premature
labour were treated with either placebo or betamethasone, a long-acting synthetic
glucocorticoid with slightly less affinity for GR than dexamethasone, revealed that
the glucocorticoid infusion significantly reduced the incidence of RDS in the infants,
especially when labour was delayed by 24 hours so that the mother could receive the
full course of treatment (2x6mg betamethasone, 24 hours apart) (Liggins and Howie,
1972). Interestingly, a second trial was reported back to back in the same issue of
Pediatrics, in which 44 babies born with RDS had been treated with either placebo or
hydrocortisone (up to 30mg/kg) during the first 24 hours of life, showing that
postnatally administered glucocorticoid was ineffective against either the course or

prognosis of the disease (Avery, 1972; Baden et al. 1972). This was contrary to
earlier reports of high dose glucocorticoids being effective in treating RDS
postnatally, despite a high mortality rate and some disturbing side-effects. Ewerbeck
and Helwig treated 10 infants with severe RDS with prednisolone in doses up to 20-
40mg/kg/day and five out of the 10 survived. Of those that died, post-mortems on

three revealed fatal intracerebral haemorrhage, whilst four out of the five infants that
survived had neurological defects including hyperexcitability or hypertonicity
(Ewerbeck and Helwig, 1972). These findings were partially confirmed in two

follow-up studies of the infants given hydrocortisone by Baden et al in 1971-1972
(Baden et al. 1972). The first examined the pathology of infants that had died within
two months of participating in the study and showed that whilst over half of the
children in the control group had died of pneumonia, only one infant from the
hydrocortisone group had died from the same. Unfortunately, the remaining
hydrocortisone-treated infants had all died of severe intraventricular and intracerebral
haemorrhage, suggesting that postnatal corticosteroid treatment might increase the
risk of cerebral haemorrhage (Taeusch et al. 1973). Interestingly, 13 out of the total
14 infants examined had thymus weights below the normal mean, with the four
lowest weights being recorded in the hydrocortisone-treated group (Taeusch et al.
1973), although a later follow-up study of infants surviving the first year of life
following the postnatal hydrocortisone treatment, showed that it had not

compromised their immune system during that time (Fitzhardinge et al. 1974). Two
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of these children did have neurological defects compared with only one in the control
group, and 25% of the hydrocortisone-treated group had abnormal
electroencephalogram (EEG) tracings. The authors suggested a potential trend for
postnatal glucocorticoid treatment causing abnormal brain wave activity and some

gross motor function problems, but concluded that further investigations in animals
were needed and suggested that motor function and learning be tested in these
children at a later age (Fitzhardinge et al. 1974).

This is where the human and animal effects of postnatal glucocorticoid
treatment diverge. Animal studies suggest long-term neurological, motor, growth and
behavioural deficits from synthetic glucocorticoid treatment (De Souza and Adlard,
1973; De Kloet et al. 1988; Benesova and Pavlik, 1989) whilst studies in humans
have shown that most infants "catch up" any initial growth, immunological and
neurological retardation exhibited during the early neonatal years (Smolders-de Haas
et al. 1990; Schmand et al. 1990; Crowley, 1998). Much of this difference could be
due to the relative doses of steroid administered, however, since many of the animals
studies have used very high doses of glucocorticoid. A study by De Souza and
Adlard compared the single administration of lmg/kg or 20mg/kg dexamathasone to
rats aged P5 and found that both resulted in a severe retardation in body, brain and
thymus growth at both P7 and P10. By P21, those rats given the lower dose of
dexamethasone were showing some signs of recovery since their weight deficits were
generally less at this age, whilst those animals receiving the higher dose showed no
such improvement (De Souza and Adlard, 1973). Likewise, Benesova and Pavlik
found that a single injection of dexamethasone to rats aged P7 caused a dose-
dependent retardation of body growth which lasted until PI7 for rats receiving
0.2mg/kg and P28 for those given lmg/kg. However, animals given 3mg/kg never

recovered their initial deficit in body weight (Benesova and Pavlik, 1989). This study
also showed that the lmg/kg dexamethasone treatment resulted in long-term
neurological and behaviour effects, despite the rat pups showing an initial
acceleration of physiological and motor skill development. The weight of the
cerebellum was significantly reduced in the dexamethasone-treated animals, even in
adulthood, and they displayed hyperactivity, defective motor co-ordination and
learning behaviour. No such long-term abnormalities were reported for those animals
receiving the low 0.2mg/kg dose of dexamethasone. Lastly, dexamethasone
treatment caused a dose-dependent depletion of cerebellar GR, but the authors found
that levels had recovered by adulthood in all animals studied (Benesova and Pavlik,
1989).
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Currently, the recommended dose of antenatal steroid for the prevention of
RDS in infants whose mothers are in premature labour is 24mg betamethasone, 24mg
dexamethasone or 2g hydrocortisone (Crowley, 1998). Assuming that the average

woman weighs 60kg, this equates roughly to 0.4mg of synthetic glucocorticoid per

kilogram of body weight. Benesova and Pavlik estimate that approximately 45% of
maternal synthetic glucocorticoid crosses the placenta in the bloodstream, resulting
in the unborn child receiving about 0.2mg/kg of the same (Benesova and Pavlik,
1989). This is comparable with the lower dose of dexamethasone administered to rats
in their study and indicates that depleted numbers of cerebellar GR and retardation of
body and brain growth are the least of the adverse effects to be expected. My own

animals were treated with a far lower dose of dexamethasone (0.03mg/kg), but over
the course of 10 days, so that the actual dose they received may have been
comparable. This implies that repeated low dose antenatal dexamethasone treatment
could cause short-term reduction of cellular area in the cerebellum, reduced brain and

thymus weight and depressed endogenous glucocorticoid levels in the infant, with
lowered brain weight remaining an adverse effect in the longer term. Given these
findings and the current recommendation for a trial to examine the adverse effects to
both mother and child of giving repeated antenatal corticosteroid doses in instances
where the mothers remained undelivered, despite being in premature labour
(Crowley, 1998), it suggests that studies of perinatal synthetic glucocorticoid
treatment in the rat might yet be of value. Certainly, it would be advisable to

investigate the effects of 2 or 3 low dose dexamethasone or betamethasone injections
on neonatal rats, spacing each treatment by a few days.

Lastly, a recently published paper has made the continued study of the
postnatal cerebellar EGL and its gradual disappearance over time even more

pertinent to our understanding of the proper development of the neonatal brain. Cruz-
Sanchez et al examined the cerebella of 19 human infants that had died of Sudden

Infant Death Syndrome (SIDS) and found a significantly higher EGL cell density
compared with age-matched controls, demonstrating a delayed or slower decline in
the disappearance of the EGL in SIDS (Cruz-Sanchez et al. 1997). SIDS refers to the
sudden death of an infant under one year of age without explanation and is often
thought to occur because the brain fails to maintain the body's autonomic heart and
respiratory functions. The cerebellum, brainstem and pons may all be involved in the
neural control of respiration and pressor responses, but knowledge of the
development of the cerebellum makes it a good model for assessing whether delayed
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brain maturation may contribute to SIDS (Cruz-Sanchez et al. 1997). This study
shows not only an increased thickness and a delayed disappearance of the EGL in
SIDS compared with controls, but also indicates that the cell types found within the
EGL are abnormal in SIDS cases, consisting mainly of elongated bipolar cells with
poorly differentiated nuclei (Cruz-Sanchez et al. 1997). The authors suggest that the
slower decline of EGL neurones is due either to a prolonged growth phase or a delay
in inward migration, and propose that a defect in glial cell differentiation could be
responsible for the latter. No information is provided regarding glucocorticoid levels
or adrenal size in these or other cases of SIDS, despite the known effects of these
hormones on the rat EGL, with excess glucocorticoid causing an acceleration and
adrenalectomy causing a delay in EGL disappearance (Bohn and Lauder, 1980;
Yehuda et al. 1989). Also, given the high expression and activity of both 11(3-HSD
type 1 and 2 within the developing cerebellum of the rat and their potential
involvement in manipulating local levels of glucocorticoids, it seems appropriate to
me that their potential involvement, and that of the glucocorticoids in general, be
seriously considered in the pathogenesis of SIDS.
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CHAPTER SEVEN

GENERAL DISCUSSION

This thesis has concentrated exclusively on showing the existence of 11 (3-
HSD2 in the developing and adult rodent brain and in addressing its potential role as

a modulator of corticosteroid hormone action within this tissue. The role of 11(3-
HSD2 in the placenta, kidney and other mineralocorticoid target tissues has been
acknowledged for some time now (Naray-Fejes-Toth et al. 1991; Brown et al. 1993;
Whorwood et al. 1994; Albiston et al. 1994; Brown et al. 1996a; Hirasawa et al.

1997) but despite increasing amounts of circumstantial evidence for its presence in
the rat brain (Gomez-Sanchez, 1991; Gomez-Sanchez and Gomez-Sanchez, 1992;
Gomez-Sanchez, 1995), a precise study was hampered by the lack of a rodent 11(3-
HSD2 riboprobe or antibody, required for such an investigation. The work presented
in this thesis has contributed to the techniques available for studying 11 (3-HSD2 in
the laboratory animal and has raised some interesting questions regarding its location
and possible involvement in protecting both MR and GR from inappropriate
occupation by endogenous glucocorticoids. The main criticisms of this thesis are the
limited number of studies presented within it and the small group sizes included in
each. This was due to the majority ofmy PhD being spent developing the techniques
necessary for each study and thus, the time remaining was only sufficient for a

limited foray into the where?, why? and when? of brain 11(3-HSD2.

Bearing in mind these restrictions, this thesis does describe the unusual
ability of a single enzyme, 11 (3-HSD2, to fulfil a role in the brain which has two very
different outcomes, depending on the age of the animal. During development, 11(3-
HSD2 probably acts to protect highly sensitive neurones from the anti-proliferative
effects of glucocorticoids, by metabolising these hormones before they can occupy

GR. Furthermore, the cell-specific expression of lip-HSD2 and its related isozyme,
11(3-HSD1, in some brain regions, offers a unique means of controlling
glucocorticoid levels within distinct groups of cells in the same tissue, thereby
ensuring optimal glucocorticoid exposure to different neuronal populations. In the
adult animal, the action of 11P-HSD2 probably ensures that those MR which mediate

163



the central actions of aldosterone on blood pressure and salt appetite, remain free
from illicit occupation by glucocorticoids and therefore stay aldosterone-selective.
Moreover, the reduced expression of 11P-HSD2 in the adult mouse brain and by
implication, the reduced number of aldosterone-selective MR, may explain the
unusual lack ofmineralocorticoid-related salt appetite in this animal.

I have described the partial cloning of a mouse kidney 11P-HSD2 cDNA and
its use in generating a riboprobe to study 11 p-HSD2 mRNA distribution in the adult
mouse brain (Chapter Three). A limited in situ hydridisation study revealed that
enzyme expression was confined to the NTS, one of the most important relay centres
of the brainstem, concerned with both cardiac and respiratory reflexes as well as the
integration of a wide variety of viscerosensory information (Snell, 1987c; Van
Giersbergen et al. 1992). The NTS forms part of a complicated neural circuitry,
linking sympathetic and parasympathetic systems with the "outside" (i.e. the body),
thereby allowing incoming sensory information to influence central neuronal output.
The NTS contains sodium-sensitive neurones which respond to changes in plasma
sodium levels, whilst the direct application of hypertonic saline solution to the NTS
causes a change in heart rate and blood pressure (Hochstenbach et al. 1993;
Hochstenbach and Ciriello, 1994). The NTS also contains MR (Arriza et al. 1988)
and angiotensin II receptors (Lawrence and Jarrott, 1996) and may therefore act as a

"monitor" of body fluid homeostasis, assimilating information on both plasma and
CSF sodium and RAAS hormone levels to obtain a complete picture of the body's
salt and fluid status at any one time. Alternatively, the NTS could be the site of
central regulation of heart rate and blood pressure by aldosterone, but in both
instances, the presence of 11P-HSD2 is required to ensure that those MR involved
remain aldosterone-selective. I also postulated that 11P-HSD2 in the NTS could be
important in regulating glucocorticoid access to GR, since neuronal input from the
NTS is communicated both to the hypothalamic component of the HPA axis and to
the autonomic nervous system which regulates it (Van Giersbergen et al. 1992).
Thus, 11 p-HSD2 action at the NTS may prevent the downregulation of GR during
glucocorticoid feed-back inhibition of the HPA axis, since downregulation at the
level of sensory input to the system would be highly undesirable.

The lack of 11P-HSD2 expression in areas of the mouse brain which are

considered to be aldosterone-sensitive in the rat, was ascribed to the unusual non-
mineralocorticoid dependent salt appetite exhibited by this animal. Unlike rats, mice
do not display a need-free salt appetite and do not show a need-induced salt appetite
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in response to adrenalectomy or subcutaneous injection of mineralocorticoid
(Rowland and Fregly, 1988). Instead, their salt appetite appears to require
accompanying glucocorticoid action since some DOCA-induced salt appetite has
been described in mice whose ACTH and corticosterone levels were maintained by
group-housing (Rodd et al. 1996). This species-specific phenomenon may explain
the lack of 11 p-HSD2 expression in areas of the brain thought to be involved in fluid
balance and salt appetite in the rat (Birmingham et al. 1984; McEwen et al. 1986;
Yongue and Roy, 1987; Gomez-Sanchez, 1991), since the mouse may have no need
for aldosterone-selective MR in these regions. This theory was partly confirmed by
the studies on 11P-HSD2 mRNA expression in the adult rat brain where additional
expression was found in the SCO, VMN, amygdala and brainstem (Chapter Four).
The MR of the medial and central amygdala are essential for the full expression of
both need-free and mineralocorticoid-induced salt appetite behaviour in the rat

(Nitabach et al. 1989; Schulkin et al. 1989; Galaverna et al. 1991; Sakai et al. 1996).
The discovery of 11P-HSD2 mRNA expression in this area reinforces the likelihood
that these are aldosterone-selective MR and are therefore the means by which
mineralocorticoid-induced salt intake and possibly salt appetite in general, occurs in
the rat. The VMN is usually associated with the HPA axis and its regulation by
glucocorticoid feed-back (Dallman, 1984; Suemaru et al. 1995), although it has also
been implicated in appetite and satiety, with particular emphasis on the circadian
rhythm of food intake (Dallman, 1984; Bernardis, 1985; Suemaru et al. 1995). Thus,
11P-F1SD2 here may indicate the presence of additional aldosterone-selective MR
involved in the central regulation of salt ingestion, especially as this expression only
becomes apparent towards the time of weaning, when the animal's food intake
becomes fully independent from that of its mother (Chapter Five).

The implications of 11P-HSD2 mRNA expression in the rat SCO are of
considerable interest, given that the existence of an SCO-adrenal cortex feed-back
loop has been mooted (Severs et al. 1987). Injection of SCO extract, lesioning and
aldosterone infusion studies have all suggested that SCO stimulation leads to the
release of a factor which stimulates the zona glomerulosa of the adrenal gland and
increases systemic mineralocorticoid activity whilst SCO inhibition, possibly exerted
by aldosterone, has the opposite effect (Palkovits et al. 1965; Dundore et al. 1984;
Dundore et al. 1987; Severs et al. 1987). For aldosterone to play its part in such a

feed-back loop requires the presence of aldosterone-selective MR and MR mRNA
expression has already been described in the SCO (Levitt et al. 1996). My work now
shows that 11P-HSD2 can be co-localised to the same area, providing strong
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evidence for aldosterone being able to mediate its actions here via selective MR.
Furthermore, altering the salt intake of rats by placing them on a high or low salt diet
for 14 days had no effect on the expression of 11P-HSD2 (Chapter Four), indicating
its importance in maintaining the selectivity of these MR, even in the face of varying
mineralocorticoid levels.

The study of 11 (3-HSD2 mRNA expression in the neonatal rat brain revealed
a very different pattern of distribution from that seen in the adult animal (Chapter
Five). Widespread 11J3-HSD2 expression was apparent across much of the thalamus
and was also prominent in the EGL of the cerebellum and the SCO. In the neonate,
this expression was coupled to high 11(3-HSD2 bioactivity in both forebrain and
hindbrain regions which declined steadily over the first three weeks of life, in
parallel with the decreasing 11P-HSD2 mRNA expression. I have proposed that 11 (3-
HSD2 may be involved in modulating glucocorticoid hormone access to GR during
this perinatal period, since many glucocorticoid-sensitive neuronal pathways
continue to mature after birth, especially in those areas where 11 p-HSD2 expression
was found. Thus, in the cerebellum, the EGL gives rise to basket, stellate and granule
cells over the first three weeks of life (Altman, 1972), correlating with the period of
cerebellar sensitivity to the effects of exogenously administered glucocorticoids
(Howard, 1968; Bohn and Lauder, 1978; Bohn and Lauder, 1980; Benesova and
Pavlik, 1989) and the time-course of 11P-HSD2 mRNA expression. In the thalamus,
nuclear differentiation begins posteriorly and laterally and proceeds anteriorly and
medially (Jones, 1985), thereby following a similar pattern to changing 11P-HSD2
expression. These findings reinforce the theory that postnatal 11P-HSD2 is
concerned with ensuring optimal glucocorticoid exposure of developing neurones.

However, expression of 11 p-HSD2 in the SCO is high from birth, suggesting that its
proposed role in the central regulation of aldosterone secretion and mineralocorticoid
activity is important throughout life.

The extent of 11P-HSD2 involvement in controlling local glucocorticoid
hormone levels during development was partially investigated by giving an inhibitor
of the enzyme to neonatal rats and studying the morphology of their brains following
treatment (Chapter Six). Dexamethasone, a synthetic glucocorticoid which is not
well metabolised by 11P-HSD2, was given to a second group of animals as a positive
control whilst a third group received vehicle injections. Interestingly, whilst the
dexamethasone-treated animals showed a profound retardation in body, brain and
thymus weight gain, the carbenoxolone animals actually demonstrated a trend
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towards increased brain weight compared with both dexamethasone and vehicle-
treated controls. Furthermore, carbenoxolone-treated animals showed a small
increase in the IGL, WM and total cellular areas of lobule VI in the cerebellum

compared with dexamethasone-treated animals and although this trend did not reach
significance, it may suggests that carbenoxolone may have caused a slight inhibition
of 11P-HSD type 1. Again, larger group numbers were needed in this study as I did
not allow for how many tissues would be damaged during the fixation process.

Consequently, there were insufficient brain sections to look at the effects of the
different drug treatments on the EGL at P9 and too few sections at later ages to

strengthen slight differences between the groups with statistical analysis. An
untreated control group should also have been included so that the effects of injection
on all of the experimental parameters could have been investigated. Overall, I was
unable to address the role of brain 11 p-HSD2 during early postnatal development,
owing both to the non-specific actions of carbenoxolone and the loss of large
numbers of brain sections for analysis. However, this experiment does suggest that
together, the 11 P-HSD isozymes may provide a complex cell-specific control of
steroid hormone action during this critical time.

The main problem with the studies presented in this thesis and many of the
above suggestions regarding the role of 11P-HSD2 in both the neonatal and adult
rodent brain, is that they are all somewhat speculative. Despite using highly stringent
in situ hybridisation conditions and single-stranded RNA probes of optimum length,
labelled with the radioisotope of choice for detecting low abundance transcripts
(Simeone, 1999; Wilkinson, 1999), these studies remain limited due to the small
number of rodent brains investigated and the lack of appropriate standards included
within them. For quantification purposes, standards of radioisotopic activity need to
be included within each in situ hybridisation study so that silver grain numbers
overlying cells in different subregions can be related to a finite value and direct
comparisons can be made between studies. Furthermore, group numbers of at least 5-
6 animals are needed for the in situ hybridisation studies described in each chapter
(e.g. adult mouse brain, adult rat brain and neonatal rat brain at each age point
between PI and P29), both for the purpose of verifying the 11P-HSD2 mRNA
distribution patterns described and for statistical analysis. Most important, however,
is the fact that finding 11 (3-HSD2 mRNA expression indicates gene transcription
only and cannot show that translation and synthesis of a functional protein follow.
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An antibody to the human llp-HSD2 protein has been developed by two

groups and used successfully to demonstrate the existence of 11P-HSD2 protein in
human kidney, placenta and epithelia (Krozowski et al. 1995; Brown et al. 1996a;
Smith et al. 1996; Hirasawa et al. 1997). Unfortunately, the specificity of the
equivalent rat 11P-HSD2 antibody remains questionable as it produces several bands
on a Western blot, although it has still been used to demonstrate 11P-HSD2 protein
in rat kidney, colon, adrenal and submandibular glands (Smith et al. 1997). There is a

danger of producing a false positive result with such an antibody, but it does offer the
means of showing the existence of 11P-HSD2 protein in the adult rat brain. My own

11P-HSD assays were unable to demonstrate specific 11P-HSD2 bioactivity against
a high background of lip-HSDl activity (Chapter Four), although the assays were

very rudimentary and did not look at the initial velocities of the reactions, nor the
Vmax or Km values. As for the in situ hybridisation studies, too few animal brains
were used to properly investigate the possibility of localised 11P-HSD2 bioactivity
and following the discovery of high 11 P-HSD mRNA expression in the SCO of adult
rats, bioassay experiments on SCO micropunches may provide a way of doing this.
11P-HSD2 bioactivity was readily detectable in the early neonatal rat brain (Chapter
Five) and together with the discovery of mRNA expression, demonstrates the
existance of a functional 11P-HSD2 protein, at least during the early perinatal period.
However, immunohistochemistry offers not only the chance of demonstrating 11 p~
HSD2 protein in the adult rat brain, but also opens up the possibility of doing co-

localisation experiments with antibodies to GR and MR. This would provide many of
the answers regarding which receptor type 11P-HSD2 is protecting in the different
brain subregions, in both neonatal and adult rat brain.

Immunohistochemistry aside, the only other means presently available to
address the role of 11 p-HSD2 in regions of the rat brain such as the VMN, SCO,
amygdala and NTS, is through the infusion of an 11P-HSD2 inhibitor into these
specific areas. Unfortunately, as previously demonstrated by the experiment in
Chapter Six, only general inhibitors of 11 P-HSD exist, resulting in both type 1 and
type 2 isozymes being subjected to the same manipulations. Given the close
proximity of these two isoforms within certain subregions (e.g. the neonatal
cerebellum) and the seemingly vast excess of 11 p-HSD 1 to 11P-HSD2 in adult brain
(Chapter Four and Moisan et al. 1990a; Moisan et al. 1990b; Lakshmi et al. 1991;
Seckl et al. 1993), it would make the results of any such experiment very difficult to
decipher. Development of specific inhibitors for each 11 P-HSD isoform, or the use

of specific antisense oligonucleotides would make these types of experiment more
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feasible, but both these eventualities are in the early stages of development.
However, should it become available, infusing 11 (3-HSD2 antisense oligonucleotides
into the brain ventricular system of rats may give us a clearer understanding of how
centrally infused aldosterone and carbenoxolone have their blood pressure-raising
effects (Gomez-Sanchez, 1986; Gomez-Sanchez and Gomez-Sanchez, 1992).

Some additional evidence for the role of 11 (3-HSD2 in the brain might yet be
gleaned from manipulation experiments or the study of knock-out mouse models.
Regarding my suggestion that the difference in 11P-HSD2 mRNA expression
between the rat and mouse brain may be explained by the species differences in salt
appetite, a relatively straightforward experiment involving infusion of corticosteroid
hormones into the adult mouse brain may provide an answer. I did not have time to
do this, but would suggest that animals be given a 2 bottle preference test (one
containing water and the other a saline solution) during i.c.v. infusion of either
aldosterone, corticosterone, or the two hormones together, so that the relative
importance ofmineralocorticoids versus glucocorticoids in eliciting a salt appetite in
the mouse can be better understood. In light of the differences which single-housing
or group-housing of mice seems to make in these experiments (Underwood et al.
1993; Rodd et al. 1996), I would also advise that mice be tested for all three
treatments, under the two separate housing conditions.

Further to this study on the adult mouse, I feel it is important to examine the
postnatal ontogeny of 11 p-HSD2 mRNA expression in the neonatal mouse brain, to
discover if it compares with that seen in the postnatal rat brain (Chapter Five). If the
pattern of 11P-HSD2 expression in the mouse brain does progress in a similar
manner to that seen in the rat, then it suggests that whatever differences may exist
between the two species in terms of their adult brain 11P-HSD2 expression, the role
of this enzyme during development is sufficiently important to cross the species
divide. Should this be the case, then the 11P-HSD2 knock-out mouse (Kotelevtsev,
Mullins and Seckl, unpublished observations) may provide the means of examining
the effects of total lip-HSD2 "blockade" on the development of the brain. Further
experiments in the rat will probably have to await the advent of a specific 11P-HSD2
inhibitor, although it might be interesting to repeat the neonatal carbenoxolone
experiment and concentrate exclusively on the EGL of the cerebellum, where 11P-
HSD mRNA expression was highest during development. Thus, injecting pups with
5-bromo-2-deoxyuridine (a marker ofDNA replication and cell proliferation) prior to
or during carbenoxolone treatment and then killing animals at several different time
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points (e.g. P7, P10, PI5, P21 and adulthood) would not only allow a study of the
effects of carbenoxolone on the area of the EGL and its rate of disappearance, but
would also permit an estimate of the mitotic index of the different cerebellar laminae
to be made. This might provide a better idea of the effects of 11P-HSD2 inhibition
on EGL glucocorticoid levels and any consequent change in the rates of cell
proliferation and migration in this layer. Alternatively, it may be an idea to study the
effects of neonatal carbenoxolone treatment on the development of the thalamus
where 11P-HSD2 expression was high, but that of 1 lp-HSDl is fairly low (Moisan
et al. 1992b; Moisan et al. 1990b).

Lastly, some of the findings in this thesis also raise the question as to how
11P-HSD2 is regulated. The 11 p-HSD2 gene is much smaller than that of 11P-HSD
type 1 (6kb versus 9kb for the human genes, respectively (Tannin et al. 1991;
Agarwal et al. 1995)) and as yet, little work has been done on its promoter region.
Thus, whilst both glycyrrhizic acid (Whorwood et al. 1993) and a high sodium diet
(Brem et al. 1997) have been shown to affect 11 p-HSD 1 at the genomic level,
neither salt restriction nor salt loading had any effect on the level of 11P-HSD2
mRNA expression in the SCO in my study (Chapter Four), and the effects of
liquorice derivatives on lip-HSD2 transcription are unknown. Hence, despite a

significant advancement in our understanding of the potential role of 11P-HSD2 in
the developing and adult rodent brain, further investigation is yet required, both in
terms of fully demonstrating the physiological action of 11P-HSD2 and in
understanding the genetics of its regulation.
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