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Abstract

The present thesis has examined in detail the dynamics of adrenomedullary

glucocomcoid (GC) receptors at various concentrations of steroid, the regulation of levels

of receptor following various treatments, and the regulation of phenylethanolamine N­

methyltransferase (PNMT) activity following acute exposure to GCs and various time

delays, providing evidence that GC regulation of adrenomedullary catecholamine

biosynthesis is more dynamic than was classically thought. We report that

adrenomedullary GC receptors are translocated, both in response to nM concentrations of

GCs, and in response to higher concentrations of GCs encountered by the glands during

stress. We show that long-term increases in cyclic nucleotide second messengers are able

to decrease GC receptor binding in adrenaI medullary cells, via a mechanism independent

of released cortisol, and provide the frrst evidence that changes in adrenomedullary GC

receptor levels are reflected in an aIteration in a GC-mediated function, Le. induction of

PNMT. We aIso provide novel in vitro evidence for the regulation of adrenomedullary

PNMT activity, following a necessary lag period, by acute changes in both cortisol and

nicotine. In addition, our in vitro studies are supported by our in vivo findings which

show increases in adrenaI tyrosine hydroxylase and PNMT activity 18h following a single

episode of mild acute stress (20 min restraint) in rats.
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Résumé

La présente thèse est une 6tude detaillée de la dynamique des récepteurs

glucocorticoïdiens (GC) des médullosurrénales à diverses concentrations de steroïde, et

de la modulation de ces recepteurs suite à des traitements variés. Le controle de l'activité

de la phenylethanolamine N-methyltransferase (PNMT) suite à une exposition aiguë aux

GCs et les délais variés des réponses obtenues, nous amènent à l'évidence que le controle

de la biosynthèse des catecholamines des médullosurrénales est beaucoup plus dynamique

qui l'on pensait trandionellement. Nous constatons également que les récepteurs GC sont

relocalisés dans le noyau suite à des concentrations élevées de GC rencontrées lors de

stress. De plus, nous montrons qu'une augmentation à long terme des niveaus de

messagers cycliques secondaires est capable de diminuer la liaison des récepteurs GC

dans les cellules médullosurrénales à l'aide d'un mécanisme indépendant de libération de

cortisol. Ceci met en évidence que des changements ont lieu au niveau des récepteurs

GC, et ceci est réflété par une altération de l'induction de la PNMT par les GC. L'étude

apporte également une nouvelle preuve du controle de l'activité de la PNMT

médullosurrénalienne après une exposition aiguë au cortisol ou à la nicotine et une attente

obligatoire. Enfin, nos études "in vitro" sont, en plus, renforcées par nos découvertes "in

vivo" qui montrent des augmentations à l8h de l'activité de la tyrosine hydroxylase

surrénaiienne et de la PNMT après une simple exposition à un stress moderé et aigu chez

les rats.
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1-1

I.l Introduction

Two classes of hormones secreted by the adrenal gland, the catecholamines (CAs)

and the glucocorticoids (GCs), are known to play major roles in stress and homeostasis.

During stress, these hormones are released and are responsible for elevating blood

glucose, increasing both respiratory and heart rates, and in providing sufficient blood to

the brain and to skeletal muscles, thus participating in the stress-induced "fight or flight"

response. Regulation of either GC or CA levels in the adrenal gland thus exerts an

important influence on the body's response to stress. In mammaIs, the adrenal medulla is

encapsulated by the adrenal cortex, with the medulla releasing CAs and the cortex

releasing GCs. As a result of the unique association of the two tissues, there exists an

important interaction between these hormones. This interaction results in a GC-mediated

regulation of the CA biosynthetic enzyme, phenylethanolamine N-methyltransferase

(PNMT), responsible for the synthesis of adrenaline (A).

During homeostasis, GCs were classically thought to play a role in the

maintenance of steady-state PNMT levels. Hypophysectomy [with a resultant decrease in

adrenocorticotropic hormone (ACTH) and GC secretion] reduced adrenomedullary

PNMT activity (Wurtman and Axelrod, 1965, 1966). The decrease in activity was

restored to controllevels by treatrnent with GCs or ACTII. Further increases in PNMT

activity above homeostatic levels were thought to occur only following extreme taxation

of the system, following long-term increases in circulating GC levels in the intact animal.

For example, prolonged ACTII administration (Vemikos-Danellis et al., 1968; Simonyi

et al., 1985), chronic stress (Kvetnansky et al., 1970), high salt intake in hypertensive

rats (Saavedra et al., 1983), or mother-infant separation (Breese et al., 1973), have been

shown to increase PNMT activity. In addition, using an in vitro model of the adrenal

medulla, bovine adrenal medullary cells, various groups have shown that continuous (18­

4gh) exposure of chromaffin cells to GCs produced increases in PNMT activity or CA

levels, with shorter times of exposure being ineffective (Hersey and DiStefano, 1979;
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Kelner and Pollard, 1985; Nawata et al., 1985). Since the duration of increased GC

levels during an acute stressor is generally much briefer «2h) than this, GCs were

thought to play little role in the regulation of PNMT activity following more acute

exposure of the adrenal medulla to circulating GCs. In addition, GC concentrations

reaching the adrenal medulla are in the range of 10-6 M to 10-4 M (Kitay, 1961;

Peytremann et al., 1973; Jones et al., 1977). Therefore, it was unclear whether receptors

for GCs in the adrenal medulla could respond to nM GC levels, as do GC receptors in

other tissues, and/or to the higher GC levels seen by the adrenal medulla

1.2 Statement of the problem

Therefore, an unresolved issue in the literature, addressed in the present thesis, is

the possibility that a short-term elevation in the levels of GCs may be able to regulate the

activity of PNMT. Following a single episode of stress, the secreted adrenomedullary

CAs, one of which is A, need to be restored to pre-stress levels. Steady-state levels of

PNMT may not be sufficient to restore the lost A, and may thus require elevated activity

of PNMT in order to replace it with newly synthesized A. Therefore, the general

question of the regulation of adrenomedullary PNMT by short-term dynamic changes in

GCs was examined in great detai! in the present thesis. However, to study this issue,

first the dynamics of the GC receptor, reported to be present in the adrenal medulla

(Kelner and Pollard, 1985; Nawata et al., 1985), needed to be characterized in greater

detail. This receptor has been weil studied in various endocrine and neural tissues. In the

adrenal medulla, to understand the mechanics of regulation of CA biosynthesis by GCs, a

more thorough investigation of adrenomedullary GC receptor dynamics and regulation is

essential. Therefore, using bovine adrenal medullary cells in culture, we have

characterized the adrenomedullary GC receptor more fully and have studied its regulation

by various second messengers in order to understand the basis for the functional outcome

of adrenocortical and medullary interactions. Additionally, we have used this model to
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study GC regulation of PNMT activity in greater detail, with special attention to the aspect

of time of cxposure to the GCs. We have examined the time requirements needed to

observe such regulation using an exposure regimen such as is found during acute

stressors (<2h), and mimicking adrenocorticallevels of released GCs. The present thesis

provides novel evidence for the regulation of adrenomedullary function by short-term

exposure to GCs, and iIIustrates this finding in both an in vitro culture model and in vivo.

1.3 Bovine adrenal medullary cells as an in vitro model

Bovine adrenal medullary ceUs in monolayer culture is an excellent model system

that has provided us with many "answers to [our] research questions with a minimum of

effort" (Livett et al., 1983). Although many laboratories have used the perfused bovine

adrenal to study a number of medullary functions, this preparation would not have been

useful for our studies due to the presence of the surrounding cortex. One of the principal

reasons for using cultured medullary cells is the ability to control the timing ande:::tent to

which these cells are exposed to GCs. This model has been an ideal and simple way to

fully explore the characterization, regulation and function of the adrenal medullary GC

receptor for several reasons. Firstly, the material used for the isolation of these cells

(intact adult bovine adrenals) is readily available from our local slaughterhouse. These

ceUs can be isolated in high yield, and can be maintained in culture for up to two weeks

both in serum-containing and serum- and steroid-free conditions (Trifar6 and Lee, 1980;

Wilson and Viveros, 1981). Cultured medullary cells have been weil characterized with

respect to their morphology, pharmacology and secretory characteristics, and have been

shown to maintain levels of CA stores ovcr time in culture (Trifar6 and Lee, 1980;

Unsicker et al., 1980; Kilpatrick et al., 1980; Livett et al., 1983). Finally, these cells

provide us a possibility to control both the timing and nature of exposure to different

exogenous agents, for both short- and long-term studies. The concentration of GCs and

the length of time that the cells are exposed to GCs could be easily controlled. This last
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point has enabled us to study the central issue of the present thesis, that is the possibility

that short-term exposure of medullary cells to GCs can regulate CA biosynthesis over the

long-term. The findings we have obtained using this in vitro model have a110wed us to

turn our investigation of short-term GC exposure on regulation of CA biosynthesis to the

in vivo situation, to examine what are the time constraints in situ, given the multiple

inputs to the adrenal medulla not present in an in vitro culture mode!.

In order to more fully understand the basis for the present work, the following is

a detailed IiteralUre review of the relevant areas of research. The topics covered will

include the physiology of stress, as well as the history and physiology of the adrenal

gland, one of the major components involved in the stress response. In addition, greater

detail will be provided on the nature, regulation and secretion of the contents of adrenal

medullary cells, with special attention to the CA biosynthetic enzymes tyrosine

hydroxylase and PNMT. The adrenal cortex will also be described in Iight of the unique "

association of the cortex and medulla and the resultant interaction belWeen adrenocortical

GCs and adrenomedullary CAs. This interaction will also be described in greater detail,

both during development and adulthood. In order to appreciate the interaction between

GCs and the adrenal medulla, the pharmacology of the GC receptor involved in this

interaction will be described, first on a gent;rallevel, then specifically with respectto the

receptor present in adrenal medullary cells. Finally, the dynamics of this receptor will he

described to set the stage for our slUdies which have examined the functional consequence

of altering adrenomedullary GC receptors on chromaffin cell function. This Iiterature

review should familiarize the reader with much of what is known about the physiological

mechanism by which GCs and CAs can and do interact at the level of the adrenal medulla,

and can influence the animal's response to slrcssful stimuli.
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1.4 Stress

Stress has been defined as almast any challege or threat to homeostasis (Munck et

al., 1984; Munck and Guyre, 1986). Stressful stimuli are those that create an imbalance

in the internai environment, such as heat, cold, or lack of oxygen as weIl as high blood

pressure, bleeding, pain or a strong emotional reaction. The body's homeostatic

mechanisms restore the balance of the internai environment Selye described the response

to stress as occuring in several stages (Selye, 1946). The first is the alarm reaction,

which is "the sum of aIl non-specific systemic phenomena elicited by sudden exposure to

stimuli to which the organism is quantitatively or qualitatively not adapted" (Selye, 1946).

During this stage, the body increases the activity of the sympathetic nervoUl' system,

stops digestion, increases the blood sugar level, heart rate, blood pressure and blood flow

to the muscles, encompassing the sc-called "fight or flight" response. This reaction is

initiated by the hypothalamic stimulation of the syrnpathetic nervous system (leading to

release of CAs from the adrenal meduIla) and of the adrenal cortex (leading to release of

GCs). The resistance stage, which is a long-term reaction to the stressor (i.e.

adaptation), mobilizes the internai resources to overcome or escape the stressful stimulus.

ln the case of long-term stressors, the body may reach the stage of exhaustion, which

results in both physical and psychological breakdown. This stage may he caused by

overstimulation of the kidneys by mineralocortïcoids, leading to potassium loss from

cells, as weil as by depletion of GCs leading to a decrease in blood glucose levels.

Therefore, stress causes activation of both the adrenomedullary and adrenocortical

systems, leading to the release of CAs and GCs.

1.4.1 Stress and CAs

During a stressful stimulus, the nervous input to the adrenal causes the adrenal

medullary release of CAs and chromaffin vesicle contents into the plasma. In early

studies by Cannon and de la Paz (1911), adrenomedullary A was shown to he released
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into the bloodstream following a stressor. The stressor consisted of exposure of

restrained cats to a barking dog, a natural stressor for this species. Using a strip of

intestinal smooth muscle, whose contraction was known to be inhibited by adrenal

secretions, Cannon and de la paz (1911) showed an inhibition of contraction by blood

from the inferior vena cava Gust above the opening of the adrenal vessels) collected from

"excited" cats. They concluded that the effects of the "excited" blood on contraction were

due to an increased content of adrenal secretion. This was supported by their

demonstration that removal of the adrenals prior to excitation abolished the ability of the

blood to relax the intestinal muscle strip. In addition, varying amounts of A added to

blood of non-excited cats produced relaxation of the strip. These studies therefore

illustrated that during times of stress, the adrenal gland releases A. In support of this

general theory of A release in times of stress, Goodall (1951) showed that of a variety of

African species slUdied, where adrenal A and NA were measured, the hunted animais had

predominantly A in their medulla whereas the hunters had predominantly NA. Since

hunted animals presumably undergo a more "stressful" lifestyle, this species difference

may be related to the ability of GCs to regulate the synthesis of A. Therefore, these

slUdies suggest a link between stress and the adrenal storage and/or release of A.

1.4.2 Functions of adrenaline

Adrenaline released from the adrenal medulla acts at sites at considerable

distances, thus classifying this CA as endocrine. The endocrine sympathoadrenal system

is responsible for maintaining homeostatic control over blood pressure, blood glucose

levels and oxygen availability. During a stressor, blood glucose levels need to be

elevated to provide for increases in energy substrate for a variety of tissues critical for the

"fight or flight" response (i.e. the brain, heart and skeletal muscle). Adrenaline stimulates

the breakdown of glycogen in the liver to provide more glucose. In adipose tissue, A

causes the metabolism of fats to glycerol and free fally acids, which can he used directly
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by the brain and cardiac muscle as fuel or by the liver to manufacture glucose. CAs

inhibit the release of insulin, a hormone which promotes the uptake of glucose into

tissues (an effect antagonistic to the effect of A), and promote the release of glucagon.

CAs also participate in reducing the rate of muscle proteolysis, in increasing the heart rate

and rate of breathing, and in shunting the blood to brain and skeletal musçle, thus

assisting in the fight or flight response. In addition, CAs relax bronchial smooth muscles

allowing for increased availabiliy of oxygen to the blood in times of stress. Therefore,

the endocrine actions of CAs help the organism to deal metabolically with stressful

stimuli.

1.4.3 Functions of GCs

During a stressful stimulus, the adrenal gland receives hormonal input, consisting

of a 4-5 fold increase in levels of plasma AcrH, causing the adrenocortical release of

GCs into the blood. GCs in plasma are reversibly bound to corticosteroid binding

globulin (CBG) and other plasma globulins, with approximately 10% of the GCs

unbl)und. Il is this unbound steroid that is available for uptake at target tissues and

responsible for GC actions. GCs have similar functions to the CAs in their ability to

provide for additional glucose for the fight or flight response, due to their acceleration of

protein catabolism and conversion of amino acids into glucose. In addition, GCs

stimulale the hepatic breakdown of proteins and promote gluconeogenesis, as well as

inhibit the secretion ofinsulin and stimulate the secretion of glucagon (see Munck, 1971;

Munck et al., 1984). Therefore during stress, in concert with A, GCs raise the blood

glucose levels to provide sufficient energy to tissues critical in the fight or flight response.

Although early physiological hypotheses suggested that GCs function to enhance

normal defense reactions against stressful stimuli, GCs were later found to suppress both

the immune response and inflainmatory reactions (Munck et al., 1984). These GC

actions following stress did not appear to serve a protective role for the organism. This
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led Munck and his colleagues (1984) to suggest that GCs protect not against the stress

itself but against the stress-induced defense mechanisms. These authors suggest that

GCs turn off these defense reactions, preventing an overshoot and thus protecting from a

possible threat to homeostasis. For example, the anti-inflan1matory properties of GCs

prevent stress-induced inflammation from being disruptive rather than protective in

nature, and resulting in tissue damage following prolonged stress. In addition, Munck et

al. (1984) have suggested that following the initial stress and the activation of the

appropriate defense reaction, there is a sufficient time delay before the GCs excrt their

suppressive influence on these defence reactions. Furthermore, Munck et al. (1984)

suggested that the negative feedback system is then instrumental in rcestablishing the

normallevels of GCs "once primary defense reactions have coped with a stress-induced

disturbance and glucocorticoids have suppressed the defense reactions".

Munck's theory of the role of GCs in the recovery of the organism following a

stressor, and the proposed existence of a time delay, are notions addressed in the present

thesis, at least at the level of the adrenal medulla. We have shown that GCs appear to be

important for the replenishment of medullary CA stores, via regulation of CA enzymes,

following exposure to short-term GCs and a required time delay.

We have discovered that sorne of the complexity of the interaction between GCs

released during a stressful stimulus and the activity of the A-synthesizing enzyme PNMT

lies in the time course of exposure of adrenal medullary cells to GCs. However, an

interaction between GCs and CAs exists during the resting state as weil, and is involved

in the homeostasis of the adrenal medulla. GCs are important both for the developmental

maturation of chromaffin cell content of CAs and peptides, and for the adult maintenance

of these neurohormones. Therefore, in order to understand the basis for the interaction of

the adrenal medulla and cortex during a stressful situation, we must first understand the

basic physiology of this gland.
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1.5 The adrenal gland

The adrenals are endocrine organs situated above each kidney, and are responsible

for the production of steroids and of catecholamines. Steroids are produced in the outer

adrenal cortex, a tissue derived embryologically from the mesoderm, whereas CAs are

produced from the inner adrenal medulla embryologically derived from the ectoderma1

neural crest. The adrenal cortex is a true gland with secretions controlled by a humoral

input, whereas the medulla is a neuroendocrine transducer with secretions controlled by

neural inputs (Pohorecky and Wurtman, 1971). In humans and other mammals, the

cortex and medulla form a complex, with the medulla encapsulated by the cortex. Due to

the embryological distinction of the two separate tissues which compose the adrenal

gland, the cortex has traditionally been studied by the endocrinologist, while the medulla

has been the domain of the neuroscientist or pharrnacologist (Pohorecky and Wurtman,

1971). The important question, as asked by Dr. Stephen Carmichael (1989), is what is a

neural ganglion doing inside an endocrine gland? An answer to this question lies in the

interaction between adrenocortical secretions (GCs) and adrenomedullary secretions

(CAs).

1.5.1 History

The first anatomical descriptions of the adrenal (suprarenal) glands were made in

1563 by Bartolomeo Eustacchio, a1though bis descriptions were not published unti11714

by Lancisi (cited in Thom, 1968). However, the function of the adrenal gland was not

described until 1849 when Addison noticed that sorne of his patients had debilitating

symptoms, which at autopsy he ascribed to "a diseased condition of the 'supra-renal

capsules"', for the fmt time suggesting thatthe adrenal gland was essential for life (cited

in Gaunt, 1975 and Allaben, 1982). This was given experimental support in the mid to

late 1800s by several French laboratories which showed that removal of the adrenal

glands was fatal (reviewed by Gaunt, 1975). Subsequent1y, a study by Houssay and
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Lewis (1923) showed that in dogs. removal of one entire gland and the adrenal medulla

of the opposite gland did not impair the health of these dogs, allowing 2 of them to run

away from the laboratory in excellent health (Gaunt, 1975). These studies and others of

that era (e.g. Hartman, 1922) conc1uded that although the adrenal cortex was essential for

life the medulla was not (Gaunt, 1975). However, the function of this gland remained a

mystery for many years as scientists held onto the notion that the adrenal's primary role

was the detoxification of circulating humors (Gaunt, 1975; Allaben, 1982). Subsequent

studies, using extracts of adrenal cortical tissue (Hartman et al., 1930; Hartman and

Brownell, 1930; Swingle and Pfiffner, 1930, 1931) showed that a substance in these

extracts could prolong the life of adrenalectomized animals indefinitely, a substance then

used successfully in c1inical trials for the treatment of Addison's disease (Roundtree et

al., 1930). These studies demonstrated the importance of adrenal corticosteroids for the

maintenance of a healthy existence, and our current understanding of the physiology,

pharrnacology and terrninology of the glucocorticoids and mineralocorticoids owes much

to the advances in the steroid biochemistry field of the 1930s, 40s and 50s (Allaben,

1982).

The influence of adrenocortical secretions on the adrenal medulla and its CA

content was suggested in the 1950s by Shepherd and West (1951) and Coupland (1953).

The pressor effect of medullary extracts had been known since the late 1800s (Oliver and

Schafer, 1894, as cited in Coupland, 1953), the substances now recognized as the amines

NA and A (Coupland, 1953). The relative amounts of NA and A were estimated by

using a bioassay for the pressor effects of adrenal extracts. This bioassay is based on the

effects of an injection of adrenal extracts on blood pressure and nictitating membrane

contraction in a spinal cat (Burn et al., 1950). Adrenaline causes both a rise in blood

pressure and a contraction of the nictitating membrane, whereas NA increases blood

pressure with litt1e effect on the nictitating membrane. Therefore, a ratio of the height of

the contraction of the nictitating membrane to the height of the blood pressure rise is
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calculated, with higher ratios indicating greater proportions of A. The ratios in unknown

samples are compared to the ratios obtained following the injection of standards of known

amount of CAs. Vsing this method in addition to paper chromatography, Shepherd and

West (1951) demonstrated that the degree ofmethylation of NA was correlated with the

relative cortical size of adrenals from adult cats, guinea pigs, dogs and humans. Vsing

the same bioassays, Coupland (1953) demonstrated that only NA is responsible for the

pressor activity in the dogfish, a species where CA-synthesizing ce11s are anatomically

distinct from adrenocortical tissue, whereas a mixture of A and NA is responsible for the

pressor effects in the rabbit and in man, species where the CA-synthesizing ce11s are

surrounded by cortical tissue. In frogs, where CA-synthesizing tissue is partly intra­

adrenal without forming a distinct medulla, 55-70% of the pressor response is due to NA.

In human and rabbit fetal extra-adrenal CA-synthesizing tissue (para-aortic bodies also

known as the 'organs of Zuckerkand1'), the pressor effects are entirely due to NA

(Coupland, 1953). Although the bioassay used represented a crude estimation of the

relative influence of NA and A, (theeffects of adrenal extracts were compared to the

effects of standards containing known amounts of the amines), these two sets of studies

suggested that adrenal medullary conversion of NA to A was influenced by the presence

of adrenocortical tissue. Therefore, the nature of the catecholamine stored within adrenal

medu11ary ce11s is reflected by the degree of association between the adrenal cortex and

medulla (Pohorecky and Wurtrnan, 1971).

Historically, the interaction between the adrenal cortex and the secretions of the

adrenal medu11a had been suggested by a number of indirect and correlational studies.

With the advent of in vitro model systems, such as medu11ary cells cultured in monolayer,

a more direct investigation of this interaction could be studied. This is the system used

throughout mast of the studies in the present thesis, in order to study in detail the GC-CA

interaction. In the past, these in vitro systems had been used to characterize in detail the

morphology and composition of medu11ary ce11s. Much of what is known today about
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chromaffin cell content, function and secretion was brought about using in vitro

medullary cel! cultures. The following sections will deal with these topics in greater detail

in order to understand the complexity of the interaction between GCs and the adrenal

medullary system.

1.5.2 The adrenal medulla

1.5.2.1 Catecholamine biosynthesis

CAs are monoamine compounds, containing an amine group and a catechol

nucleus (made up of a benzene ring with two hydroxyl groups). In 1939, Blaschko

proposed the sequence of biosynthesis of the CAs (dopanline, DA; NA and A). In the

adrenal medulla, CA biosynthesis begins with the conversion of tyrosine, an amine acid

obtained from the diet, to dihydroxyphenalanine (DOPA) (see Figure 1-1). This

conversion is catalyzed by the enzyme tyrosine hydroxylase (TH; E.C. 1.14.16.2;

Nagatsu et al., 1964), found in the cytoplasm of medullary cells, and is the rate limiting

step in CA biosynthesis (Levitt et al., 1965). The cofactors required for conversion of

tyrosine to DOPA are tetrahydropteridine, Ch and Fe2+. DOPA is then converted to

dopamine, in the presence of vitamin B6 as a cofactor, by the enzyme DOPA

decarboxylase (also known as aromatic amino acid decarboxylase; E.C. 4.1.1.28;

Blaschko 1939; Christensen et al., 1970) in the cell cytoplasm. Dopamine is then taken

up into storage vesicles where it is converted to NA by the enzyme dopamine B­

hydroxylase (DBH; E.C. 1.14.17.1; Levin et al., 1960; Goldstein et al., 1965), requiring

Û2 and vitamin C as cofactors. In A-storing cells of the adrenal medulla, NA is further

metabolized to A by the cytoplasmic enzyme phenylethanolamine N-methyltransferase

(PNMT; E.C. 2.1.1.28; Kirshner and Goodall, 1957; Axelrod, 1962), with the help of

the cofactor S-adenosylmethionine.
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Figure 1-1. Catecholamine biosynthetic pathway. Taken from Carmichael

(1983).

TH, DBH and PNMT are all regulated by both honnonal and neural influences,

although each enzyme is predominantly regulated by one or the other influence. In the

present study we have focussed on the regulation of PNMT in vitro and in vivo, and the

regulalion of TH in vivo. We have studied the regulation of TH in vivo since it is this

enzyme which is rale-limiting for CA biosynthesis (Levitt et al.; 1965), and have studied

the reguiation of PNMT due 10 ils role in the conversion of NA 10 A. Consequently,

these two enzymes will be described in greater detail below, with a discussion of the

regulation of these enzymes by neural and honnonal influences discussed in later

sections.
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Tyrosine Hydroxylase

TIl is a mixed function oxidase flfst identified by Nagatsu et a!. (1964). Using

both Iight and electron microscopes, immunocytochemical studies have localized this

enzyme to the cell cytosol (Pickel et al., 1975; Nagatsu et al., 1979). TIl is the raIe

Iimiting enzyme in CA biosynthesis. The evidence for this was provided by Levitt et al.

(1965) in studies using an isoiated, perfused guinea pig heart preparation. Provided with

enough substrate, the formation of NA from dopa or dopamine increased with the amount

of precursor available. However, if tyrosine was used as a substrate to measure NA

formation, saturation of this substrate was observed, suggesting that it is the conversion

of tyrosine, and therefore TIl, that is the rate-Iimiting step in the biosynthesis of CAs. In

1966, Ikeda and coworkers suggested that TH could be inhibited by NA and A, therefore

subject to feedback inhibition.

Phenylethanolamine N·Methyltransferase

PNMT has been localized mainly to the chromaffin cell cytoplasm (Axelrod,

1962; Nagatsu and Kondo, 1974), as weil as to a lesser extent within chromaffin vesicles

(Brownfield et al., 1985). This enzyme is responsible for the transfer of a methyl group

from S-adenosylmethionine to the amine nitrogen of NA (N-methylation; Kirshner and

Goodall, 1957). The conversion of NA to A was first demonstrated in 1949 by

Buhlbring (Buhlbring, 1949; Buhlbring and Bum, 1949). It was subsequently shown

that in addition to NA, PNMT methylates a number of phenylethanolamine derivatives

such as normetanephrine, metanephrine and octopamine (Axelrod, 1962). End-product

inhibition of PNMT in vitro by both its substrate, NA and its product, A, has been

reported by Fuller and Hunt (1965; 1967). Using adrenal gland homogenates from

rabbit, rat and bovine species, the Ki (the concentration at which 50% of the activity is

inhibited) for inhibition of PNMT was =50-100 l1~t of A. The concentration of A in the

adrenal in situ is much higher (=3-16 mM), a conœntration sufficienl 10 cause inhibition
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of PNMT in resting adrenals. This led to the proposaI that in times of stress, fol1owing

secretion of medullary A, this inhibition would he released, allowing for an increased rate

of formation of A (Fuller and Hunt, 1967). However, PNMT is a cytoplasmic enzyme

whereas A is stored within chromaffin vesicles. Therefore, in situ, it is unlikely that

PNMT is directly inhibited by A within the cell. Nevertheless, this inhibition of PNMT

activity by A in vitro must be acknowledged when considering possible regulation of this

enzyme by varying levels of CAs within cytoplasmic extracts used in assays of PNMT

activity.

1.5.2.2 Composition of chromaffin cells

The adrenal medulla makes up 5-10% of the gland by volume (Coupland et al.,

1984), and is composed of CA storing chromaffm cells, named for their ability to assume

a brown color when stained with a chromic acid solution ("the chromaffm reaction"; from

the Greek chroma meaning calor, and the Latin affinis meaning affinity). It was first

shown by Eranko (1951, 1952, 1955a, 1955b) using fluorescence microscopy of

formalin-fixed sections of adrenal glands from various species, and by Hillarp and

Hokfelt (1953) who use<! potassium iodate histochemistry, that there are two types of

cells in the adrenal medulla, A-storing and NA-storing cells. In 1953, B1aschko and

Welch, using subcellular fractionation of bovine adrenal medulla homogenates, found that

70% of the A activity (as measured by presser response in a spinal cat) was present in the

particulate fractions. These studies suggested that A was stored in granules which they

called "pre-secretory granules" (B1aschko and Welch, 1953). Using osmic-dichromate

fixative, Lever (1955) definitively showed that CAs were stored in chromaffin granules,

and that these granules were partly lost fol1owing a 2h cold stress (suggesting secretion of

CAs following stress). An alternate method for fixation of chromaffin cells uses

glutaraldeyde, which precipitates NA as a homogenous electron dense complex, thus

allowing cells to retain this amine. With this method, A diffuses away from within the
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granule leaving only the moderately electron dense granular amine-binding substance.

Using this tool, Coupland's laboratory (1964; 1965a) provided evidence for a difference

in the histochemical appearance of CA-storing cells, with A-storing cells containing

moderately electron dense granules compared to NA-storing cells, which contain

intensely electron dense granules (Coupland, 1965a). Due to the difference in the density

of A and NA cells, these can be isolated separately on bovine serum albumin (BSA)

gradients (Lemaire et al., 1983) and can be used to study selective regulation of each CA.

Granule contents

Chromaffin granules contain approximately 60% water and a CA content of 2.5

IJ.moVmg protein (WinkIer, 1976). In addition to the presence of CAs stored within the

medullary cell granules, these cells contain a variety of minerais, lipids and proteins (for

comprehensive reviews see Winkler, 1976; Winkler and Carmichael, 1982). Chromaffin

granules contain a large amount of ATP (Hillarp, 1960) and other nucleotides (Rodriguez

dei Castillo et al., 1988; Castillo et al., 1992), with a molar CA/ATP ratio of about 4.5

(Winkler, 1976). Additionally, chromaffin cell granules contain proteins

("chromogranins", Blaschko et al., 1967), a variety of peptides (summarized in Table 1-1;

see Pelto-Huikko, 1989 for recent review), trace amines such as serotonin (Brownfield et

al., 1985), and the enzyme dopamine B-hydroxylase (Kirshner, 1959).

The mixture of substances stored within the chromaffin cell granule is secreted by

the cell in an exocytotic fashion. It has been calculated that when a chromaffin vesicle

fuses with the plasma membrane, it releases about 3 million molecules of CAs, 800,000

molecules of nucleotides such as ATP, 5,000 molecules of chromogranin A, 80

molecules of chromogranin Band several thousand molecules of enkephalin (ENK)

precursors and free ENKs (Winkler and Westhead, 1980).
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Table 1-1. Chromaffin cell content of various peptides

• Peptide Species References

VIP man Linnoila et al., 1980
rat Holtzwarth et al., 1984

Hokfelt et al., 1981
Kondo et al., 1986

Substance P man Linnoila et al., 1980
rat Kuramoto et al., 1985

Sornatostatin man Lundberg et al., 1979
eat Vincent et al., 1987

Vasopressin rat Hawthom et al., 1987
and hamster Hawthom et al., 1987

Oxytocin guinea pig Hawthom et al., 1987
bovine Hawthom et al., 1987

ANP rat McKenzie et al., 1985
Inagaki et al., 1986

Acœ man Ito et al., 1981
Dynorphin pig Vincent et al., 1984
Enkephalins rat Schulzberg et al., 1978

Hervoven et al., 1980
guinea pig Schulzberg et al., 1978
eat Schulzberg et al., 1978
h~mster Pelto-Huikko et al., 1982
bovine Livett et al., 1982

• Neurotensin eat Lundberg et al., 1982

Neuropeptide Y
Terenghi et al., 1983

bovine Majane et al., 1985
de Quidt and Emson, 1986

horse Vamdell et al., 1984
eat Vamdell et al., 1984
rat Vamdell et al., 1984
guinea pig Vamdell et al., 1984
mouse Vamdell et al., 1984

CGRP rat Rosenfeld et al., 1983
Kuramoto et al., 1987
Pelto-Huikko and Salminen, 1987

eat Pelto-Huikko and Salminen, 1987
mouse Pelto-Huikko and Salminen, 1987

Galanin eat Pelto-Huikko, 1989
hamster Pelto-Huikko, 1989
mouse Pelto-Huikko, 1989

•

Summarized from data cited in Pelto-Huikko, 1989. (Abbreviations used: Acœ,

adrenocorticotropic hormone; ANP, atrial natriuretic peptide; CGRP, calcitonin gene­
related peptide; VIP, vasoactive intestinal peptide.)
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Chromaffin cell peptides

ln addition to ENKs present in chromatTm cells, a large number of other peptides

have been localized to the adrenal medulla (see Table 1-1), in either A or NA cells.

ENKs, as weU as neurotensin and galanin, are costored in both A- and NA-containing

ceU types, whereas neuropeptide Y and ca1citonin gene-related peptide (CGRP) seem to

be stored only in the A ceUs (see Table 1 of Pelto-Huikko, 1989). Therefore, although

there are two subtypes of chromaffin ceUs (A and NA), within these subtypes there ex:ists

a numOOr of different cells which co-store one of the CAs and one or more of the different

peptides in Table 1-1. A functional role for these medullary peptides has been proposed

to include either an intracellular function, a paracrine effect on chromaffin or adjacent

cells, a modulation of the stimulation of chromaffin cells by acting on nerve temlinals, or

a role as a hormone acting at distant sites (Pelto-Huikko, 1989).

To date, the oost studied chromaffin cell peptides are the ENKs. These opioid

peptides are present in very high levels (several thousand molecules per granule; Winkler

and Westhead, 1980), compared to the other peptides in Table 1-1. ENKs have been

reported to be costored and coreleased with the CAs (Schultzberg et al., 1978; Viveros et

al., 1979; Stem et al., 1979; Lewis et al., 1980). The function of released adrenal ENKs

have been suggested to include general opioid effects at peripheral sites as weil as CNS

effects of circulating opioids, since these peptides have been shown to permeate the

blood-brain barrier (see Viveros and Wilson, 1983). In addition, adrenal opioid peptides

have been suggested to be involved in a nalox:one-sensitive stress-induced analgesia since

1) the analgesia produced by prolonged stress is blocked by prior adrenal medullectomy

and 2) is potentiated by reserpine administration at doses that increase adrenal medullary

opioid peptides (Lewis et al., 19R2). Therefore, adrenomedullary ENK synthesis and

release during and following ~ stress response may have an instrumental role in the

animal's response to stress.
•
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During stress, the release of the contents of the adrenal chromaffin cells is

brought about by an increased firing of the splanchnic nerve innervating the adrenal

gland, whereas increased synthesis of CAs and ENKs (see later sections) appears to he

influenced by a stress-induced release of GCs. Therefore, incoming stressful stimuli

result in both release and subsequent replenishment of chromaffin cell contents. In

addition to the GC-induced regulation, the neural regulation of CA biosynthesis has alse

heen addressed in the present thesis. "Ne are reponing that in vitro, activation of nicotinic

receptors (which are activated in vivo by neurally released ACh), may alter the GC­

induced time course of the regulation of PNMT (chapter IV). In addition, it has heen

suggested that in vivo, the nerve may he imponant for maintaining steady-state levels of

PNMT (Schalling et al., 1991). Therefore, in order to understand this complex GC­

neural interaction, the role of the splanchnic nerve on the synthesis and secretion of CAs

will be addressed below.

1.5.2.3 Innervation of the adrenal medulla

The first evidence for nervous control of adrenal secretion was provided by

Dreyer in 1899 (cited in Coupland, 1965c) who showed that following increased

stimulation of the splanchnic nerve, adrenal venous blood from a dog caused an increase

in blood pressure in a bioassay. The origin of the nerve fibers to the adrenal medulla

were suggested by Young (1939) following section of spinal roots in the cal This work

showed a degeneration of nerve fibers reaching medullary cells following sectioning of

spinal nerve roots joining the greater and lesser splanchnic nerve (thoracic 7 to lumbar 3

roots; see Figures 7 and 8 of Young. 1939). This suggested that groups of chromaffin

cells were innervated separately by different nerve fibers, since the degeneration was

limited with any one root transection. It was subsequently shown that these

preganglionic sympathetic fibers innervating chromaffin cells were non-myelinated in
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nature (Coupland, 1965b). Physiological evidence to support the innervation of the

adrenal medulla by the splanchnic nerve was provided in cats (Maycock and Heslop,

1939) where stimulation of the thoracico-Iumbar nerves produced increased adrenal

medullary secretions as measured in a bioassay (cat nictitating membrane contraction).

Therefore, both anatomical and physiological evidence supports an innervation of adrenal,

medullary cells by the preganglionic splanchnic nerve.

The first demonstration that this nerve was cholinergie came from the classical

experiments of Feldberg et al. (1934). In those studies, the effect of acetylcholine (ACh)

or splanchnic stimulation was examined in spinal cat adrenal glands, with restricted blood

flow in order to measure the pressor effect of medullary secretion on arterial blood

pressure. Feldberg and coworkers concluded that the pressor effects of acetylcholine

injections (into the coeliac artery) or splanchnic stimulation were due to changes in the

output of A, since 1) removal of the glands resuIted in a lack of a pressor response to

ACh injection and 2) the addition of eserine. (to prevent breakdown of ACh) increased the

pressor response. These experiments suggested that the release of A from the medulla is

due to the splanchnic releas.e of "something indistinguishable from" ACh (Feldberg et al.,

1934).

However, these studies could not show that splanchnic nerve stimulation and

ACh were directly responsible for A release. Subsequent studies using denervated

perfused cat adrenal glands showed that release of CAs from the adrenal medulla occurs

in response to application of the nicotine group of cholinomimetics (Douglas and Rubin,

1961b). Nicotine-evoked release of CAs has been shown to be blocked by the addition

of the nicotinic antagonist hexamethonium, both in cat adrenals pcrfused in situ (Douglas

and Poisner, 1965; Collier et al., 1984) and in perfused bovine adrenals (Wilson and

Kirshner, 1977), thereby confmning the cholinergic nature of CArelease. The release of

the secretory contents of chromaffin cells in response to an excitatory stimulus has been

termed "stimulus-secretion coupling" analagous to the skeletal muscle "stimulus-
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contraction coupling" (Douglas and Rubin, 196Ib). In addition, using the denervated

perfused cat adrenal preparation, it was reported that calcium was necessary for ACh to

produce appreciable CA release, whereas removal of ail sodium and potassium from the

perfusion mediu:n did not prevent the ACh-induced CA release (Douglas and Rubin,

1961a; 1963). Additionally, more recent studies have demonstrated that, following

splanchnic stimulation, the release of CA from the cat adrenal is well correlated with the

release of ACh, reflecting a Iinear input-output relationship (Collier et al., 1984).

1.5.2.4 Splanchnic nerve contents

Although the splanchnic nerve release of ACh seems to be primarily responsible

for adrenal medullary CA release, this release may be modulated by the variety of

peptides that have been immunocytochemically localized in the nerve fibers innervating

the medulla (for review, see Pelto-Huikko, 1989). Although there are species differences,

Pelto-Huikko (1989) has shown that there is selective localization ofpeptidergic neurons

to either A- or NA-storing cells, suggesting differential release of either CA depending on

the incoming stimulus. For example, in the rat, there seem to be three populations of

preganglionic neurons containing either 1) ACh only (innervating both A and NA cells),

2) ENKs only (innervating A cells) or 3) both ACh and ENKs (innervating A cells). In

the cat and mouse, in addition to ENKs and ACh, neurotensin has been found in nerve

terminais, innervating NA cells. In ail species, galanin was found in nerve terminais

rnainly at A cells, and in the rat, CGRP nerves (that co-Iocalize substance P) innervated

PNMT-immunoreactive (A) cells (Pelto-Huikko, 1989). Neuropeptide Y (NPY) fibers

and VIP fibers (Holzwarth, 1984) in the rnedulla appear to contact sorne chromaffm cells

with no specifie relation to the two cell types, with these fibers themselves being

innervated by enkephalin fibers(for NPY) or CGRP/substance P fibers (for VIP) (Pelta­

Huikko, 1989). These studies suggested that the adrenal rnedulla is not only under

cholinergie preganglionic control but that CA and peptide secretion frorn chromaffm cells
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may be under multiple regulation by peptidergic and cholinergic contents of the nerve

fibers.

1.5.2.5 CA secretion

Nicotinic and rnuscarinic control

Cholinergic stimulation of adrenal CA release appears to have both a nicotinic and

muscarinic componen!. Early pharmacological studies by Dale (1914) served to c1assify

the "m~scarine-like" and "nicotine-1ike" actions of choline and its derivatives on artenal

blood pressure of the ca!. Small doses of atropine (a muscarinic antagonist) abolished

the depressor effect of these drugs on blood pressure ("muscarine-like" action), and

demonstrated thatthe stimulant effect of ACh on the adrenal medulla is "nicotine-like".

However, Feldberg and coworkers (1934) later demonstrated the presence of a

"muscarine-like" effect on cat adrena1 medullary secretion since an arterial injection of

muscarine stimulated to sorne extent the output of CAs from the medulla. Therefore, in

the cat, the release of adrenal CAs cao be evoked by both muscarinic and nicotinic

actions.

A1though early work (Feldberg et aI.,1934; Douglas and Rubin, 1961b; Douglas

and Poisner, 1965) suggested both a muscarinic and nicotinic component to :he

cholinergic stimulation of CA release in the cat, the relative importance of each receptor

type appears to be species-dependent. It had been reported by Wilson and Kirshner

(1977), using perfused bovine adrenals, that the receptors in the cow medulla were

entirely nicotinic. This was based on the inability of the muscarinic agonist pilocarpine to

stimulate the release of CAs. However, in the bovine species, it appears that mimicking

muscarinic stimulation of cultured medullary cells (with cyclic GMP analogues) can

antagonize the nicotinic-induced release of CAs (Derome et al., 1981). Using a more

physio10gical mode1, the perfused bovine adrenal, Swilem and coworkers (1983) showed

similar results with muscarinic agonists inhibiting the nicotine-induced re1ease of CA.
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Paradoxically, in the studies by Wilson and Kirshner (1977) using perfused

bovine adrenals, atropine, a muscarinic antagonist, was able to inhibit the nicotine­

induced secretion of CA. However, the concentration needed for this effect (30 !lM for

half-maximal inhibition) was higher than that required for muscarinic blockade,

suggesting that the effect of atropine was at the nicotinic receptor in these studies (Wilson

and Kirshner, 1977). Therefore, in the bovine species, nicotinic-induced release of CAs

seems to be negatively modulated by the muscarinic receptor of the adrenal medulla.

However, this negative modulation does not appear to play a major role in the ACh­

stimulated release of CAs, since the response of chromaffin cells to stimulation by

nicotine is identical to the response evoked by stimulation with ACh (Derome et al.,

1981). This therefore suggests that any muscarinic component of the ACh stimulation is

overcome by the nicotinic-induced release of CAs.

In contrast, in human adrenal medullary cell pieces, ACh-evoked depolarization

and release of ATP (reflecting secretion of chromaffin granule contents) is under both

nicotinic and muscarinic control (Nassar-Gentina et al., 1990). In addition, in cultured

guinea pig chromaffin cells, both nicotinic and muscarinic activation induced CA

secretion, neither of which alone were as effective as ACh (Role and Periman, 1983).

Co-treatment of cells with optimal concentrations of nicothlic and muscarinic agonists

induced a CA secretion comparable to secretion in response to optimal concentrations of

ACh (Role and Periman, 1983). In the mouse, adrenal medullary cells depolarize in

response to muscarinic but not nicotinic stimulation (Nassar-Gentina et al., 1988), and

can be blocked by atropine (100 !lM), suggesting muscarinic receptor-mediated regulation

of CA secretion in the mouse (Nassar-Gentina et aI., 1990). In the perfused rat adrenaI,

both nicotinic and muscarinic stimulation of CA secretion have been observed, effects

blocked by their respective antagonists, hexamethonium and atropine (Wakade and

Wakade,1983).
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Therefore, in most other species studied, both muscarinic and nicotinic receptors

seem to be involved in the releasc of adrenal medullary CAs. In the bovine species, CA

release is stimulated by nicotinic receptor activation, this release perhaps being modulated

by muscarinic receptor activation. However, ACh and other neurotransmitters are

released from the splanchnic nerve, as discussed in previous sections. Therefore,

receptors for many of the neurotransmitters identified in the splanchnic nerve have been

investigated for their presence on chromaffin cells, and are discussed below.

1,5.2.6 Receptor types on chromaffin ceUs

Regulation of CA secretion by multiple factors is achieved via receptors localized

on chromaffin cell membranes. The presence of a number of receptors for a variety of

neurotransmitters and neuromodulators has been suggested by biochemical and/or

pharmacological experiments. These include cholinergic receptors of both the muscarinic

(Kayaalp and Neff, 1979) and nicotinic (Higgins and Berg, 1987; 1988; Criado et al. ,

1992; Lee et al., 1992) subtypes, opiate receptors (Chavkin et al., 1979; Kumukara et al.,

1980; Lemaire et al., 1981; Lemaire et al., 1983), substance P receptors (Livett et al.,

1979; Boksa et al., 1982), and prostaglandin receptors (Helle and Serck-Hanssen, 1975;

Karaplis et al., 1989). In addition, functional and/or ligand binding studies in the adrenal

medulla have suggested the presence of receptors for catecholamines, such as dopamine

receptors (ArtaIejo et al., 1985; Quik et al., 1987), and both alpha and beta subtypes of

adrenergic receptors (Greenberg and Zinder, 1982; Wada et al., 1982; Sakurai et al.,

1983; Michener and Peach, 1984; Powis and Baker, 1986; Sharma et al., 1986),

although the presence or functional role for the adrenergic receptors remains controversial

(Wan et al., 1988). Finally, receptors for corticotropin releasing factor (CRF; Udelsman

et al., 1986), vasoactive intestinal peptide (VIP; Wilson, 1988), adrenocorticotropic

hormone (ACI1I; Michener et al., 1985), histamine (Marley et al., 1991), imidazolines

(Regunathan et al., 1990; Regunathan et ai., 1991), arginine vasopressin (AVP) and
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oxytocin (Taylor et al., 1989), and atrial natriuretie peptide (ANP; Heisler and Morner,

1988) have been reported. Therefore, the multitude of reeeptors localized to ehromaffin

eeU membranes for the variety of peptides and hormones may play a role in the regulation

of secretion of ehromaffin cell contents. In addition, any or all of these reeeptors for

splanchnic nerve contents may be involved in the regulation of CA biosynthetic enzymes

such as TH and PNMT.

1.5.2.7 Neural regulation of TH and PNMT

TH

Evidence for neural regulation of adrenal medullary TH has been reported by a

number of groups. Several studies have shown an induction of TH activity and/or

mRNA by short-term drug treatment (Patrick and Kirshner, 1971; Zigmond et al., 1989;

Stachowiak et al., 1990a; McMahon and Sabban, 1992). Reflex increases in splanehnic

neuronal tiring following 6-hydroxydopamine administration significantly elevated the

activity of TH (Mueller et al., 1969a; Thoenen et al., 1970). In addition, increasing

sympathetic neuron activity in vivo by reserpine administration elevated TH activity

and/or mRNA (Mueller et al., 1969b; Molinoff et al., 1970; Black et al., 1971; Scha1ling

et al., 1991). Abolishing neuron activity by splanehnic denervation resulted in decreases

in TH mRNA (Schalling et al., 1991). These in vivo studies suggested thatthe nerve

plays an important mie in the regulation of TH.

As weil, in vitro studies with bovine adrenal medullary cells have shown that

continuous (6-48h) exposure to cholinergic nicotinic agonists increases TH mRNA

(Stachowiak et al., 1990a; Craviso et al., 1992). However, in vivo ganglionic b10ckade

by ch10risondamine did not reverse the reserpine-induced increase in TH mRNA

(Schalling et al., 1991). This suggests that an additional neural transmilter not acting on

nicotinic cholinergic receptors may be involved in regulation of TH expression.

However, chlorisondamine, at the doses used (IO mg/kg ip), may not fully block the
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adrenal nicotinic receptors. The general autonomic blockade evoked by this agent may

result in a secondary increase in transmission at synapses on chromaffin cells using a

messenger that is not blocked by this drug (SchalJing et al., 1991). In support of this,

regulation of 111 activity has been observed in chromaffin cells or PCI2 cells in resJXlnse

to VIP, secretin, nerve growth factor, epidermal growth factor, and glucagon (see

Zigmond et al., 1989). These neurotransmitters/neuromodulators may also regulate the

expression of the TH gene, and may account for the in vivo increase in TH mRNA

following chlorisondamine treattnent (Schalling et al., 199\), and the in vitro increase

following elevation of intracellular cAMP levels (Carroll et al., 1991). Therefore, these

studies support a neuronal regulation of111 activity and/or mRNA levels, mediated both

by cholinergic receptor activation as well as by other splanchnic nerve contents.

PNMT

Although the predominant regulation of adrenomedullary PNMT activity is

thought to be hormonal in nature (discussed in later sections), a number of studies have

provided evidence for the neural regulation of this enzyme. For examp!e, drug-induced

increases in neural activity have been reported to induce PNMT (Mueller et al., 1969a;

Molinoff et al., 1970; Thoenen et al., 1970; Ciaranello and Black, 1971; Ciaranello et al.,

1976). 6-hydroxydopamïne-induced increases in splanchnic neuronal fmng significantly

elevates levels of PNMT (Mueller et al., 1969a; Thoenen et al., 1970), an effect

independent of pituitary influence and dependent on adrenal innervation (Thoenen et al.,

1970). In vivo, a decrease in PNMT mRNA has been reported following denervation of

the splanchnic nerve (Schalling et al., 1991), suggesting that the presence of the nerve is

important for maintaining steady-state levels of PNMT. In addition, in vivo reserpine

administration, which causes a reflex increase in neuronal activity, elevates the activity of

PNMT (Mueller et al., 1969b; Molinoff et al., 1970; Black et al., 1971; Ciaranello and

Black, 1971; Ciaranello et al., 1976). On the other hand, reserpine decreases
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adrenomedullary PNMT mRNA, both in vitro (Stachowiak et al., 1990a) and in vivo

(Schalling et al., 1991). The effect of reserpine administration on in vivo PNMT rnRNA

levels can be blocked by previous splanchnic nerve transection or ganglionic blockade

(SchaIIing et al., 1991). These opposing results of reserpine on the activity and rnRNA

of PNMT are difficuit to reconciie. One possiblity that has been suggested is that in vivo,

reserpine may change the sensitivity of chromaffin cells to GCs (Dagerlind et 1l1., 1990).

Therefore, there would be enough GCs to increase the activity of PNMT (by inhibiting

degradation and stabilizing the cofactor for this reaction; Ciaranello, 1978; Berenbeim et

al., 1979; Wong et al., 1985), but not enough to stimulate the synthesis of new PNMT

molecules. This theory does not however explain the results obtained in vitro, for which

those authors (Stachowiak et al., 1990a) do not provide an explanation. Nevertheless,

the studies described above iIlustrate that PNMT can be regulated by altering splanchnic

neuronal tone, and that a neuronal cholinergie mechanism is likely responsible for this

regulation.

The influence of a cholinergie mechanism involved in the regulation of PNMT is

supported by in vitro studies showing that continuous (18h) exposure of bovine adrenal

medullary cells to cholinergie nicotinic agonists increases PNMT rnRNA (Evinger et al.,

1988; Stachowiak et al., 1990a). In vitro, an increase in the activity and/or mRNA of

PNMT in bovine adrenal medullary cells has also been reported following nerve growth

factor (NGF) treatment (Acheson et al., 1984), histamine (Evinger et al., 1988),

angiotensin (Stachowiak et al., 1990b), and imidazoJe receptor activation by the agonist,

clonidine (Evinger et al., 1989). In addition, PNMT mRNA has been shown to be

increased in vitro by elevating intracellular cAMP levels (Carroll et al., 1991), a second

messenger used by a number of splanchnic nerve contents. Therefore, the influence of a

number of splanchnic nerve contents, in addition to ACh, is apparent in the regulation of

adrenomedullary PNMT.
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Adrenomedullary PNMT can be regulated by splanchnic nerve contents, as

discussed above. However, the predominant regulation of this enzyme is via the GCs

released from the adrenal cortex, both under basal conditions, and during a stress

response (see later sections). The reason for this relationship between the adrenocortical

GCs and the adrenomedullary CAs is due to the anatomical association of the adrenal

cortex and medulla. The medulla is exposed to levels of GCs in the order of 10-6 M or

higher in both anesthetizéd (Kitay, 1961; Peytremann et al., 1973; Jones et al., 1977) and

awake animals (Engeland et al., 1989), probably rising to 10-5 - 10-4 M during stress

(Jones et al., 1977; Engeland et al., 1989). The concentrated levels of GCs bathing

adrenal medullary cells will be diluted upon entering the general circulation. Therefore,

tissues other than the adrenal medulla are exposed to GC concentrations found in the

general circulation, in the range of 10-8 - 10-7 M, rising to 10-6 M during stress (Zurnoff

et al., 1974; Schoneshofer and Wagner, 1977; Dallman et al., 1987). This 1oo-fold

discrepancy between the medulla and other tissues is due to the unique association of the

cortical and medullary blood supply.

1.5.2.8 Blood supply

Arterial blood to the adrenal cortex is supplied by the middle and inferior

suprarenal arteries as weIl as the descending aorta. Blood is retumed to the inferior vena

cava via the suprarenal veins. Running through the center of the adrenal gland, at the

corticomedullary border, is the central vein, draining blood from the cortex and medulla.

Cortical blood, rich in corticosteroids, passes into medullary sinusoids. Therefore, it has

been hypothesized that the CA synthesized by a given chromaffin cell depends on the

concentration of hormones present in the cell's environment (Coupland and MacDougall,

1966; Pohorecky and Wurtman, 1971).

This view has been challenged by COllpland and Selby (1976) who, using an

injected dye in order to visualize vessels with light microscopy, have shown that both A·
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and NA-storing cells are found in proximity to cortical venous channels. Using epoxy

resin-embedded sections and transmission electron microscopy, Kikuta and Murakami

(1984) supponed the work of Coupland and Selby (1976), and suggested that bath types

of chromaffin cells (A and NA) may have equal access to conical honnones. Both A and

NA cells were found in proximity to all types of blood vessels and did not follow the

selective medullary distribution of the venous channels (draining cortical blood flow) and

medullary capillaries (containing arterial blood transmilted via the medullary arteries).

However, Livett and coworkers (1982) have shown that A-storing cells are

located preferentially towards the cortico-medullary border, whereas the NA-storing cells

are found in the vicinity of the centrallobular vein. In addition, the outer rnargin of the

adrenal medulla expresses mRNA for PNMT in ovine adrenals as early as 95d gestation

(Wan et al., 1989a), and in adult bovine and ovine adrenals, colocalizing with proENK

mRNA (Wan et al., 1989b). Taken together, these studies raise the point that an adult

NA-storing cell found in the vicinity of cortical venous effluent may retain the NA

phenotype even in the presence of high GCs. This suggesls that since adult medullary

NA cells do not contain PNMT, they may not be subject to regulation by GCs.

However, embryonic rat adrenal medullary precursor cells in vitro can differentiate from a

NA phenotype to an A phenotype by the addition of GCs (Seidl and Unsicker, 1989).

Therefore, it appears that developmental detennination of the NA vs. A phenotype in

chromaffin cells may be influenced by GC exposure (see also section 1.6.2). However,

in the adult, GC regulation of CA biosynthetic enzymes (e.g. PNMT) and of peptide

levels only occurs in susceptible (e.g. PNMT- and A-eontaining) sub-types of chromaffm

cells.

The previous sections have dealt with the biosynthesis of CAs, as weil as the

composition of bath adrenal medullary cells and the splanchnic nerve innervating these

cells. In addition, control over the secretion of CAs, as weil as the neural regulation of
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CA synthesis have been examined. The functional interaction of the adrenal conex and

medulla is brought about by the unique juxtaposition of these !wo tissue as weU as by the

adrenal blood supply. The supply of blood to the adrenal meduUa can explain why

chromaffin ceUs are exposed to such high levels of GCs, which results in a regulation of

CA biosynthetic enzymes. In order to understand the nature of GC regulation of adrenal

medullary function, the next sections will deal with the mechanism and regulation of the

adrenocortical synthesis of GCs. In addition, the interaction between adrenoconical GCs

and adrenomedullary function during development and adulthood will be examined in

greater detail.

The adrenal cortex

Steroid hormone synthesis

Steroid hormones are structures made up of a cyclopentanophenanthrene nucleus,

which is a cyclopentane group attached to a phenanthrene core, with adrenal

corticosteroids existing in the "chair" formation. The precursor to all steroid hormones is

cholesterol (C2714S0H), 80% of which is derived from serum cholesterol (Gwynne and

Strauss, 1982). The rate limiting step in adrenoconical hormone biosynthesis is the

conversion of cholesterol to pregnenolone (Simpson and Waterman, 1983).

1.5.3.2 Regulation of GC synthesis by ACTH

The regulation of adrenal steroid production is under the control of a

neuroendocrine axis made up of the hypothalamus, pituitary and adrenal gland (HPA

axis). The hypothalamic peptides, conicotropin-releasing factor (CRF) and arginine

vasopressin (AVP), trigger the synthesis and release of adrenoconicotropic hormone

(AC11l) from the anterior pituitary. Adrenal conicosteroids are released in response to

stimulation by ACTH within 2 to 3 min of exposure (Sydnor and Sayers, 1954). Both

low and high affinity receptors for ACTH are found on conical cells (Lefkowitz et al.,
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1971; McIlhinney and Schulster, 1975). The high affinity receptor is thought to be

responsible for the first phase of adrenal response to ACIH, which occurs within the first

5 min after an intraperitoneal injection of ACIH (Cam and Bassset, 1983). This phase is

due to release of stored corticosteroids (Cam and Bassset, 1983), and includes increased

rate of steroid synthesis (Cam and Bassett, 1986). An increase in steroid synthesis

involves mobilization of cholesterol stored as esters in the adrenal gland (Brown et al.,

1979; Gwynne and Strauss, 1982). The second, much slower phase (=20 min later)
..

results in an ACfH dose-dependent increase in steroidogenesis (Cam and Bassset, 1983;

1986). Therefore, both release and synthesis of GCs occur in response to adrenocortical

activation by ACIH.

1.5.3.3 Negative feedback

The pattern of release of corticosteroids into the bloodstream depends on both

environmental factors (stressors) and on the endogenous daily (circadian) rhythm of

secretion. In the rat, the circadian peak occurs during the most active phase of the daily

cycle (in the dark phase, during the feeding cycle). GCs participate in a negative

feedback regulation of ACfH by inhibiting the release of both CRF and ACIH at the

level of the hypothalamus and pituitary, as weil as at higher brain centers. Depending on

the timing of exposure of the organism to B, there can be three types of feedback control

over ACIH secretion: fast feedback (seconds to minutes), intermediate feedback (2-lOh)

and slow feedback (hours to days) (for reviews see Keller-Wood and Dallman, 1984;

Dallman et al., 1987). This efficient control over adrenal GC secretion following a

stressor occurs in order to prevent detrimental effects of prolonged GC exposure, as

discussed in earlier sections.

The secretion of GCs from the cortex occurs in response to ACIH during resting

states and stressful stimuli. During stress, both GCs and neural influence regulate

adrenal CA synthesis (see above). However, it is unclear whether neural regulation of
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CA biosynthetic enzY!!1(;s is due to direct neural influence on the adrenal medulla solely,

or whether the adrenal cortex plays an indirect role in this process, since the autonomie

greater splanchnic nerve innervates both the adrenal medulla and cortex.

1.5.3.4 Innervation of the adrenal cortex

Although the splanchnic nerve is thought to primarily tenninate on the chromaffin

cells of the meduIla, a small proportion of filaments innervate adrenocortical arteries,

arterioles and veins (Allaben, 1982). Nervous input to the cortex appears to influence

adrenocortical function since splanchnic nerve stimulation has been shown to release

cortisol from perfused porcine adrenals (Bornstein et al., 1990). Perfusion of rat

adrenals with both ACh and carbachol (a predominantly muscarinic agonist) caused a

release of GCs, presumably by acting on cholinergie muscarinic receptors (Porter ct al.,

1988). In addition, cholinergie stimulation of bovine adrenocortical cells in culture has

been reported, with the muscarinic receptor involved in this stimulation (Hadjian et al.,

1982). In those ceIls, acetylcholine was found to be steroidogenic, having a synergistie

effect in combination with AcrH (the hormonal signal for steroidogenesis). Therefore,

regulation of CA biosynthetic enzymes by neuronal influences, as suggested by

splanchnic denervation and pharmacological studies, may be either due to a direct effect

of the nerves on the chromaffin ceIls, or due to an indirect potentiation of sleroidogenesis,

increasing the exposure of the medulla to GCs.

Using perfused porcine adrenals with an intact nerve supply, Bornstein and

coworkers (1990) have shown an increase in adrenocortical steroid secretion following

perfusion with A and NA. Although these authors mention the possibility that the

observed effect is due to CAs originating in adrenocortical catecholaminergic fibers

(presumably NA), they postulate that in vivo, CAs may be released from medullary cells

and act in a paracrine fashion. Therefore, in acute stress situations, re1eased CAs could

conceivably increase the synthesis of GCs. The increase in GC release could in tum
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enhance the synthesis of CAs, which would ensure that any CA lost during the stresser

could be replenished by the GC actions on chromaffin cell biosynthetic enzymes. This

putative short feedback loop could thus regulate steroidogenesis via a neuroadrenocorticaI

axis (Bornstein et al., 1990). Although this putative neuroaàrenocorticaI interaction is

the result of the unique association of these two tissues, it is not weil understood.

Studies in the past have concentrated on the well-known interaction of GCs and CA

synthesis. It is important here to describe this interaction at the level of both development

and adulthood, in order to understand the relevance of slUdying the dynamics of such an

interaction.

1.6 Relationship between GCs and CAs

1.6.1 Development of the adrenaI meduIIa

The adrenocortical environment has been suggested to be important for the

development of adrenal medullary cells in mammalian species, where the main

catecholamine isA (Coupland, 1953). The adrenaI medulla is part of the sympathetic

nervous system and is derived from the ectodermaI neuraI crest Precursor cells originate

from the thoracolumbar portion of the developing neuraI crest (Hammond and Yntema,

1947; LeDouarin and Teillet, 1974; LeDouarln, 1984), migrate and are encapsulated by

the adrenaI cortex at embryonic days 12 to 15 (E12-EI5) in the rat (Bohn et ai., 1981;

Millar and Unsicker, 1981). Local environmental signais determine the pathway of

differentiation of neural crest ceUs into either chromaffin ceUs or into sympathetic neurons

(Anderson and Michelson, 1989). GCs secreted from the adrenal cortex are a likely

environmental factor important for the development of chromaffin cells (Anderson and

Michelson, 1989) and particularly for the appearence of the adrenergic phenotype

(Milkovic et ai., 1971; Cohen, 1976; Bohn et al., 1981; Teitelmann et al., 1982). The

embryonic development of adrenal PNMT oecurs at E16.5 to 17.5, severa! days after

progenitor cells have chosen the chromaffin cell pathway of development (Bohn et ai.,
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1981; Teite1mann et al., 1982). Adrenai PNMT reaches adult levels during the 1ate fetai

period CVerhofstad et al., 1985), with adult steady-state levels of PNMT mRNA reached

prior to E18 (Ehrlich et al., 1989).

1.6.2 GCs and the development of PNMT

GCs are known to regulate adultlevels of PNMT (Wurtman and Axelrod, 1965),

and were initially thought to control the appearance of adrenal PNMT during

development. Rat embryonic adrenai steroidogensis can be delected as early as E12.5

(Roos, 1967) whereas the appearance of PNMT occurs at E16.5-17.5 (see above). The

mRNA for the GC receptor appears one full day's gestation prior to the appearance of the

mRNA for PNMT (E15.5 vs. E16.5) (Anderson and Michelson, 1989). However, the

GC receptor cannot be detected prior to E17.5 (Seidl and Unsicker, 1989), suggesting

that the presence of the receptor, and therefore GCs, are not necessary to tril:l:er the

induction of PNMT during deve10pment. In support of this notion, fetai adrenal glands

maintained in organ culture from day E16 onwards, in the absence of GCs, will still

express PNMT activity at the same developmental period as in vivo (Teitelmann et al.,

1982). In addition, the timing of appearance of PNMT immunoreactive cells is not

affected by modulating GC concentrations, since high doses of GCs given to a pregnant

rat, or GCs or ACTH given directly to the embryos via a transuterine route, did not

trigger the premature expression of PNMT in the embryos (Bohn et al., 1981). These

studies suggested that the presence of GCs was not necessary for the induction of

PNMT. However in the in vivo study, the injected GCs may have inhibited endogenous

secretion, thus preventing an increase in PNMT. Additionally, the ability of embryonic

ACTH injections to e1evate GCs in the adrenais or plasma was not investigated. In the

organ culture study, the expression of PNMT observed could have been due 10 the smaIl

amount of GCs present in the adrenai cortex. In vitro, it has been demonstrated that

precursor cells which do not contain PNMT activity or A leve1s can be made to do so by
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the addition ofDEX to the culture medium (Seidl and Unsicker, 1989). Therefore, it

remains possible that GCs are the trigger for the expression of adrenomedullary PNMT,

and that during embryogenesis, a threshold level of GC receptors may be required to

mediate the induction of PNMT by GCs (Anderson and Michelson, 1989).

Although it is still unresolved whether the initial induction of PNMT is triggered

by GCs, these steroids are critical for the normal ontogenie increase in PNMT activity

(Bohn, 1983). Normal increases in fetal PNMT activity are prevented by embryonic

hypophysectomy prior to E17.5 (Margolis et al., 1966; Bohn et al., 1981) and enhanced

by GC treatment of pregnant rats during late gestation (Bohn et al., 1981). Additional1y,
..

the regulation of PNMT activity later in development is subject to neural influence due ta

subsequent innervation of chromaffin cells by the splanchnic nerve (Bohn, 1983).

During embryonic development, Verhofstad et al. (1985) using immunohistochemistry

and biochemistry have shown the presence of a population of chromaffin cells that

contain both A and NA. These studies showed that the phenotype of either A or NA

granule storage does not occur until post-natal days 2 to 4 in the ral

Therefore, the initial expression, subsequent maturation and modulation of the

adrellergic phenotype is subject to a number of different environmental and/or genetic

factors. What is clear is that GCs play an important and crucial role in the developmental

phenotype of chromaffin cells. ln addition, during adulthood, GCs play a role both in the

maintenance of adrenal CA biosynthesis and the induction of this synthesis during times

of stress. Thereforr-,}he next section will describe what is known about the effect of
... - ~ 1

GCs, in the adult, o~~:he regulation of two CA biosynthetic enzymes, TH-and PNMT,

enzymes which have been studied in the present thesis. This will help the' reader

understand the reason for studying the dynamics of short-term exposure to GCs ~n the

regu1ation of these enzymes.
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1.6.3 GC regulation of TH and PNMT in adults
TH

TH is regulated both by neural (see previous sections) and hormonal changes

which occur during acUle and chronic stressors (Kvetnansky et al.• 1970; Kvetnansky et

al.. 1971; Kvetnansky. 1973; Thoenen et al.• 1973; Guidotti et al.• 1973; Olten et al.•

1973; Hoffman et al.• 1975; Bhagat and Horenstein. 1976). As discussed in section

1.5.2.7. there are studies which suggest that stress-induced regulation of TH is neurally­

mediated. However. there are also studies in the Iiterature which support a role for GCs

in the regulation of this enzyme. For example. hypophysectomy has been shown to

reduce the activity of TH. with restoration by ACTH administration (Mueller et al .•

1970). Chronic (14d) DEX treatment [at a concentration that would suppress

endogenous corticosterone (B)] decreased the activity of TH (Mitchell and Vulliet. 1985).

ln addition, adrenal medullary TH mRNA was reduced followir.g hypophysectomy and

reversed by GC administration (Stachowiak et al., 1988; Jiang et al.. 1989). Mueller et

al. (1970) have suggested that ACTH is required to maintain basallevels of TH but that in

order to elevate TH levels above control values, increases in nerve impulses are required.

However, GC-induced increases in TH mRNA levels above control values have been

observed in adrenal medullary cells in culture (Stachowiak et al.. 1990a) and in cells from

the adrenal medullary tumor cellline PC12 (McMahon and Sabban, 1992). Therefore,

taken together, these studies support the ability of GCs to regulate TH.

PNMT

Regulation of PNMT activity by GCs was reported in the mid 1960's. Early

studies suggested that GCs play a role in the lon~-term maintenance of sleady state

PNMT levels (Wurtman and Axelrod, 1966; Fuller and Hunt, 1967; Thoenen. et al.•

1970; Ciaranello and Black, 1971). This was largely based on the observation that

hypophysectomy reduced adrenomedullary PNMT activity. with restoration of this

activity by administration of ACTH and/or GCs (Wurtman and Axelrod. 1965. 1966).
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The fall in PNMT activity after hypophysectomy was reponed to be caused by a decrease

in the number of enzyme molecules, as measured by immunotitration studies (Ciaranello,

1978). Funher evidence for GC regulation of PNMT came from elegant studies in which

rat adrenomedullary explants were grown for 21d in the anterior chamber of the eye

(Pohorecky et al., 1969). This aUowed elimination of the influence of adrenaI

innervation, in order to observe the eff'.:ct of GC treatment. Medullary explants, taken

from the left adrenaI gland, had approximately 2% of the amount of PNMT activily found

in the medulla of the intact right adrenaI gland. 7 day DEX treatrnent (1 mg/kg) caused a

lO-fold increase in the activity of PNMT in the expIant, without changing activity in the

intact adrenaI. Systemic injection of 1 mg/kg DEX will increase the concentration of GCs

bathing the explanted medulla, thus expcsing it to veryhigh concentrations of GCs.

However, this DEX lJ.~atment is unlikely to affect basal levels of PNMT in the intact

adrenaI since the GC c·;:mcentration in the adrenaI medulla, already at high levels, cannot

be raised funher by this injection. This dose of injected DEX would inhibit endogenous

GC secretion, thus decreasin~ the level of GCs reaching the intact adrenaI meduUa.

Nevenheless, these studies clearly show an ability of GCs to increase PNMT activity,

and suggest that chromaffin ceUs do not need concurrent neural inputs for GCs to

increase the activity of PNMT.

Subsequent studies showed that elevation in GC secretion may play a role in

increasing PNMT activity on a lon~-term basis. For example, in vivo increases in adrenaI

PNMT activity were found fol1owing chronic stress (Kvetnansky et ai., 1970), prolonged

ACTH administration (Vernikos-Danellis et ai., 1968; Simonyi et ai., 1985), or mother­

infant separation (Brecse et al.. 1973). In vitro, continuous (18h-2d) exposure of adrenaI

medullary cel1s to GCs increased the activity of PNMT (Hersey and DiStefano, 1979;

Kelner and Pollard, 1985). However, this increase was not apparent earlier, suggesting

that regulation of PNMT by GCs occurred by a process that required prolonged exposure

to the steroid. FoUowing a hypophysectomy-induced decrease in PNMT enzyme
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molecules, GCs were shown to increase the amount of immunotitratable PNMT

molecules (Ciaranello, 1978). In addition, earlier studies by Ciaranello and Black (1971)

had suggested that GCs increase the rate of enzyme synthesis in hypophysectomized rats.

More recent slUdies have shown that GCs can increase the levels of the mRNA for PNMT

(Stachowiak et al., 1988; Wan and Livett, 1989; Stachowiak et al., 1990a), suggesting

that GCs regulate PNMT by increasing the amount of enzyme molecules. In addition,

using a double labelling technique to measure relative rates of enzyme degradation and

synthesis, Ciaranello (1978) ilIustrated that GCs increased the amount of enzyme

molecules by decreasing the rate of PNMT degradation. The action of GCs on the

stability of PNMT molecules was thought to be through regulation of the "endogenous

stabilizing factor" S-adenosyl methionine (SAM), the methyl donor for PNMT

(Berenbeim et al., 1979; Wong et al., 1985). Therefore, the regulation of PNMT activity

by GCs appears to be both via a stabilization of SAM and by increasing the amount of

protein syntheis.

Studies suggest that the regulation of PNMT activity by GCs requires long-term

increases in GC release, such as during chronic stress, as mentioned above. However,
.,~'

there are a few in vivo studies which ilIustrate an increase in PNMT activity following

acute manipulations such as stress. In situations involving relatively short (1-2.5h) but

severe stressors, such as cold, forced swimming or immobilization, small increases in

adrenal PNMT activity have been observed (Kvetnansky et al., 1970; Kvelnansky, 1973;

Hoffman et al., 1975; Bhagat and Horenstein, 1976). The increase in PNMT activity is

apparent 6-32h post-stress and is abolished by hypophysectomy (Kvetnansky, 1973;

Bhagat and Horenstein, 1976). However, in ail of these studies, only one time point

following the stressor was chosen to measure the activity of PNMT. No study has

systematically investigated the effect of a single episode of stress on PNMT activity at

various time points following this stressor. Since this idea has not been systematically

studied, we sought to examine the possibility that PNMT could be regulated by very short
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increases in the levels of GCs, similar to what occurs during short-tenn mild stressors.

We are reporting that indeed PNMT can be increased by exposure of cultured medullary

cel1s to very short pulses of GCs, as long as the enzyme is measured fol1owing a time

delay. The present thesis is the fust example of such a demonstration, and extends these

initial findings by examining the dynamics of the receptor involved in this regulation, the

GC receptor. The cultured médul1ary cel1s afforded us an ideal model in which to study

this regulation since the levels of GCs could easily be control1ed. In addition, the timing

of exposure of cel1s to GCs could be regulated, thus al10wing us the opportunity to

dissect out the time constraints involved in the regulation of PNMT by honnonal

influences, findings which we have also extended to the in vivo situation.

Honnonal influence over the regulation of PNMT activity seems to be due to the

unique association of the medulla to the cortical surrounding tissue, and thus to GCs.

Howevcr, there are other hormones or peptides released during a stress response which

may be involved in the regulation of this enzyme. This may include circulating

hypothalamic CRF or pituitary ACTH or opioids, since receptors for these peptides have

been localized on chromaffin cell membranes (see previous sections). To date, however,

it is unclear what the role of these peptide receptors are in the adrenal medulla, and

whether the circulating levels of these neurotransmitters are high enough to affect the

regulation of adrenomedul1ary PNMT.

Other adrenocortical honnones such as the mineralocorticoids, the androgens or

the estrogens, which may be secreted in high enough levels to affect the medullary

enzymes, may be able to regulate PNMT. Sorne of these steroids, such as aldosterone,

cortexolone (both of which are mineralocorticoids) and IIB-hydroxyprogesterone were

able to partially prevent a loss in the activity of PNMT in medullary cells cuitured for 5

days (Hersey and DiStefano, 1979). This loss was preventable by the addition of the

GCs, DEX, cortisol or corticosterone. However, the presence of receptors for steroids

other than GCs has not been studied to date. In the present thesis, we have reported that
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we were unable to measure the presence of mineralocorticoid receptors using ligand

binding techniques. However, there does exist the possiblity that these and other steroid

receptors may he present in adrenal medullary cells and may play a role in the regulation

ofPNMT.

1.6.4 GCs and the expression of adrenomedullary ENK lev\~ls

During a stress respcmse, the GCs released from the ad~enal cortex regulate

chromaffin celI levels of both CAs and ENKS. [However, to our knowledge, GC

regulation of the remainder of the adrenomedullary peptides (in Table 1-1) has not been

studied to date (see Winkler et al., 1992).] GCs regulate adult levels of PNMT

coordinately with chromaffin cell ENK levels. Naranjo et al. (1986) has provided

evidence for a DEX-induced increase in mRNA for proENK (the precursor peptide for

ENK) and in ENK immunoreactivity in bovine medullary cells cultured in low GC

medium. In addition, LaGamma and Adler (1987) using rat adrenal medullary explants,

reported concentration-rclated increases in Leu:'ine (L)-ENK (as measured by

radioirnmunoassay) in response to B. Using a similar preparation with the exception that

the rats were previously hypophysectomized to minimize endogenous GCs, Inturrisi et ai.

(1988) showed increases in ENK-containing peptides and preproENK mRNA following

DEX treatrnent. In addition, medullary explants from non-hypophysectomized (sham­

operated) rats treated with the GC receptor antagonist RU 38486 showed a reduction in

the level of ENK-containing peptides, suggesting that GCs are important in rat adrenal

ENK peptide biosynthesis (Intunlsi et al., 1988). In vivo, Stachowiak et al. (1988) has

shown a decrease in adrenal medullary ENK levels following hypophysectomy, an effect

that is reversed by GC administration. In vitro, using bovine adrenaI medullary cells in

culture, Stachowialc et al. (1990) have shown a coordinate regulation of mRNAs for both

PNMT and ENK by DEX treatment, with maximal increases observed with 10-8 M\,.
\~
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DEX. Therefore, these slUdies ilIustrate the ability of GCs to regulate not only the

biosynthesis of CAs but also of ENKs.

The previous sections have examined the interaction between the GCs released

from the adrenal cortex and adrenomedullary function. GCs have been shown to be

involved in the developmental regulation of PNMT, as weil as the regulation of adult

levels of TIl, PNMT, CAs and ENKs. However, the predominant notion is that GCs

regulate PNMT and ENKs on a permissive or long-term basis. A more dynamic

regulation of adrenomedullary function by GCs has not yet been clearly established. The

GC regulation of adrenomedullary function, be il steady-state and/or dynamic, occurs via

activation of GC receptors. Therefore, the following sections will examine in detail the

dynamics, structure, cellular localization, arld regulation of the GC receptor. In addition,

the data published on the adrenomedullary GC receptor up until the inception of the

present thesis will be reviewed. The present thesis markedly extends this field of

research with a detailed look at the dynamics of the adrenomedullary GC receptor, the

regulation of this receptor and the functional consequences of altering receptor levels on

GC regulation of PNMT activity.

1.7 The Ge receptor

In the early 1970's, the presence of a cytosolic protein was discovered in the liver

which bound to natural as weil as to the synthetic GC, DEX (Beato and Feigelson,

1972). This protein demonstrated specific high affinity binding for both natural and

synthetic GCs, and sedimented at 78 in a sucrose density gradient. This DEX-binding

protein was proposed as the hepatic GC receptor (Beato and Feigelson, 1972). Using rat

hepatoma (HTC) cells in culture, Baxter et al. (1972) have shown that when nuclei from

these cens are incubated wilh [3H]-DEX, no specific binding is observed. However,

when the ligand is preincubated with cytosol and then incubated with the nuclei, specific
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binding can he measured. This suggested that cytoplasmic receptors are needed for GC

binding to nuclear sites in the steroid-responsive rat liver cells. In addition, since this

nuclear binding was destroyed by DNase, and since cytosol-bound [3H]-DEX bound to

purified HTC cell DNA, the authors suggested that DNA is an obligatory component of

the nuclear binding sites and therefore the site of action of the steroid-receptor complex.

1.7.1 Consequences of steroid hormone binding

The current model (see Figure 1-2) for the general mechanism of steroid hormone

action at DNA sites (for reviews see Pratt et al., 1989; Landers and Spelsberg, 1992)

incorporates the early idea that hormones control the production of "templates composed

of nucleic acids" (Mueller et al., 1958). The CUITent mode! is a more complete version of

the one proposed by Jensen and coworkers (1968) and Gorski and coworkers (1968)

almost 25 years ago for the estrogen receptor. Circulating steroids, not bound to plasma

binding proteins, diffuse passively across target cell membranes due to their lipophilic

nature. Once inside a target cell, steroids bind reversibly and with high affinity to

intracellular receptors. The GC receptor has an apparent molecular weight of 300

kiloDaltons (kDa) and exists as an inactive oligomeric complex containing the 90-kDa

heat shock protein Hsp 90 (Sanchez et al., 1985; Mendel et al., 1986b) as well as Hsp 56

(Sanchez, 1990) and Hsp 70 (Estes et al., 1987; Sanchez et al., 1990). The binding of

hormone to receptor causes a change in the structure of the receptor, termed "activation"

or "transformation", a process which releases the heat shock proteins and occurs within

minutes of exposure to the steroid (Landers and Spelsberg, 1992). In the case of the GC

receptor, the hormone-receptor complex is then translocated to the nucleus following

hormone binding (Wikstrom et al., 1987; Picard and Yamamoto, 1987). The possible

mechanisms accounting for the translocation of the hormone-bound GC receptor are

described in greater detail in later~ections.,. ', .

~1
.'
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Figure 1-2: General mechanisms of steroid hormone action. Steroids
passively enter the cell and bind to B·:lluble steroid receptors, causing the release of heat
shock proteins (Hsp 90, 70 & 56 in the case of the GC receptor). This is termed
activation. Once activated, the steroid-receptor complex, ifpresent in the cytoplasm (as is
the case for the GC receptor), translocates to the nucleus and binds to hormone response
elements (HREs) on target DNA, possibly as a dimer of steroid receptor complexes.
DNA binding leads to either repression or activation of target genes. The steroid receptor
is then eilher broken down, or recycled and reassembled with heat shock proteins.
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The binding of honnones to their receptors allows for binding of the honnone­

receptor complex to DNA-acceptor sites, also known as honnone response elements

(lIREs), within 2 to 5 minutes following steroid exposure. The transfonnation of the ~8­

lOS GC receptor to the DNA-binding state results in a receptor of reduced apparent

molecular weight (94-100 kDa) with a sedimentation of 4S on sucrose density gradients

(Pratt et al., 1989). Following honnone treatment of GHl cells, a decrease in the lOS

receptor is accompanied by an increase in the 4S cytosolic and in nuclear-bound receptors

(Raaka and Samuels, 1983). It is the 4S and notthe lOS fonn that was shown to bind to

purified DNA, suggesting that the 4S receptor is the fonn that exhibits nuclear binding

(Raaka and Samuels, 1983).

Nuc1ear binding of the GC receptor occurs via a recognition sequence for this

receptor on target DNA. Target genes can be either positively or negatively regulated by

the honnone receptor complex, with negative regulation probably involving the inhibition

of binding of an essential transcription factor to an element neighbouring the HRE

(Landers and Spelsberg, 1992). The HREs are usually found as invened repeats, making

this pallindromic element ideal for binding of receptor homodimers. The GC receptor

appears to bind lO its HRE as a receptor dimer. The specificity of binding of the GC

receptor to ils HRE is increased at high salt conditions (570 mM), and can he described

by a two-site cooperative (dimer) bindin3 model (Hard et al., 1990). Dimerization most

likely occurs prior to DNA binding and is necessary for a more efficient interaction of the

receptor wilh its HRE (Cairns et al., 1991). The DNA sequence for the GC HRE has

been identified (Evans, 1988), and has been found in the promotor region of the

adrenomedullary PNMT gene (Ross et al., 1990), thus supponing a direct regulation of

this enzyme by GCs.

The effect of steroids on target gene RNA or protein synthesis occurs over several

hours. In general, the physiological effects of steroid receptor binding in any given target

cell are observed within 12 to 24h following steroid treatment (Landers and Spelsberg,
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1992), a time course supported by studies reported in the present thesis. Once GC

receptors have exerted their actions at the level of the genome, it has becn proposed that

these receptors undergo an energy-dependent recycling process (Munck et al., 1972;

Raaka and Samuels, 1983; Munck and Holbrook, 1984). Following removal of GCs

from the media of cultures of GHl cells, there is a decrease in the levels of 4S and

nuclear-bound GC receptors and a concomitant increase in the levels of lOS cytosolic

receptors (Raaka and Samuels, 1983). Using dense amine acid labelling techniques, these

authors showed that the increase in the lOS receptor was not due to synthesis of new

receptors, suggesting that the receptors had been recycled from nuclear-bound receptors.

ln addition, in GHl cells, the recycling process of the nuclear-bound 4S receptor to the

cytosolic lOS receptor was found to occur within 3h following removal of GCs, a time

frame similar to that observed in the present observations of the dynamics of the

adrenomedullary GC receptors. Therefore, there appears to be a cycle (see Figure 1-2)

involving binding of the hormone to its receptor, thus releasing the heat shock proteins

and converting the receptor to the 4S form, followed by translocation and subsequent

binding of this hormone-receptor complex to the DNA acceptor sites, and a recycling of

these nuclear-bound receptors to a soluble pool of hormone-free receptor presumably

reassociated with heat shock prciteins (Le. as a lOS form).

ln studies which measure the levels of GC receptor using radioligand binding

techniques, not all of the states of the receptor mentioned above can be accounted for.

Preparation of a cytosolic fraction (which includes both cytoplasm and nucleoplasm) will

yield ail receptors which are soluble and not nuclear bound. The following states of the

soluble receptor are obtained in the cytosolic (soluble) fraction. The flrst is receptors

which are hormone-free and in a lOS form (Le. associated with heat shock proteins).

Radioligand studies allow measurement of these receptors with incubation times as short

as 4h at 4°C under optimal binding conditions (Kalimi and Hubbard, 1983). The second

is receptors already bound to endogenous hormone and free of the heat shock proteins
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(Le. a 4S foan). These receptors can he measured under "exchange conditions", that is

for 22h at 4°C, allowing the radioligand to exchange with endogenous hormone. The

third pool of receptors is ene that cannot he measured using radioligand binding

techniques. This pool consists of receptors that are steroid-free but are not complexed

with the heat shock proteins (Le. a 4S foan). This "transformed" receptor cannot bind

ligand (since the receptor must he in a lOS foan to bind steroid; Mendel et al., 1986a;

Sanchez, 1992) and may represent the recycled pool of receptors. Proportions of soluble

unbound (pool 1) and soluble bound (pool 2) receptors have previously been measured

with ligand binding techniques (Reul and DeKloet, 1985; Meaney et al., 1988).

However, we know of no slUdies which have compared levels of bound+unbound

receptor pools to totallevels of receptor, since the latter can only be measured with

irnrnunocytochemicaltechniques. Therefore, in the presentthesis, as in any experiments

using radioligand binding to measure GC receptors, we are only estimating the binding

capacity of the ceU and cannot account for the transformed pool of receptors. In addition,

by preparing a cytosolic fraction, we are also losing any receptor that may have been

nuclear bound. These technicallimitations must be kept in mind when interpreting data

using radioligand binding measurements as estimates of steroid hormone receptors.

Soluble receptor binding studies will aUow estimates of receptors which are

steroid-free or GC-bound, but not DNA-bound. A loss of soluble sites measured with

radioligand binding foUowing steroid treatment will provide an estimate of the

translocation of this receptor to a DNA-bound pool. An additional method of studying

this translocation is to measure nuclear bindil1g of radioligand. The nuclear binding of the

GC receptor occurs at 37·C and is stopped or prevented in vitro by placing the ceUs at

O·C (Raaka and Samuels, 1983). For the GC receptor, nuclear binding is assessed by

measuring the levels of radiolabel in a prepared nuclear fraction, following exposure of

ceUs to radioligand. This technique, in addition to the classical radioligand steroid

binding assay, has been used in the present thesis to explore the dynamics of binding of
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the adrenomedullary GC receptors following short-term exposure of medullary cells to

GCs.

1.7.2 GC receptor structure

The first structure of a steroid receptor was provided by studies which identified

and c10ned the GC receptor cDNA (Hollenberg et al., 1985; Meisfeld et al., 1986). The

recent cloning and sequencing of the cDNAs for other steroid hormone receptors

(estrogen, progesterone, androgen) has revealed homology between those receptors and

receptors for thyroid hormones, retinoic acid, vitamin D as weIl as receptors for ligands

as yet unknown (see Evans and Arriza, 1989). This led to the classification of steroid

receplors wilhin a superfamily of receptors that behave as ligand-dependent transcription

factors (Evans, 1988). These receptors are characterized by the presence of a zinc finger

DNA binding domain within their structures.

The structure of the GC receptor and ail receptors in the steroid superfamily are

composed of four separate domains: the N-terminal variable regulatory (immunogenic)

domain, the DNA binding domain, a "hinge" domain, and a hormone-binding domain.

The N-terminal domain is a variable region and is thought to be involved in receptor

dimer formation as weil as cell-type specific regulation of gene transcription (Landers and

Spelsberg, 1992). This domain has been reported to be necessary for complete activity of

the human GC receptor (Hollenberg et al., 1987), since cells transfected with GC

receptors containing deletion mutations of this domain, reduces GC-mediated activity 3­

to 20-fold.

The other three domains are highly conserved among the estrogen, progesterone

and GC receptors. However, among the receptors from the superfamily, the most highly

conserved region is the DNA binding domain. This domain forms two "zinc finger-like

motifs" and is essential for the binding of the GC receptor to DNA (Hollenberg and

Evans, 1988). In elegant experiments, Green and Chambon (1987) substituted the DNA-
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binding domain of the estrogen receptor for that of the GC receptor, and demonstratOO

GC-induced function following estradiol treatment. These studies illustrated the

importance of the DNA-binding domain for determining the specificity of target gene

activation by hormones. Studies by Hollenberg and coworkers (I987), using deletion

mutants of the GC receptor, saw no binding to DNA cellulose or GC-mOOiated activity of

transfected receptors missing base pairs 428 to 490 (the DNA-binding domain).

However, more recent studies have suggested that the presence of the HRE alone is not

sufficient for hormone inducibility, but that other DNA regulatory elements, such as those

for transcription factors, are requirOO (Striihle et al., 1988).

Hollenberg and coworkers (I987) were the first to demonstrate that removal of

the steroid binding domain resultOO in a constitutively active GC receptor mutant. This 100

to the proposai that binding of the steroid hormone causes sorne sort of confonnational

change in the structure of the receptor protein such that the DNA binding domain is no

longer inhibited by the steroid binding domain. This view of steroid receptor action was

held for a number of years. However, subsequent studies have shown that it is the heat

shock proteins which are releasOO in response to ligand binding (see Landers and

Spelberg, 1992) and not a physical unmasking of the DNA binding domain by the steroid

binding domain. These and other studies took advanlage of a model system utilizOO for

GC receptor gene regulation - a plasmid containing the mouse mammary tumor virus

couplOO to the enzyme reporter gene chloramphenicol acetyltransferase (MMTV-CAT)

and transfectOO into a eukaryotic cellline. This retrovirus can be inducOO by GCs in both

mouse and rat cell systems (Ringold, 1979). Using this in vitro model, Willmann and

Beato (1986) had demonstratOO that heat-activalOO steroid-free GC receptors were able to

bind to the HRE on MMTV. This binding was dependent on previous heal activation of

the hormone-free cytosol, and could be preventOO by sodium molybdate (which prevents

receptor activation), suggesting that DNA binding was not dependent on the presence of

GCs. Nuclear binding of a hormone-free GC receptor has also been observed following
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depletion of cellular ATP with dinitrophenol (DNP; M"ndel et al., 1986a), possibly due

to a DNP-induced cellular stress response (Sanchez, 1992). In addition, cellular stress

induced by heat shock (43°C) of a cellline (WCL2) that overexpresses the GC receptor,

shows a time-dependent decrease in GC binding capacity in the soluble fraction of these

cells, accompanied by a decrease in the amount of GC receptor protein (as measured with

Western immunoblotting; Sanchez, 1992). This decrease in soluble GC receptors is also

accompanied by an increase in nuclear localization of unliganded GC receptors, again

confirming that heat shock is sufficient to cause a hormone-independent shift of this

receptor protein from the soluble ta the nuclear-bound fractions. In addition, the nuclear

GC receptor in ATP-depleted cells is unable to bind steroid (Mendel et al., 1986a). It has

been proposed that this nuclear receptor rnay represent a stage of the cycle following

binding of the hormone-receptor complex, and prior to the regeneration of a hormone

binding (i.e lOS) form of the receptor (Mendel et al., 1986a). These studies demonstrate

the ability of the steroid-free GC receptor to bind to DNA following activation induced by

cellular stress.

c Therefore, the GC receptor can induce thé' transcription of GC target genes by

binding to DNA sequences. However, GC re~eptorshave also been shown tr : lress the

transcription of other GC target genes by acting at "negative HREs". Such GC ÏIREs are

involved in the regulation of transcription of the pro-opiomelanocortin gene, the 0<_

fetoprotein gene, <:.~d the prolactin gene (see Landers and Spelsberg, 1992 for review).

Negative HREs are thought to bind GC receptors, th~reby blocking the binding of an

essential transcription factor te> a DNA element adjacent to the HRE. An additional

mechanism thought to be used by the GC receptor for gene repression is an interaction of

the receptor protein directly with transcription factors (protein-protein interaction).

Pro:ein-protein interactions have been suggested to OCCUT between the GC receptor and

the transcription factor AP-1, a protein dimer composed of products of thejun and/os

gene families (Diamond et al., 1990; Yang-Yen et al., 1990; Schüle et al., 1990). The
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GC receptor appears to fonn specific complexes with c-jun, as jun homodimers, and with

jun-fos heterodimers (Diamond et al., 1990). Other transcription factors s!lch as the

CACCC-box binding factor for the tryptophan oxygenase gene (Schme et al., 1988) and

the Iymphocyte-specific Octamer factor 2A (Wieland et al., 1991) have been shown to

exhib\t direct protein-protein interactions with the GC receptor. In addition, regulation of

gene expression by GCs may use "composite GC HREs", using both protein-protein

interactions as weU as binding of the GC receptor to its HRE (Diamond et al., 1990).

Such regulation could account for either activation or repression of GC target genes,

depending on the ceU type and presence of specific transcription factors. Therefore, these

studies demonstrate the complexity of the GC regulation of GC target genes, which

involves both DNA and transcription factors.

1.7.3 Cellular localization of GC receptors

Binding of the GC receptor ID DNA in order to activate target genes requires prior

honnone binding and mos! likely a translocation to the nucleus. This suggests that the

~eceptor can be found in the cytoplasm of ceUs, where il will interact with honnone and

become activated. Using immunocytochemistry, both estrogen and progestin receptors

had been localized strictly to the nucleus in the absence of honnone (King and Green,

1984; Perrot-Applanatt;t al., 1985). For the GC receptor, however, the cellular location

seems to be both cytoplasmic and nuclear (Antakly and Eisen, 1984; Picard and

Yamamoto, 1987; Wikstrom et al., 1987; Qi et al., 1989). This finding was

demonstrated in liver and pituitary tissue sections from intact rats, stained for the GC

receptor using a polyclonal antibody and immunoperoxidase technique (Antakly and

Eisen, 1984). Further support for a cytoplasmic localization of the GC receptor was

provided in vitro by Picard and Yamamoto (1987) using a monoclonal antibody. Monkey

kidney ceUlines which lack dett:ct.~>le GC receptor were transfected with this receptor
. "

and mai,tained in culture. In the abSence of serum in the culture medium, the unliganded
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recep,or was found predominantly in the cytoplasm, whereas the addition of 5% serum or

DEX resulted in nuclear staining. Similar findings were obtained using a monospecific

monoclonal antibody (mab 7; Wikstrom et al., 1987). The authors used a number of

different permeabilization and fixation procedures, as weIl as examined the nuclear

accessibility of ,the antibody, in order to more carefully examine the compartmental

distribution of the GC receptor. In addition, the specificity of their antibody was

confirmed, since preincubation with purified GC receptor prevented binding of the

monoclonal antibody to the GC receptor in aIl cellular compartments. These studies "

demonstrated staining for the GC receptor in both cytc;Jlasm and nucleus of rat hepatoma

cells and normal hepatocytes cultured in medium with fetal bovine serum. The nuclear

staining may have been due to the small ..'llounts of GCs normally found in serum, since

ceUs cultured in medium containing serum did not show enhanced nuclear staining when

supplemented with DEX. On the other hand, cells cultured in medium treated with

dextran-coated charcoal (to remove GCs) showed elevated nuclear staining following

DEX tre~tment. This occurred at 37"C and not 4"C, suggesting a GC-mediated

translocation of the receptor into the nuclear compartrnent.

Translocation as weIl as subsequent recycling of the GC receptor was

demonstrated by Qi et al. (1989) using an oncogene-transformed rat cell. iine ,showing

predor:linantly cytoplasmic staining of the hormone-free GC. rec~ptor

(immunocytochemically labeUed with the BuGR2 monoclonal antibody). In the presence'.

of hormone, receptors were translocated to the nucleus, retained for approximately 12h

. and then returned to the cytoplasm. This series of events was found to occur in the

presence of the protein synthesis inhibitor cycloheximide, suggesting that replenishment

of GC recepto;'s following nuclear binding occurs in the absence of de novo protein

synthesis. This study supports the notion that foUowing DNA binding GC receptors are

recycled and reutilized. However, since immunocytochemistry was used to determine the

subcellular distribution of the GC receptor, receptor reutilization was not demonstrated.
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Nevertheless, these studies further support the existence of the GC receptor in the

cytoplasmic compartment of ceUs.

Althôûgh it seems clear that the GC receptor can he found in the cytoplasm of

ceUs, il has previously been argued that the cytosolic distribution of steroid receptors may

be an artefact due to solubilization from the nucleus during the preparation of a ceU
J .-

cytosol (Gorski et ai., 1984), ·or during fixation and incubation procedures required for

immumocytochemicaI experiments (Wikstrom et al., 1987). However, this is unlikely

since similar problcms should arise with localization procedures for estrogen and

progestin receptors, under similar cOl.\ditions. Wikstrom and coUeagues (1987) clearly

s~ow, in their study, that using similar immunocytochemical procedures (i.e. fixation of

both eS!rÔgen receptor- and GC recep!or-contaiT!ing cells with 2% paraformaldehyde and

permeabilization with Triton X-100, prior to staining with antibodies), a strictly nuclear

locaIization of the estrogen receptor is observed whereas the GC receptor is found both in

the cytoplasm and nucleus. It remains possible that the presence of hormone-free

receptors in the cytoplasm is' due to production of new receptor proteins..Whether the
~. ' .

GC receptor is found exclusively in one or the other cellular compartement may be

dependent on the ceU type being studied. For example, in the Chinese hamster ovary cell . '.'

line WCL2, immumofiuorescence studies have shown that the GC receptor is present

solely within the nucleus in the absence of hormone (Sanchez et ai., 1990). However,

there does appear to be a consensus in the literature that this receptor, in most cell types,

is locaIized within the cytoplasmic compartment in a resting state.

1.7.4 Mechanism for the translocation of the Ge receptor

Since the GC receptor appears to be localized to the cytoplasm of most cells, and

the receptor must reach the DNA to exert its action once it is exposed to ligand, there must

he a mechanism which regulates the movement of the receptor frÇ/:'ith!: cytoplasm to the

nucleus. There are two different possibilities that have becn suggested to date. The first
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is the existence of a nuclear localization signal for the Iigand-bound GC receptor (Picard

and Yamamoto, 1987; Wolff et al., 1987). This nuclear localization signal applies to all

steroid receptors, since regardless of whether ligand-free receptors are localized to the

nucleus or cytoplasm, all receptors are initially synthesized in the cytoplasm and must

gain access to the nucleus (Wolff et al., 1987). Due to the homology with the SV40 T­

antigen nuclear localization signal, the GC receptor nuclear transport signal has been

identified as residues 491-498 (Wolff et al., 1987) or 493-499 (LaCasse and Lefebvre,

1991). Deletion mutation experiments have also identified similar sequences of the rat

GC receptor cDNA as possible nuclear localization signais (NLl=497-524, NL2=550­

795; Picard and Yamamoto, 1987). A chimera of the GC receptor hormone binding

domain (comprising the putative nuclear localization signal NL2) was formed with B­

galactosidase, a normally cytoplasmic protein. This chime~ was able to translocate to the
,',

nucleus in response to GC exposure (Picard and Yamamoto, 1987), suggesting that there

is a nuclear localization signal found in this portion of the GC receptor.

Nuclear lcealization sequences have also been identified in the receptors belonging

tu the steroid receptor superfamily (see LaCasse and Lefebvre, 1991). These nuclear

localization signais IilUst recognize specifie seo,ucnces on the nuclear envelope in order to

enter the nucleus, Recognition seqûe~cès for the GC receptor have been identified on the

nuclear envelope as peptides·.::f 60 and 76 kDa (LaCasse and Lefebvrè, 1991)

According to those authors, ligand binding presumably unmasks the nuclear localization

signal allowing it to bind to the 60 kDa general nuclear docking protein on the nuclear

envelope. The receptor is then, thought to bind to the 'j~ kDanuclear importer peptide,

which may be specifie for the transported molecule, in order to gain access to the nucleus.

For the GC receptor, in contrast to receptors for estrogens and progcstins, the

hormone binding domain of the recepto: ~eems to mask the nuclear localization signal

(Ylikomi et al., 1992) and may thus account for the cytoplasmic location of this receptor.

This conclusion was drawn from the follo\\'ing two sets of studies: 1) Chimeric receptors
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of the progestin receptor, with a substitution of the nuclear localization signal for that of

the GC receptor, resulted in nuclear localization indistinguishable from the wild type

progestin receptor. This suggested that the si ImaJs for both receptors are of equal

strengths in their ability to promote nuclear entry. 2) A chimera of the estrogen receptor

sequence 1-281 and the hormone binding domain of the GC receptor, in the absence of

GC, resulted in Jess nuclear labelling of the construct (10% nuclear labelling) compared to

an estrogen receptor containing only sequence 1-281 (62% nuclear labelling). However,

in the presence of GC, this chimera exhibited equivalent nuclear Jabelling comp'Lred to the

wild-type estrogen receptor. Both of these sets of experiments suggest that the nuclear

localization signal for the GC receptor is responsibi<: for entry into the nudeus and is only

able to act once unmasked by the presence of hormone. However, as for the carly theory

of unmasking the DNA binding domain following hormone 'ùinding, tlle nuclear

localization signal may bc masked by the heat shock protcins which are only dissocialcd

following hormone binding.

The second possibility regulating the entry of the GC receptor into the nucleus is

by transportatiO[1 of the receptor by cytoskeletal proteins. One possible candidate is

cytoplasmic microtubules, since the Ge receptor has been found to be codistributed with,.
these proteins in human fibroblasts' (Akner et al., 1990; Akner et al., 1991).

Translocation of the GC receptor into the nucleus following GC exposure of COS7 or

CV-l cells has been reported to occur within minutes (Picard and Yamamoto, 1987).

This efficient translocation may be occuring via a' transport mechanism involving

cytoskeletal proteins (Akner et al., 1991). In addition, Akner and colleagues (1991),

using double labeIling, have shown that the distribution of GC receptor follows the

redistribution of microtubules during the mitotic process of the cell cycle, suggesting that

the receptor may use these rr.icrotubules for its movement into the nucleus following
.,',

hormone binding. However, no diri:ct evidence for microtubule-assisted entry into the
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nucleus is as yet available to solely account for the entry of the GC receptor into the

nucleus.

1.7.5 Membrane effects of GCs

The c1assical view of steroid hormone action is that steroids alter the expression of

target genes, an event which occurs over several hours. However, non-genomic effects

of steroids have been observed, occuring within a matter of minutes. For example, using

cultured guinea pig chromaffin relIs, Inoue and Kuriyama (1989) have shown a decrease

in the ACh inward current following application of 25 J.lM DEX. This decrease occurs

within seconds, and is probably not due to nonspecific membrane effects of the steroid

since DEX had no effect on the 'Y-amino butyric acid (GABA) inward current. In

addition, GCs (nmole doses given Lp.) have been shown to suppress male amphibian

sexual behaviour within 8 minutes of injection (Orchinik et al., 1991). In mouse and rat

brain synaptosomes, GCs have been reported to stimulate the uptake of radioiabelled

tryptophan (Neckers and Sze, 1975; Towle and Sze, 1983), with half-maximal saturation

of the GC membrane receptor (Kd=1O-7 M) correlating with a 50% increase in the uptake

of the amino acid (Towle and Sze, 1983). These studies suggest that GCs can have a

physiological role by binding to membrane receptors, since the effects of GCs are rapid

and are therefore unlikely due to an action on cytosolic GC receptor-mediated gene

regulation.

Plasma membrane GC receptor binding has been measured in the CNS (Towle
"J">

and Sze, 1983; Orchinik et al., 1991), and liver (Quelle et al., 1988). Receptors in brain

synaptosomes ca!1 lose their bil1dil~6 capacity if the membrane fraction is fmt pretreated

with phospholipase A2 or C, suggesting that these binding sites may involve a lipoprotein

(Towle and Sze, 1983). However, these binding sites are stable at 30°C, unlike cytosolic

GC receptors, and have a differential distribution compared to cytosolicreceptors in

specific brain regions (Towle and Sze, 1983). In addition, these membrane GC receptors
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can bind to DEX, ruling out the possibility that these sites are CBG (Towle and Sze,

1983). Therefore, these membrane receptors appear to be a distinct population of GC

receptors. The receptor Kds for membrane GC receptors have been reported as 0.5 nM

for amphibians «(3H]-B; Orchinik et al., 1991), and =100 nM «(3H]-B and (3H]-DEX;

Towle and Sze, 1983), 180 nM «(3H]-cortisol) and 420 nM «(3H]-DEX; Quelle et al.,

1988) for rodents. These Kds are higher than those found for intracellular GC receptors

(Iow nanomolar range), suggesting th~t membrane receptors may be functional under

conditions of stress where GC levels reach the high nanomolar range (Quelle et al.,

1988).

For the adrenal chromaffin cells in culture, the Ki for DEX for inhibition of the

inward ACh CUITent was =10 ~M (lnoue and Kuriyama, 1989), a concentration

consistent with the physiological range of concentrations of GCs seen by the adrenal

meduIla due to its close proximity to the adrenal cortex (10-6 to 10-4 M; Kitay,1961;

Peytremann et al., 1973; Guidotti and Costa, 1974; Jones et al., 1977; Engeland et al.,

1989). The inhibition of the inward ACh CUITent by DEX application occured even

foIlowing prior intracellular perfusion of the cell with steroid (lnoue and Kuriyama,

1989). This suggested that intraceIlular GC receptors were not responsible for the

inhibition of the ACh inward CUITent, and that this inhibition was mediated by chromaffin

ceIl membrane GC receptors. However, it is unclear at this time what the functional l'Ole

of the putative adrenomeduIlary membrane GC receptor may be.

In the present thesis however, we are measuring an effect of GCs that requires a

time delay, suggesting that the receptor we are dealing with is a cIassical steroid receptor,

requiring gene-mediated events (see above) in order to observe function. The cytosolic

adrenomeduIlary receptor has been suggested to be of the type II subtype of GC receptors

. (Kelner and PoIlard, 1985). Therefore, before the literature on the meduIlary reccptor is
"'-

discussed, a brief overview of the classification of GC receptor subtypes will he helpfuI.
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1.7.6 GC receptor subtypes

In the mid-1970's, DeKloet and colleagues reported that following systemic

injection of rats with radiolabelled B or DEX, different brain areas had distinct

preferential uptake of one steroid (DeKloet et al., 1975). This led ,to the suggestion that

there were two separate classes of receptors for OCs. The specificity of these subtypes

to different hormones was demonstrated using biochemical and autoradiographie

techniques (Ermish and Ruhle, 1978; Birminghan et al., 1979; Beaumont and Fanestil,

1983; Coirini et al., 1985; Reul and DeKloet, 1985). This resulted in a classification of

the reeeptors for B as the type 1 and type II subtypes. In addition, the advent of the

Roussel-Uelaf eompounds, which are highly specifie ligands for the receptor subtypes,

provided further tcols for this charaeterization. These studies demonstrated that the type 1

reeeptor is the kidney mineralocorticoid receptor, with high affinities for aldosterone

(Kd= 2 nM) and B (Kd=0.5-1 nM). Competition for [3H]-aldosterone binding to rat

hippocampal receptors showed that the type 1(mineralocortieoid) receptor-specific ligand

RU 26752 efficiently inhibited binding of the radioligand whereas the type II-specifie

ligand RU 28362 was unable to eompete for radioligand binding (Coirini et al., 1985). B

binds to the type II (OC) reeeptor with a lower affinity (Kd=2.5-5 nM) comparedto its

affinity for the type 1receptor (Reul and DeKloet, 1985). The type II reeeptor binds with
r".

higher affinity to DEX than does the type 1 receptor, and RU 28362 (Kd =0.5-2 nM)

binds specifieally to the type II receptor. Therefore, there are two subtypes of receptors

whieh are able to bind to OCs in the brain. These subtypes are also used to

pharmacologically distinguish between receptors for OCs and mineralocortieoids in non­

CNS tissues such as kidney, liver and adrenal. In the adrenal medulla, the

eharaeterization of the subtype of OC receptôr is of interest given that the medulla is

exposed to both OCs and mineralocorticoids secreted from the adrenal cortex.
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1.7.7 The cytosolic adrenomedullary GC receptor

The regulation of adrenomedullary enzymes by GCs has been known for over 25

years. However, it was not until 1985 that two groups independently published resuIts

on the adrenomedullary cytosolic GC receptor. Specifie, soluble binding of [3H]·DEX

was observed in cytosolic fractions of cultured bovine adrenal medullary cells (Nawata et

al., 1985; Kelner and Pollard, 1985). In the case of Nawata and colleagues, the Kd

observed was 35 nM. This is approximately 10-fold higher than the Kd for the GC

receptor reponed in a number of other tissues. However, in the binding assay for GC

receptors, the presence of molybdate is essential in order to stabilize the receptor and

prevent activation (Kalimi and Hubbard, 1983; Mitchell et al., 1986), an element omined

from the binding study of Nawata et al. (1985). Kelner and Pollard (1985), whose

binding assay included sodium molybdate and dithiothreitol [both of which stabilize the

receptor protein, one by preventing activation of the receptor (molybdate), the other by

preventing breakdown of the sulfite bridges maintaining the 3D conformation of the

receptor], observed a Kd of 1.28 nM, similar to the reponed Kds for the GC receptor of

other tissues. In addition, competition of (3H]-DEX binding by various steroids

suggested a receptor of the type II subtype. However, these studies wcre performed

prior to the availability of the highly specifie type II or GC receptor ligand RU 28362

(Philiben and Moguilewsky, 1983; Coirini et al., 1985), leaving open the possibility that

the measured receptor was a steroid receptor with affinity for DEX, such as the type 1

mineralocorticoid receptor (Llltlge et al., 1989). The present thesis sought to clarify this

point and fully characterize the dynamics of this receptor, given the adrenomedullary

environmental exposure to GCs several orders of magnitude higher than the general

circulation. In addition, the regulation of this receptor by a variety of influen.ces was of

interest given the demonstration in a number of other tissues of regulation by GCs and by

cyclic nucleotides, both of which are elevated in the adrenal medulla âüring a stress

response.
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1.7.8 Regulation of the GC receptor

The magnitude of the biologieal response to GCs has been shown to be

proportional to the levels of GC receptors expressed within the cell (Bourgeois and

Newby, 2979; Vanderbilt et al., 1987; Distelhorst, 1989; Dong et al., 1990; Tanaka et

al., 1992). For exampl", in human mononuclear and polymorphonuclear leukocytes, the

levels of GC receptors correlated (l'=Û.95) with the inhibition of glucose uptake Into these

cells (Tanaka et al., 1992). This inhibition was more marked following an 8-bromo­

cAMP-induced increase in the levels of GC receptor binding, suggesting a direct

relationship of GC receptor levels to cellular function. Therefore, the sensitivity of a

given cellto GCs will be affected by changes in the concentrations of GC receptors. In

adrenomedullary cells, changes in receptor capacity could alter the output of CAs, given

that GCs are necessary for the maintenance of levels of CA biosynthetic enzymes.

Therefore, in the present thesis, we have exarnined the regulation of the adrenomedullary

GC receptor.

1.7.8.1 Autoregulation

The GC receptor has been shown to be homologously downregulated in the CNS

in vivo (Sapolsky et al., 1984; Meaney and Aitken, 1985) and in vitro in a number of

cells lines such as GHI (Mclntyre and Samuels, 1985), HeLa (Cidlowski and Cidlowski,

1981) and AtT-20 (Svec and Rudis, 1981; Svec, 1985a; 1985b). The ability of GCsto

downregulate their own receptor levels does not result in total depletion of receptors.

Both in vivo and in vitro, the extent of receptor depletion reaches a f100r value of between

20 and 40% of total receptor content (Svec and Rudis, 1982; Svec, 1985b; Sapolsky et

al., 1984). Receptor depletion in response to various GCs was found to be of the same

arder of binding preference for the receptor (Svec, 1985b). In addition, depletion
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OCCUlTed with concentrations of steroids of the same order as the affinity for the receptor,

suggesting thatdepletion is a receptor-mediated event (Svec, 1985b).

However, these slUdies used soluble receptor binding assays in order to measure

GC receptor levels. Therefore, any GC receptor that is in a transfomled state and not

ligand bound (such as might occur during receptor recycling), cannot be measured with

radioligand binding techniques. More direct evidence for a GC receptor-mediated

downregulation of the GC receptor was reported in studies using antibodies to the

receptor. Okret et al. (1991) reported a time-dependent decrease in hepatic levels of both

GR protein and mRNA following in vivo treatment with DEX. Maximum decreases i!":

GC receptor protein and mRNA were observed at 18-24h following DEX treatment,

returning to originallevels 48h hours later. Earlier in vitro studies by the same group had

shown a similar GC-indu"ed de~rease in GC receptor mRNA (Okret et al., 1986).

Strong evider.éè f('~ a direct regulation of GC receptor levels by GCs was provided by

Okret et al. (1986) who demonstrated that purified rat Iiver GC receptors bound to a GC

receptor cDNA clone, indicating that GCs can cause a downregulation of their own

receptor.

The mechanisms of GC-induced autoregulation were suggested by the following

result:. In vivo, DEX decreased the rate of transcription of the GC receptor gene as

measured by nuclear mn-on assays (Okret et al., 1986). In vitro, in the absence of GCs;

the half-Iife for the reeeptor was found 10 be ~19-25h, whereas in the presence of GCs

the half-Iife was ~9.5-11h (McIntyre and Samuels, 1985; Okret et al., 1991). In

addition, Govindan et al. (1991) showed that a region upstream of the transcription start

site for the human GC receptor mRNA was requircd in order to observe homologous

downregulation. Therefore, the mechanism of aUlOregulation of receptor protein levels

appears to be due to both transcriptional repression of GC receplor gene expression as

weIl as to post-transcriptional events involving translation and turnover of the GC

receptor protein.
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1.7.8.2 Regulatioh by cyclic nucleotides

Regulation of GC reeeptor and mRNA levels by cyclic nucleotides has been

studied in a number of celltypes such as human skin fibroblasts (Oikarinen et al.• 1984)

and mononuclear leukocytes (Tanaka et al.• 1992), murine Iymphoma cells (Gruol et al.,

1986; Gruol et al., 1989), rat HTC cells (Dong et al., 1989; Okret et al., 1991), rat

hippocampal cells (Mitchell et al., 1992), and AtT20 cells (Sheppard et ai., 1991) in

culture. In human skin fibroblasts, using ligand binding assays, Oikarinen et al. (1984)

showed that dibutyryl-cAMP treatment increased white -cGMP decreased the number of

GC receptor molecules per cell, in a concentration-dependent manner. In addition, during

cell growth, the levels of GC receptor correlated (r=.87) with the cAMP/cGMP cellular

ratio (Oikarinen et al., 1984). This was one of the first studies to suggest that the GC

receptor could be regulated by intracellular levels of cyclic nucleotides and that the ratio of

these nucleotides may be a regulatory parameter. However, no effeet of cGMP on GC

receptor binding levels were observed in murine Iymphoma cells (Gruol et al., 1986) and

the effect of this cyclic nucleotide was not studied in most of the papers which have

examined the regulation of GC receptors by cAMP.

Measuring binding of radiolabelled GCs is an estimate of the reeeptor capacity of

the cell. Using this method, the above studies (with the exception of Sheppard et al.,

1991) showed cAMP-induced increases in GC receptor levels. A more precise method of

studying upregulation of the number of receptors is by using antibodies to the receptor

protein. This technique allows measurement of ail three possible states of the receptor

(sicroid-free receptors, activated hormone-bound receptors and transformed but not

hormone-bound receptors). Dong et al. (1989) have used this method to measure total

levels of GC receptor protein in rat Iiver HTC cells. Forskolin treatment, which increases

intracellular levels of cAMP, was able to increase total GC receptor content In addition,

treaùng HTC cells with 8-bromo cAMP increased the mRNA levels for the GC reeeptor

as weil as increased the half-Iife of the receptor mRNA (Dong et al., 1989). Therefolll,
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the action of both GCs and cAMP on the regulation of the GC receptor appear to be partIy

via a post-transcriptional mechanism.

The importance of cyclic nucleotide-dependent protein kinases in the regulation of

GC receptors has been studied by a number of groups. Gruol et al. (1986) reported that

murine Iymphoma cell variants with a reduced leve1 of cAMP-dependent kinase activity

were unable to respond to a cAMP-induced regulation of the GC receptor. The basal

levels and nuclear translocation of GC receptors in ceIls without the kinase were not

different from wild type cells. In hippocampal cells in culture, we have previously

shown that 8-bromo cAMP increases the levels of GC receptors to the same extent as

does serotonin (Mitchell et al., 1992). In addition, half-maximal induction of GC

receptor levels by serotonin was reduced significantly by the concurrent addition of H-8,

an inhibitor of cyclic nucleotide-dependent protein kinases (Mitchell et al., 1992).

Therefore, these studies suggest that cAMP-induced regulation of the GC receptor in a

number of cell types seems to require a functional kinase activity.

ln ail cell types studied to date, elevation of cAMP has been shown to jncrease the

levels of GC receptor protein and/or mRNA. However, one exception is the mouse

amerior pituitary tumour AtT-20 cellline, where both forskolin and/or 8-bromo cAMP

decrease the levels of nuclear binding of [3H]-DEX and GC receptor mRNA (Sheppard et

al., 1991). CRF, which acts by increasing levels of cAMP, was able to decrease GC

receptor mRNA, as weil as the levels of [3H]-DEX in whole cell, nuclear and

cytoplasmic fractions. This study suggested that there may be cell-specific factors which

are involved in the cAMP-mediated regulation of the GC receptor. In the present thesis,

our results concur with those found in the AtT-20 cellline, since in adrenal medullary

ceUs 8-bromo cAMP causes a reduction in the binding capacity of GC receptors.

In summary, this chapter has dealt in general with stress and the adrenal gland,

with special attention given to the relationship between adrenocortical GCs and

adrenomedullary CAs, and to the pharrnacology of the GC receptor involved in this
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interaction. Given this background state of knowledge, the following section will briefly

outline the research undertaken in the present thesis.

Aims and Objectives

The following constitues connecting text providing logical bridges between the

different papers which are presented as Chapters II through V, as per the Faculty of

Graduate SlUdies and Research "Guidelines Conceming Thesis Preparation".

The literalUre reviewed above helps us to understand the importance of examining

in greater detailthe characterization,.regulation and function associated with GC receptors

in the adrenal medulla. GC receptors had been measured in adrenal medullary cells.

However, il was not clear as to the subtype of corticosteroid receptor present in such

cells. Chapter II clarifies this point by using a specific ligand for the GC receptor and by

providing detailed competition studies using a number of different steroids. In addition,

the oynamics of the medullary receptor had not been studied. Therefore, it was not

known whether this receptor behaved like the GC receptor found in the neIVOUS system

and Iiver, i.e. whether the adrenomedullary GC receptor would translocate at low nM

levels of steroid given ils exposure to loo-fold or higher levels of honnone. In addition,

il was not known whether translocation of the adrenomedullary GC receptor would occur

at higherconcentrations of GCs, given the high concentrations seen by the meduIIa

basally. These points have been addressed in Chapter II, which demonstrates that the

adrenomedullary GC receptor dynamics at low concentrations of GCs are similar to the

classical type II GC receptor of the CNS. We have also shown that the adrenomedullary

GC receptor dynamics are nove; in that a further translocation is obseIVed at higher

concentrations of steroid. In addition, Chapter II confmns the effect of long-tenn GC

exposure on the regulation of PNMT activity and provides novel evidence for a functional

effect of short-tenn GC exposure on the aciivity of PNMT.
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In Chapter III, the regulation of levels of adrenomeduUary GC receptors has been

studied. The adrenal meduUa is exposed to high levels of GCs due to its proximity to the

cortex, and to neurotransmitters/neuromodulators due 10 innervation by the splanchnic

nerve. Therefore, it was of interest to know whcther regulation of the receptors by GCs

or by second messengers used by many of the neurotransmillers released from the

splanchnic nerve, could regulate levels of GC receptors in the adlenal meduUa. In other

tissues, this type of receptor regulation had been observed. Chapter III provides evidence

for a regulation of GC receptor binding by analogues of the cyclic nucleotides, cAMP and

cGMP, as weU as by GCs themselves. Since GCs are known to play an important role in

the regulation of PNMT activity and thus A synthesis, regulation of the receptor involved

in this functional response of the meduUa could affect the animal's response to stressfui

stimuli. This has been addressed in Chapter III, which shows that decreasing levels of

GC receptor binding by prior treatment with a cAMP analogue results in a compromised

ability of the ceUto respond to a GC pulse by increasing PNMT activity.

Finally, in Chapters IV and V, the functional implication of the interaction

between the adrenal cortex and medulla was studied in great detail with a focus on the

time course of the regulation of PNMT by GCs. GCs had been known t0 regulate this

enzyme following long-term exposure to elevated GC levels both in vivo and in vitro.

However, short-term elevations in GCs, such as occur during acute stressors in vivo,

were not thought to regulate PNMT activity. In Chapter IV, using an in vitro culture

modeI of adrenal meduUary ceUs, we have examined the ability of short-term exposure of

GCs ta reguIate this enzyme foUowing a lag period. We provide the literature with novel

evidence for such a regulation, showing that pulses as short as 15-30 min can increase the

activity of PNMT with a steroid-free lag period Jf at least 18iJ. In addition, we extend

these findings to include a regulation foUowing short-term exposure of ceUs to the

cholinergie agonist nicotine, and explore the time delays foUowing a combination

treatrnent with GCs. These results point ta a more dynamic view of the regulation of CA
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biosynthesis by mimicking aCUle stress-induced changes in both the hormonal and neural

signals. In Chapter V, we have also studied the temporal pattern of both PNMT and 1H

activities in vivo following a short-term mild stressor, and have examined the importance

of the hormonal signal in the regulation of these enzymes. We slUdy the effect of a single

episode of acUle stress (20 min restraint) on enzyme activities in intact rats, as weIl as in

rats with suppressed endogenous corticosterone re1ease, over a lime course of hours to

days. Therefore, the studies presented in Chapters II through V have furthered the field of

GC regulation of CA biosynthesis, and have shown that this regulation is more dynamic

than was classically thought.
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Abstract

Glucocorticoids (GCs) are thougbl to regulate, in a pennissive fashiol1, the basal

activity of adrenal medullary ph':nylelhanolamine N-methyltransferase (PNMT).

However, it is unclear whether a large short-term increase in GC release, such as occurs

during an acute stress response, may also play a role in PNMT regulation. The present

study investigated how the Ge influence over PNMT activity varies in relation to dynamic

changes in the he: .. 'ne-receptor signal. Using [3H]-dexamethasone (DEX) and [3H]­

RU 28362 as radioligands, we have confirmed the presence of GC receptors in bovine

adrenal medullary cells. A decline in soluble GC receptor sites and an increase in nuclear

uptake of [3H]-DEX was found in response to GC levels as low as 5xlO-8 and was

concentration dependent. The loss of soluble sites plateaued between 5xl0-8 and 10-6 M

cortisol with a further loss c.ccuring al 10-5 M and again at 10-4 M. The functional

consequence of GC receptor binding was confirmed by measuring PNMT activity

following 3 day exposure to cortisol. The pattern of PNMT induction was sidlar to that

seen with GC receptor occupancy: at cortisol concentrations between 10-8 and 10-5 M,

PNMT induction was at a plateau, with a further increase in activity at 10-4 M. The

increase in PNMT activity following 3 day exposure to low (10-7 M) and high (5xlO-5,

10-5 M) cortisol was blocked by the GC receptor antagonist RU 38486, suggesting a GC

receptor mediated event. Finally, a short (2h) pulse of GCs, that mimics the time course

of physiological elevation of GCs following acute stress, elevated adrenal medullary

PNMT activity measured 3 days later. Therefore, our results provide novel evidence that

short-term exposure of adrenal medullary cells to high cortisollevels can elevate PNMT

activity.

Key Words: glucocorticoid receptors, phenykthanolamine N-methyltransferase,
adrenal medulla. .

Running tille: Glucocorticoid receptors and adrenal PNMT
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Introduction

Glucocorticoids (GCs) are known to regulate the synthesis and relbdse of

neurohormones and neurotransmitters (see McEwen et al., 1986, for a recent review).

As early as 1965, Wurtrnan and Axelrod (1965) showed that hypophysectomy reduced

levels of adrenal meduUary phenylethanolamine N-methyltransferase (PNMT, E.C.

2.1.1.28), the enzyme catalyzing the conversion of noradrenaline to adrenaline. The

effects of hypophysectomy were reversed by adminisl.:'ation of the synthetic GC,

dexamethasone (DEX), suggesting that GCs regulate levels of adrenal PNMT. Later

experiments with cultures of isoli\Îed bovine adrenal meduUary ceUs showed that long­

term (111A8h) exposure of meduUary ceUs to GCs resulted in an increase in PNMT

activity (Hersey and DiStefano, 1979; Kelner and PoUard, 1985). This finding is

consistent with the suggestion that GCs regulate adrenal PNMT by interacting directly

with GC receptors within the chromaffin ceUs.

In 1985, Kelner and Pollard (1985) and Nawata and colleagues (1985)

demonstrated the presence of specific, soluble [3H]-DEX binding sites, with I<ds of 1.28

nM and 35 nM respectively, in cultures of bovine adrenal meduUary ceUs. The profile of

displacement of binding by various steroids was consistent with binding to type II (or

GC) corticosteroid binding sites. [However, these studies were carried out befure

specific GC receptor ligands such as RU 28362 (Philibert and Moguilewsky, 1983;

Coirini et al., 1985) became available to uilow complete chamcterization of the

mineralocorticoid (type 1) and GC cortic(l~terold receptor subtypes, nor did these studies

investigate which medullary ccil tyPes contain GC receptors].

Despite the accumulating evidence that GCs play an important role in regulating

adrenal PNMT, the prevailing notion has been that GCs may regulate basal levels of

PNMT in a permissive fashion with the higher levels of GCs released during an acute

stress response having little additional effect on PNMT (Pohorecky and Wurtman, 1971;

Hersey and diStefano, 1979). This idea was suggested by two sets of observations.
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Firstly, due to the anatomical association between the adrenal medulla and the adrenal

cortex, the medulla is exposed to very high levels (6 to 10 x 10-5 M in the rat; Jones et

al., 1977) of GCs. These levels are much higher than the nM GC levels needed to

occupy and activate GC receptors in other tissues. Secondly, the time of exposure to

GCs (at least 18h) necessary to observe effects on PNMT in both in vivo and in vitro

experiments (Pohorecky and Wurtrnan, 1971; Hersey and diStefano, 1979; Kelner and

Pollard, 1985) is much greater than the duration of GC elevation measured during an

acute stress response.

The aim of the present study was to investigate how the GC influence over

PNMT activity varies in relation ta dynamic changes in the hormone-receptor signal.

Using the range of GC concentrations seen by the adrenal medulla basally and during

stress conditions, we have examined chang'~s in' PNMT activity in relation to various

levels of GC receptor activation (characterized in terms of receptor occupancy and

translocat!"n). We have also observed effects of a short pulse of cortisol, that mimics the

time course of physiological elevation of GCs following a single episode of acute stress,

on the GC receptor signal dnd on adrenal medullary PNMT activity measured 3 days later.

Our results support the idea that Ge receptors may play a role in regulating not oruy basal

level,: of catecholamines but alsu in further modulating catecholamine synthesis during

short-term exposure to high levels of GCs, such as occurs in the acute stress response.

Experimental Procedures

Cel! Culture

Adrenal medullary cells were isolated by retrograde :>erfusion of bovine adrenal glands

with collagenase and DNase l, and purification of isolated cells on Percoll density

gradients as described (Trifaro et al., 1978; Trifar6 and Lee, 1980). Cells were plated on

collagen-coated 35 mm2 cu;~:'œ plates (106 cells/plate) or on 24 weil plates (2.5 x 105
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cells/well) and maintained at 37°C in 10% C02 in air in Dulbecco's Modifi~d Eagle's

Medium (DMEM, GIBCO) supplemented with 10% fetal calf seriIm, 1% glucose, 100

uglml penicillin, 100 ug/ml streptomycin, 5 uglml gentamycin sulfate, 10 Units/ml

mycostatin and 10-5 M cytarabine (Cytosar, Upjohn; used to prevelll gfOwth of mpidly

dividing non-chromaffin cells). For all studies, the cells were used between day 6-10 of

culture and were placed in serum-free, steroid-frec medium [50% DMEM, 50% Ham's

F12 Nutrient Mixture (GIBCO)] with antibiotics and Cytosar for at least 2 days before

use. The data for each set of experiments were collected from at least 3 cell culture

preparations with the exception of the differential plating study which was from 2

different cell culture preparations.

Medullary cell cultures prepared by the above protocol contain approximately 85­

90% cnromaffin cells and 10-15% non-chromaffin cells (cortical and endothelial cells,

fibroblasts, Unsicker and Müller, 1981; Banerjee et al., 1985). In one set of studies,

isolated,::nedullary cells were further purified into highly chromaffin-enriched and non­

chromaffin-enriched cell populations by differential plating (Waymire et al., 1983).

Isolated m",.dullary cells were placed into 80 cm2 plastic flasks (20 x 106 cells/25 ml of

serum-free medium without Cytosar/flask). The flash were incubated at 37°C for 3

hours, and the chromaffin cells were decanted and plated as above. The non-chromaffin

cells were removed with 0.125% trypsin (type I, Sigma) at 37°C for 5 minutes and then

plated as above, except that the medium contained no Cytosar.

GC receptor binding experiments

Percoll-isolated adrenal medullary cells in culture were washed with an îce-cold

isotonic salt solution (wash buffer, 154 mM NaCI, 5.6 mM KCI, IOmM glucose, 5 mM

trizma acetate; pH=7.5) and scraped into ice-cold buffer [TEDGM=30 mM tris HCI. 1

mM disodium EDTA, 1 mM dithiOlhreitol, 10% v/v glycerol and 10mM sodium

molybdate, pH=7.4J, at a concentration of 106 cells/l00 ul TEDGM and sonicated on
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ice. The homogenate was centrifugee! at D-2°C for 45 minutes at 105 OOOg. GC receptor

binding was carried out using methods established by Kalimi and Hubbard (1983). For

saturation experiments, an aliquot (150 ul) of the supematant (cytosol extract) was

incubatee! with 100 ul aliquots ofTEDGM containing either [1,2,4 - 3H]-dexarnethasone

(DEX; specifie activity = 46 Ci/mmole; Amersham, Oakville, Ontario) or [6-methyl-3H]­

RU 28362 (specifie activity =77 Ci/mmole; New England Nuclear, Boston, Mass.) in a

final concentration ran!1;e of 0.1-15 nM at 0-4°C. Incubation was for 20-22 hours. A 20

h incubation allows endogenous steroid bound to GC receptors to exchange maximally

with radiolabelled steroid, and binding is stable at this time point; thus this protocol

measures the total population of non-transformee! soluble GC receptors (Kalimi and

Hubbard, 1983). Following the incubation, bound steroid was separated from free on

Sephadex LH20 (Phar~ :ilcia Fine Chemicals, Dorval, Qué.) columns (7 x 1 cm,

equilibrated with TEDGM) . Aliquots (100 ul) of the incubates were washed inlo the

colurnns with 100 ul TEDGM and bound steroid was elutee! with 500 ul TEGM (TEDGM

without dithiothreitol) 30 minutes later. Radioactivity in the eluate was countee! in 4.5 ml

Liquiscint (National Diagnostics, Somerville, NJ) at 30% efficiency. For the competition

study, a saturating (12 nM) concentration of [3H]-DEX was usee!. In sorne experiments,

single-point incubations with a saturating concentration of [:II]-DEX (12 nM) or [3H]­

RU 28362 (7 nM) were used. Non·specific binding was determined using parallel

incubations with a 500 fold excess of unlabellee! cortisol (the major endogenous bovine

GC). Binding data from saturation experiments were analyzed by Scatchard (1949)

analysis using the McPherson Ligand computer program. Protdn was measuree! by the

method of Bradford (1976). The data are presented as femtomoles bound per milligram

of soluble protein.
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Translocation of Ge Recepior and Nuclear Uptake of [3H]-DEX

To quantify translocation of the GC receptor from a soluble te an insoluble

.compartment in response to GCs, medullary cells were incubaled for 45 min at 37°C with
/

serum-free medium containing unlabelled cortisol. The cortisol-containing medium was

removed, the cells were washed twice with serum-free medium and harvested at various

time points following removal of cortisol. A soluble fraction was prepared from the cells,

aliquots were incubated with a saturating concentration (l2 nM) of [3H]-DEX, and

soluble GC receptor binding assessed, as described.

To measure nuclear uptake of GC receptor, medullary cells (2x106 cells/point) were

incubated with [3H]-DEX in a concentration range of 10-9 to 10-7 M, for 45 min at 37°C.

(Higher concentrations were not tested since levels of steroid in ethanol vehicle required

to assess non-specific binding compromised cell viability). To delermine non-specific

uptake, parallel plates were incubated with [3H]-DEX and 10-4 M of unlabelled cortisol.

Following incubation, the cells were washed twice and harvested into ice cold wash

buffer (2 x 106 cells/1 ml). The whole cells were centrifuged at 800g for 5 min,

resuspended in 1.5 ml hexylene glycol buffer [(lM hexylene glycol, 0.1 mM MgCI2, 2

mM dithiothreitol, 5 mM EGTA, 1 mM piperazine-N,N'-bis-[2-ethane-sulfonic acid]

(Pipes); pH=7.5)] and a nuclear fraction prepared according to the method of Wray et al.

, (1977). Briefly, the resuspended cells were sonicated and centrifuged at 1500g for 10

minutes, the pellet resuspended in 1 ml he,~yiene glycol buffer and recentrifuged.. The

resulting pellet was resuspended in a 2 M sucrose buffer containing 50 mM Tris HCI,

2.5 mm KCI, 2 mM MgCI2, 1 mM dithiothreitol (pH=7.5), and centrifuged at 80000g

for 30 min. The supematant was removed, and the tritium label was extracted from the

pelleted nuclear :"raction ovemight with 1 ml ethanol. Radioactivity in 500 ul of the

ethanol extract was coumed in 4.5 ml of Liquiscint, and the volume of ethanol remaining

was measured to assess degree of evaporation dnring the ovemight extraction.



•

•

•

II-8

Filenylethanolamine N-methyltransferase (PNMT) activity

Adrenal medullary cells plated in 24 weil culture dishes and maintained in serum­

free medium were treated with cortisol (and/or RU 38486) for the amount of lime

indicated in the figure legends. (RU 38486 was generously provided by D. Philiben,

Roussel-Uelaf, Romainville, France). Following treatment, each weil was scraped into

150 ul of water, subjected to a freeze-thaw cycle (-80°C) and centrifuged at 12 800g for

10 min. Aliquots (90 ul) of the supematant were assayed for PNMT activity as described

by Pollard et al. (1979). The assay is based on catalysis of the methylation of substrate

(phenylethanolamine, 1.8 mM) by [6-methyl-3H]-S adenosyl methionine (10 IlM) and

extraction of tritium labelled methyl product into toluene/isoamyl alcohol. Protein was

measured by the method of Lowry et al. (1951). In control cultures containing ethanol in

a concentration equal to the highest used to dissolve steroid, PNMT activity was

unaffected. Adrenal medullary cells under control conditions typically contain

approximately 35 pmol/30 min/Ilg protein of PNMT activity.

Mcasurement of Catecholamines

Catecholamines were measured by HPLC with electrochemical detection.

Adrenal medullary cells (106 cells/2.8 ml) were scraped into 0.1 M perchloric acid

containing 0.1 mM disodium EDTA, using epinine as the internai standard, sonicated and

centrifuged at 7000g for 5 minutes. An aliquot of the supematant was assayed for

catecholamines. The conditions used for HPLC separation and detection of adrenaline,

noradrenaline, and dopamine were as described by Boksa (1990) except that the mobile

phase contained 100 mg/ml sodium octyi sulfate.

Statistical Analyses

Raw data were analysed using one way analysis of variance or Student's t-test,

and comparisons performed with post hoc Newman-Keul's (p<O.05), where appropriate.
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Dose response of translocation and PNMT data were expressed as a percent of control,

and statistical differences were tested using non-parametric statistics (Mann-Whitney two

sample test, p<0.05).

Results

Characterization of GC Receptor Binding

Initial experiments confinned the presence of GC receptors in cultures of bovine

adrenal medullary cells. Saturation experiments were done (Fig 1) with both [3H]-DEX,

an agonist wilh high affinity for the classical GC receptor, and [3H]-RU 28362, a pure

GC receptor agonist (Philibert and Moguilewsky, 1983; Coirini et al., 1985). Scatchard

analyses of experiments done with either radioligand revealed a single population of

saturable receptors with average dissociation constants (Kct) = 3.32 ± 0.57 nM and 1.37

± 0.22 nM (means ± S.E.M.s from n=8-9 experiments) for [3H]-DEX and [3H]­

RU:<'oJb2, respectively. These Kds differed significantly (p<0.05), a finding consistent

wilh the reported higher affinity of [3H]-RU28362 for the GC receptor. The average

maximal binding capacities (Bmax) for the two ligands [105.9 ± 13.3 and 88.0 ±7.8

fmole/mg protein (means ± S.E.M. from n=8-9 experiments) for [3H]-DEX and [3H 1­

RU28362 respectively] did not differ significantly from one another. Competitive

displacement of (3H]-DEX binding by various steroids revealed a typical GC receptor

pattern of relative potencies of displacement; RU 28362 was the most potent displacer,

followed by cortisol, progesterone and aldosterone, with estradiol being a poor

competitor for (3H]-DEX binding (Fig 2).

To examine whether GC receptors are found in the chromaffin or the non­

chromaffin cell populations (or both) present in cultures of adrenal meduIlary ceIls, more

highly purified chromaffin and non-chromaffin ceIl cultures were prepared by differential

plating (Waymire et al., 1983). Chromaffin-enriched cultures had the highest level of
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catecholamines, followed by the standard Percoll-isolated medullary cells, while the non­

chromaffin cell cultures had low amounts of catechola:nines (Fig. 3b), confmning the

separation of cell types. Levels of soluble [3H]-RU28362 binding sites, detennined

usir.g a saturating concentration of the radioligand, were comparable in all three types of

culture - the Percoll-isolated, chromaffin-enriched and non-chromaffin cell populations

(Fig. 3a).

Translocation üf Ge Receptor and Nuclear Uptake of [3H].DEX

Translocation of non-transformed ligand-bound GC receptors from a soluble to an

insoluble (chromatin-bound) compartment in respcr.se to GCs was estimated by

incubating cultures with or without exogenous cortisol and comparing levels of [3H]­

DEX binding sites in soluble fractions subsequently prepared from the cells; a loss of

soluble sites may he assumed to be due to a translocation of the occupied sites to an

insoluble state. Medullary cultures incubated with SO nM cortisol for 4S min showed a

41% decrease in soluble [3H]-DEX binding sites immediately following removal of

cortisol (time 0, Fig. 4a). By 30 minutes following cortisol removal, soluble GC receptor

levels retumed to connul ~Ialues and remained there for up to 6 h.

The decrease in soluble [3H]-DEX binding sites immediately following a ~·S min

exposure to different concentrations of cortisol was next examined (Fig. 4b). Significant

(p<O.OS) loss of soluble receptors was found at ail concentrations (SxlO-8 - 10-4 !\1> of

cortisol tested except 10-8 M. The magnitude of the loss in solubl~ sites was

approximately equivalent for cortisol concentrations from Sx10-8 to 10-6 M. A

concentration of IO-S M cortisol produced a significantly (p<O.OS) greater loss in soluble

sites compared to 10-6 M, and the highest concentration of cortisol tested (10-4 M)

produced a greater (p<O.OS) loss in soluble sites, compared to all other concentrations

tested. To ensure that the loss in [3H]-DEX binding sites was due to translocation and

not to residual cortisol in the soluble fraction interfering with the binding of ligand to
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receplOr, in one set of experiments ceU cultures were incubated with the highest

concentration (10-4 M) of cortisol used and subsequently prepared soluble fractions were

stripped of free cortisol (using Sephadex LH-20 and verified by radioimmunoassay). ln

stripped compared to non-stripped soluble fractions, the 1055 of [3H]-DEX binding sites

in response to 10-4 M cortisol was identical, indicating that residual cortisol does not

interfere with measurement of these sites.

To verify the apçarent translocation ofGC receptors from a soluble to an insoluble

or chromatin-bound compartment, nuclear uptake of [3H]-DEX was examined by

incubating intact cultures with [3H]-DEX and determining the amount of [3H]-DEX

concentrated in a nuclear fraction subsequently prepared from these ceUs. Fig. 5 shows

that specific nuclear uptake of [3H]-DEX was found at ail concentrations tested and that

this was concentration dependent

PNMT Activity

In confirmation of previous reports (Hersey and diStefano, 1979; Kelner and

Pollard, 1985), continuai exposure ofmedullary cultures to cortisol (10-8 10 10-4 M) for

3 days significantly elevated PNMT activity above levels found in control untreated

cultures (Fig. 6). Exposure of these ceUs to 10-6 M cortisone, a steroid which .does not

bind the GC receptor, for 3 days had no effect on PNMT activity (data not shown). Of

note in the present study is the observation that the magnitude of PNMT elevation was

approximately eqllivalent for cortisol concentrations from 10-8 to 10-5 M, while 10-4 M

cortisol produced a further increase in PNMT; this pattern of response to increasing

concentrations of cortisol was similar to that seen for translocation of [3H]-DEX binding

sites (Fig. 4b).

To test whether increases in PNMT activity induced by both lower and higher

concentrations of cortisol were GC receptor-lTlediated, the ability of the GC receptor

antagonist RU 38486 to block cortisol-induced changes in PNMT activity was ey.amined
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(Table 1). RU 38486 effectively reversed cortisol-induced elevations in PNMT activily al

10-7 M and 10-5 M (and 10 sorne extent 5x10-5 M) cortisol, without affecting PNMT

activity on ils own. (Note that in experiments with 10-7 'M cortisol, RU 38486 was used

at a 10-fold higher concentration (10-6 M) than cortisol; in experimenls with 10-5 or

5xlO-5 M cortisol, RU 38486 was used at concentrations of 10-5 and 5xlO-5 M since cell

toxicity of RU 38486 precluded use of higher concentrations of the antagonist).

In order to more c10sely mimic the short pulse of GCs that occurs wilh a

physiological stressor, medullary cultures were exposed to a 2h pulse of either 10-5 or

10-4 M cortisol, the cortisol was removed and PNMT activity measured 3 days lmer.

Fig. 7 shows that at both concentrations tested, a 2h pulse of cortisol significantly

elevated PNMT activily assayed 3 days later, when compared to controi untreated

cultures.

Discussion

The present study confums the presence of soluble high affinity [3H)-DEX

binding sites in bovine adrenal medullary cells. The I<d (3.3 nM) for [3H)-DEX binding

was similar to that reported by Kelner and Pollard (1985) (1.28 nM) but lower Ihan that

reported by Nawata and coworkers (1985) (35 nM), using a similar bovine medullary

preparation. Nawata et al. (1985), in measuring GC receptors, did not include molybdale

in their buffers, a condition which is mandatory for the effective stabilization of GC (type

II) receptor binding (Kalimi and Hubbard, 1983; Mitchell et al., 1986). Although [3H)_

DEX binds to both mineralocorticoid (type 1) and GC corticosteroid receptors (Lutlge et

al., 1989), the profile of displacement by various steroids indicates that the radioligand

binds mainly to GC receptors in adrenal medullary cells. There was no significant

difference in the Bmu for [3H)-DEX and for [3H)-RU 28362, a specifie GC receptor

ligand (Philibert and Moguilewsky, 1983; Coirini et al., 1985), and Scatchard analysis of
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saturation experiments revealed only a single population of [3H]-DEX binding sites,

fUIther supporting [3H]-DEX binding to mainly GC receptors.

There is, nonetheless, sorne suggestion that a very small proportion of [3H]-DEX

binding sites, just at the limit of the level of detection, may represent binding to a site

other than GC receptors. This is suggested by the observations that a small amount of

[3H]-DEX binding could not be displaced by high concentrations of RU 28362 (a

compound not previously tested as competitor for [3H]-DEX binding in medullary ceIIs).

Secondly, the average Bmax for [3H]-DEX tended to he slightly higher (although not

significantly) than that for [3H]-RU 28362. This is consistent with findings that [3H]­

DEX appears to bind to a small sub-population of mineralocorticoid receptors in brain

(see Luttge et al., 1989). However, we have assessed binding of both [3H]-cortisol (in

the presence of RU 28362 sufficient to block binding to the GC receptor) and [3H]­

aldosterone and have been unable to measure mineralocorticoid receptors in adrenal

medullary cells.

The resuIts of experiments with chromaffin and non-chromaffin cell populations

enriched by differential plating indicate that GC receptors are present at very similar leveis

in both chromaffin and non-chromaffin cells in medullary cultures. This finding is not

surprising since GC receptors have been found in all nucleated celltypes tested. Strong

evidence for the presence of GC receptors in adrenal medullary ceiIs has been provided by

recent reports of the immunocytochemical localization of the GC receptor in PNMT

immunoreactive cells in perfused rat adrenal sIices (Ceccatelli et al., 1989) and the

identification of a functional GC response element on the rat PNMT gene (Ross et al.,

1990), as weil as consensus sequences for GC response elements in bovine and human

PNMT genes (Baetge et al., 1988; Batter et al., 1988). The presence of the GC receptor

in both chromaffin and non-chromaffin cells in medullary cultures should he kept in mind

when using these cells as a model for GC regulation of neuroendocrine function. It will
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obviously be imponant to he aware of both purity and composition of cultures when

interpreting studies which measure GC receptors and their actions in this preparation.

Basal plasma levels of GCs reaching most tissues (other than the adrenal) are in

the range of 10-8 - 10-7 M, and these may rise to 10-6 M during a stressful event

(Zumoff et al., 1974; Schoneshofer and Wagner, 1977; Dallman et al., 1987). In many

of these tissues, nM concentrations of GCs have heen shown to translocate GC receptors

(see McEwen et al., 1986). By contrast, Ievels of GCs measured in the adrenal vein of

the anesthetized rat have heen measured to he hetween 6 x 10-5 M and 10-4 M (Jones et

al., 1977), indicating that the adrenal medulla will he exposed to concentrations ofGCs at

least as high as 10-4 M during a stressful event. Given these high levels of GCs in the

adrenal medulIa, it was unclear whether GC receptors in this tissue wouId respond to low

concentrations of GCs as do other tissue types. Our results indicate that there is

significant translocation of [3H]-DEX binding sites in adrenal medullary cells in response

to exogenous GC leve1s as low as 50 nM. In a similar low concentration range (5-100

nM), nuclear uptake of [3H]-DEX was found. (Note that cortisol was used to induce

translocation of GC receptors whereas [3H]-DEX was used for the nuclear uptake and

that data for the two measures are expressed in different units. Thus quantitative

comparison hetween the absolute arnounts of GC receptor translocated and nuclear uptake

of [3H]-DEX should not he made.) The loss in soluble binding sites in response to a 45

minute cortisol exposure suggests a translocation, and not a downregulation, of the GC

receptor, since downregulation of GC receptors occurs with a much slower time course

(approximately 24h GC exposure, see Svec 1985 for a review). Following removal of

cortisol, soluble receptor levels retum to control values within 30 minutes, suggesting a

possible reconstitution of recycled GC receptors (Raaka and Samuels, 1983; Munck and

Holbrook, 1984) able to rebind ligand. Translocation of [3H]-DEX binding sites appears

to plateau with exposure to increasing concentrations of GC from 5xlO-8 to 10-6 M.

However, at 10-5 and 10-4 M cortisol, there is a funher significant increase in the
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magnitude of translocation. Thus it appears that [3H]-DEX binding sites in adrenal

medullary cells do respond to nM concentrations of GCs, but that an additional population

of sites is translocated in response to very high concentrations of GCs physiologically

seen by the medulla. In striking correlation with this was our observation that the

increase in PNMT following 3 day exposure to cortisol also reached a plateau between

10-8 and approximately 10-5 M cortisol, with a further significant increase in PNMT

levels evident at 10-4 M. Thus the results show that GC receptors can be translocated and

PNMT activity can be increased by high concentrations of cortisol, over and above the

response observed when lower cortisol concentrations are used. With respect to

physiological mechanisms it is tempting to speculate that the plateau responses to lower

cortisol concentrations might represent permissive effects of the GCs under basal

conditions while the enhanced effect at high cortisol concentrations relates to conditions of

augmented GC release such as occurs during stress.

It is not clear what mechanism(s) may underly the very distinctive biphasic effect

of low and high concentrations of cortisol on PNMT induction (in addition to

translocation of [3H]-DEX binding sites). To date, there are no reports of separate high

and low affinity GC receptor populations as might be suggested by these findings. The

observation that effects of bath low (10-7 M) and high (10-5, 5xlO-5 M) concentrations

of cortisol on PNMT are blocked by RU 38486 is consistent with both low and high

cortisol concentrations modulating PNMT activity through interactions with a GC

receptor. However, it should be noted that RU 38486 is not GC receptor specific (see

Philibert et al., 1985), thus this experiment cannot completely mIe out the possibilty that

steroid receptors other than the GC receptor (e.g. progesterone receptors) may mediate

effects of low or high cortisol on PNMT. (To our knowledge, the presence of steroid

receptors other than the GC receptor, in the adrenal medulla has not been investigated).

However, Hersey and diStefano (1979) have shown that progesterone is ineffective in

inducing PNMT activity in adrenal medullary cells in culture. An alternative possibility to
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explain differential effects of low and high corusol concentrations is that a metabolic

mechanism regulating conisol levels seen by the receptor saturates at high cortisol

concentrations, thus allowing a larger proporuon of free corusol to act on the receplOr

population.

Shon-tenn conisol exposure is sufficient to mediate a GC receptor signal, as

demonstrated by both the loss of soluble binding sites and the nuclear uptake of [3H]­

DEX. Thus, it seemed plausible that GC regulation of PNMT activity should occur in

response to these shon-tenn dynamic changes in the honnone-receptor signal. However,

previous studies showing GC regulation of catecholamine synthesis in adrenal medullary

ce11s indicated that 18h to 2 days of continuai exposure to GCs is necessary to produce

increases in PNMT activity or catecholamine levels and that shoner times are ineffective

(Hersey and diStefano, 1979; Kelner and Pollard, 1985; Nawata et al., 1985). Since an

acute stress response results in an increase in GC release lasting an hour or two, the

importance of acute stress-induced increases in released GC on modulation of adrenal

catecholamines was questioned. No previous experiments have exposed adrenal

medu1lary ce11s to a shon pulse of GCs and measured PNMT activity after a lag period of

severa! days fo11owing GC exposure. The present study shows that a 2h pulse of conisol

is able to eievate adrenal chromaffin cell PNMT, if PNMT levels are measured 3 days

fo11owing corusol exposure. Bohn and colleagues (1984) have reponed similar findings

in another catecholarninergic preparation, the rat superior cervical ganglion, where a shon

(2 to 4 h) pulse of 10-6 M DEX elevates PNMT measured 2 days after DEX cxposure. il

should be noted that in the present experiments, adrenal medullary cultures were

maintained without any added GC before the 2h GC exposure in order to maximize the

possibility of observing GC effects with this shon GC exposure. This contrasts with the

in vivo situation where a high basal adrenal conisollevel is raised to an even higher level

by a r.tressor. Nevenheless, recent in vivo experiments in our lab show that 20 minute

restraint stress in rats raises adrenal PNMT levels measured 24h (but not eariier)
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following the stress (K. Betito, J.B. Mitchell, S. Bhatnagar, M.J. Meaney, and P.

Boksa, in preparation) indicating that the time course of events we have observed in the

cell culture system may weil reflect the in vivo situation.

Further unpublished observations from our laboratory indicate that a lag period of

at least 24-48h after a 2h pulse of GCs is necessary in order to observe an increase in

PNMT activity in chromaffin cell cultures. Thus, our results suggest that a short-term

stress-induced elevation in GC release could regulate adrenal PNMT, with elevations in

the enzyme activity occurring after a necessary lag period. If such were the case, GCs at

the level of the adrenal medulla would appear to play a raie not in the initial stress

response per se but rather in the recovery of the animal from stress (i.e. promoting

replenishment of catecholamine levels depleted during stress). In this context, Munck

(1971) has previously suggested that many well-known GC effects (e.g. their anti­

inflammatory, immunosuppressive, and insulin-reducing effects) can he interpreted as

functioning to protect the organism against prolonged stress-induced defense reactions

thus aiding in the retum to homeostatic conditions. There is evidence for at least two

mechanisms by which GCs induce PNMT activity in adrenal chromaffin cells; both of

these mechanisms require a fair amount of time and could account for the lag period

necessary to induce PNMT even after a short pulse of GCs. Earlier studies suggesting

that GCs increase the rate of PNMT synthesis (Wurtman and AxeIrod, 1966; Ciaranello,

1978) are strongly supported by more recent experiments showing that GCs increase

levels of mRNA for adrenal PNMT in vivo (Stachowiak et al., 1988) and in vitro, where

this effect is blocked by the GC receptor antagonist RU 38486 (Wan and Livett, 1989),

and by the demonstration of a functional GC response element in the rat PNMT promoter

(Ross et al., 1990). On the other hand, there is also evidence that GCs can decrease the

rate of PNMT degradation (Ciaranello, 1978) probably through regulation of the

metabolism of S-adenosyl methionine, the methyl donor for PNMT (Berenbeim et al.,

1979; Wong et al., 1985).
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In surnmary, the present study shows that bovine adrenal medullary cells contain

classical GC receptors, which are translocated in response to nM concentrations of GCs,

as has been found in other tissues. Further translocation occurs in response to higher GC

concentrations, such as may be encountered in the adrenal during stress, and this is

accompanied by funher increases in PNMT activity at these high GC levels. This

additional translocation of GC receptors at high GC concentrations has not been reported

for other tissues, and may be specific for adrenal medullary cells. Adrenal medullary cells

respond to a shon pulse of GCs, mimicking an acute stress, by increasing PNMT activity

3 days later. Therefore, our results pravide evidence that GCs in the adrenal medulla may

play a more praminent raie in the stress response, and particularly in the recovery of the

organism from a stressful event, than was previously thought. In addition, these studies

suppon the use of bovine adrenal medulary cells in culture as a useful modeJ to study GC

regulation of neuroendocrine function.
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Figure 11-1. Saturation analyses of [3Hl-dexamethasone (A) and [3Hl-R U

28362: (B) binding to cytosolic fractions of bovine adrenal meduIlary

ceIls. Representative saturation analyses (insets) and corresponding Scatchard analyses

are shown.
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Figure 11-2. Competition by various steroids for specifie binding of

[3H]-DEX. A saturating (12 nM) concentration of [3H]-DEX was competed by various

concentrations of steroids. Each point represents the mean of 4-12 determinations except

for RU 28362 at 10-5 M which is the mean of 3 determinations. (Modified from original

published figure) .
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Figure 11-3. Levels of (A) [3 Hj-RU 28362 binding sites and (B)

catecholamines (CAs) in differentially plated bovine adrenal medullary

cells. P=Percol! isolated, CC=chromaffin cel!-enriched, NCC=non-chromaffin cel!­

enriched preparations. In (A), each bar represents the mean (±SEM) of 6-12
.::

determinations. (Y-axis label modified from original published figure). In (B), each bar

represents the mean (±SEM) of 4 detenninations in a representative experiment.
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Figure 11·4. Translocation of the GC receptor from a soluble to an

insoluble compartment in response to cortisol exposure. (A) Time course of

recovery from cortisol exposure: Adrenal medullary cells were exposed to 50 nM cortisol

for 45 minutes, the medium replaced with steroid-free medium and a cytosolic extract was

prepared at different time points as indicated in the figure. The levels of soluble [3H]­

DEX binding sites were measured as described in Experimental Procedures. Each bar

represents the mean (± SEM) of \3-16 single point determinations (* p<0.05 versus 0­

min control) (B) Cortisol concentration response curve for GC receptor occupancy: Cells

were exposed to the indicated concentrations of cortisol for 45 minutes and a soluble

extract prepared immediately following exposure. The levels of soluble [3H]-DEX

binding sites were measured as described in Experimental Procedures. Each point (open

circles) represents the mean (± SEM) of 11-23 single point determinations [* p<0.02

versus control (0 cortisol; filled circle), t p<0.02 versus 10-5 M]. The open square at

10-4 M represents soluble extract that has been stripped of free cortisol using Sephadex

LH-20 columns. Both of the points at 10-4 M are significantly different (p<0.02) from

all other points on the graph; 10-5 Mis significantly (p<0.02) different from bath 10-6 M

and 10-4 M. (Y-axis labels modified from original published figure).
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Figure II-S. Nuclear uptake of [3H]-DEX. Adrenal medullary cells were

exposed 10 various concentrations of [3H]-DEX for 45 minutes, and the tritium label

quanlified in a subsequently prepared nuclear fraction as a measure of nuclear uptake.

Each point represents the mean (±SEM) from 3-4 determinations.
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Figure 11·6. PNMT activity in adrenal medullary ceUs following a 3 day

exposure to various concentrations of cortisol. Ce1ls were maintained in a

serum-free medium before treatment as described in Experimental Procedures. Each

control point (0 cortisol) represents the mean (±SEM) of 51 determinations and a1l other

points are the mean (±SEM) of 21-30 determinations. [* p<0.02, **p<O.OOS, ***

p<O.OOI versus control (filled circle), t p<O.OS versus 10-5 Ml
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Figure 11-7. A short (2h) pulse of cortisol elevates PNMT activity 3 days

laler. Adrenal medullary ceUs were exposed to cortisol for 2 hours, the medium

replaced with steroid-free medium, and PNMT activity measured 3 days following the

beginning of exposure. Each bar represents the mean (±SEM) of 16-24 determinations.

(*** p<O.OOl versus control).
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Table 11·1. Effects of the GC receptor antagonist, RU 38486, on cortisol·

induced increases in PNMT.

Condition PNMT Activity (% control)

Control 100.0 ± 2.8 (58)

Ethanol 100.6 ± 4.8 (46)

Cortisol 10-7 M 113.3 ± 3.8 (30)a
+ 10-6 M RU 38486 99.2±4.3 (34)C

Cortisol 10-5 M 288.7 ± 25.4 (lO)b
+ 10-5 M RU 38486 125.7 ± 12.9 (~3)d

+ 5xlO-5 M RU 38486 140.7 ± 20.2 (l2)d

Cortisol5xl0-5 M 242.7 ± 12.4 (l2)b
+ 10-5 M RU 38486 160.3 ± 14.9 (l2)b.e
+ 5xl0-5 M RU 38486 181.9 ± 13.6 (8)b.e

• RU 38486
10-6 M 97.4± 4.8 (31)
5xl0-5 M 99.4 ± 11.5 (16)

Adrenai medullary ceUs were maintained in a serum-free medium and subsequently

exposed to cortisol in the presence or absence of RU 38486, in the indicated

concentrations, for 3 days. Following this, PNMT activity was measured. Results are the

mean ± SEM (n).

a = different from control, p<0.05
b = different from control, p<O.OOOI
c = different from 10-7 M cortisol aIone, p<0.05
d = different from 10-5 M cortisol aIone, p<O.OOOI
e =different from 5x10-5 M cortisol aIone, p<0.02

•
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Abstract

Glucoconicoid receptor levels within a given cell determines the glucoconicoid

effect in the target tissue. GC receptors are present in adrenal medullary ceIls in culture

where they are involved in the regulation of catecholamine biosynthesis. Modulation of

GC receptor protein and/or mRNA levels in response to cyclic nucleotides has been

found in various cells types. In this study, we have investigated lhe effects of cAMP and

cGMP on GC receptor binding and GC receptor-mediated function in Percoll-isolated

bovine adrenal medullary cells in culture. Four day treatment of ceIls with 8 bromo­

cAMP (8 Br-cAMP; 10-3 M) an analogue of cAMP, orforskolin (10-5 M) an activator of

adenylate cyclase, decreased soluble [3H]-dexamethasone (DEX) binding by 55% and

54%, respectively. 8 bromo-cGMP (8 Br-cGMP) treatment decreased [3H]-DEX

binding by 31 and 34% atlO-5 M and 10-4 M respectively. Treatment with 8 Br-cAMP

or forskolin, but not 8 Br-cGMP, elevated cortisollevels in the medium of treated cells,

presumably by elevating steroidogenesis in contaminating conical cells. Cultures funher

purified to produce chromaffin-enriched cell cultures, also showed a loss (41 %) in

soluble [3H]-DEX binding when treated with 8 Br-cAMP (10-3 M). Four day treatment

of standard Percoll-isolated cells with low concentrations of cortisol (10-9 M to 2xlO-7

M) similar to that found in the medium of 8 Br-cAMP treated cells, did not decrease

soluble [3H]-DEX binding, whereas higher cortisol concentrations (10-6 M) produced a

62% loss in soluble binding. Adsorption of conisol with bovine serum albumin (5

mg/mL) prevented a cortisol (10-6 M)-induced loss in soluble [3H]-DEX binding with no

effect on the 8 Br-cAMP-induced loss in binding, suggesting that the decrease in binding

observed following 8 Br-cAMP treatment is not due to the release of cortisol from

contaminating conical cells. Finally, we report a loss in the ability of 8 Br-cAMP or ­

cGMP treated cells to fully induce the activity of phenylethanolamine N-methyltransferase

(PNMT) in response to cortisol, indicating that decreases in soluble [3Hl·DEX binding
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translate ioto a decrease in the functional consequence of GC receptor binding in adrenal

medullary cells.

In conclusion, these results indicate that long-term increases in cyclic nucleotide

second messengers are able to decrease GC receptor binding in bovine adrenal medullary

cells, via a mechanism independent of released cortisol. The study provides the frrst

repon that alterations in GC receptor levels are reflected in an alteration in a GC-mediated

function, i.e. induction of PNMT, in the adrenal medulla. It is suggested that the pattern

and timing of exposure of adrenal medullary cells to GCs and cyclic nucleotides may

have an imponant influence on the cellular response to these agents.
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Introduction

In a variety of cell types, the number of glucocorticoid (GC) receptor molecules

contained in the cell has been shown to detennine the magnitude of the biological

response to the GCs (Bourgeois and Newby, 1979; Vanderbilt et al., 1987; Distelhorst,

1989; Dong et al., 1990; Tanaka et al., 1992). In several tissues, GCs themselves have

been shown to regulate GC receptor and/or mRNA levels (Svec and Rudis, 1981;

Sapolsky et al., 1984; McIntyre and Sarnuels, 1985; Svec, 1985a; Svec, 1985b; Okret et

al., 1!'86; Kalinyak et al., 1987; Miller et al., 1990; Govindan et al., 1991; O'Donnell

and Meaney, 1991). Other factors, such as various second messengers, have also been

considered for their ability to regulate GC receptor and/or mRNA levels. Modulation of

the GC receptor system in response to cyclic nucleotides has been found in rat

hippocarnpal cells (Mitchell et al., 1992), human skin fibroblasts (Oikarinen et al., 1984)

and mononuclear leukocytes (Tanaka et al., 1992), murine Iymphoma cells (Gruol et al.,

1986; Gruol et al., 1989), rat HTC cells (Dong et al., 1989; Okret et al., 1991), and

AtT20 cells (Sheppard et al., 1991) in culture. In all but the AtT20 cell line, cAMP

increased GC receptor binding and/or mRNA. Conversely, in fibroblasts, cyclic GMP

decreased GC receptor binding, raising the possibility that the cAMP to cGMP ratio may

regulate GC receptor levels within a cell (Oikarinen et al., 1984).

Several groups (Kelner and Pollard, 1985; Nawata et al., 1985; Betito et al.,

1992) have demonstrated the presence ofGC (type II corticosteroid) receptors in bovine

adrenal medullary cell cultures. To date, regulation of GC receptors by neurotransmitter

second messengers has not been studied in the adrenal medulla. In bovine adrenal

medullary cells in culture, formation of cAMP occurs in response to activation of

receptors for a variety of neurotransmitters and neuromodulators inc1uding ACh at

nicotinic receptors (Guidotti and Costa, 1974; Eiden et al., 1984b), corticotropin

releasing factor (CRF; Udelsman et al., 1986), vasoactive intestinal peptide (VIP;
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Wilson, 1988), adrenocorticotropic honnone (ACTH; Michener et al., 1985), and

histamine (Marley et al., 1991). Fonnation of cGMP occurs in response to muscarinic

ACh stimulation (Yanagihara et al., 1979; Schneider et al., 1979; Kayaalp and Neff,

1979), to imidazo1e receptor activation following c10nidine treatment (Regunathan et al.,

1990; Regunathan et al., 1991), and to atrial natriuretic peptide (ANP; Heis1er and

Morrier, 1988). In the adrenal medulla, as in many target tissues, the effects of both GCs

and cAMP are very simi1ar. It has been reported that both cAMP analogues (or e1evation

of endogenous cAMP), and GCs can eievate activity and/or mRNA of adrenomedullary

tyrosine hydroxy1ase (TH), the rate limiting enzyme in catecholamine biosynthesis (Levitt

et al., 1965), and of phenylethanolamine N-methyltransferase (PNMT), the enzyme

catalysing the conversion of noradrenaline to adrenaline (Axelrod, 1962), in a variety of

in vitro and in vivo adrenal models (Wurtrnan and Axelrod, 1965, 1966; Mueller et al.,

1970; Weinshilboum and Axelrod, 1970; Ciaranello and Black, 1971; Gewirtz et al.,

1971; Pohorecky and Wurtman, 1971; Guidotti and Costa, 1973; Ciaranello et al., 1975;

Kurosawa et al., 1976; Hersey and DiStefano, 1979; Kelner and Pollard, 1985;

Stachowiak et al., 1988; Wan and Livett, 1989; Ross et al., 1990; Stachowiak et al.,

1990a; Stachowiak et al., 1990b; Betito et al., 1992). In addition, both cAMP elevation

and GC exposure increase chromaffin cell enkephalin and/or proenkephalin mRNA levels

(Eiden and Hotchkiss, 1983; Eiden et al., 1984a; Quach et al., 1984; Yanase et al., 1984;

LaGamma and Adler, 1987; Inturrisi et al., 1988; Stachowiak et al., 1990a; Wan et al.,

1991). Therefore, both cAMP and GCs have similar regulatory effects on catecholamine

biosynthesis and peptide levels in adrenomedullary cells. This raises the possibility that

sorne of the effects of cAMP in the adrenal medulla could be mediated indirectly via

cAMP regulation of GC receptors. In the present study, using bovine adrenal medullary

cells, we have examined the regulation of GC receptor levels, as measured by soluble

[3H]-dexamethasone (DEX) binding, by analogues of the cyclic nucleotide second
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messengers, cAMP and cGMP [8 bromo-cAMP (8 Br-cAMP) and 8 bromo-cGMP (8 Br­

cGMP)]. Additionally, we have investigated the functional consequence of changing

receptor levels by measuring the inducibility of the GC-regulated enzyme, PNMT.

Experimental Procedures

Cell Culture

Adrenal medullary cells were isolated by retrograde perfusion of bovine adrenal

glands with collagenase and DNase l, and purification of isolated cells on Percoll density

gradients as described by Livett (1984). Cells were plated on collagen-co.1ted 35 mm2

culture plates (106 cens/plate) or 60 mm2 culture plates (2.5xI06 cells/plate) and

maintained at 37°C in 5% C02 in air in Dulbecco's Modified Eagle's Medium (DMEM,

GIDCO, Burlington, Ontario) supplemented with 10% fetal calf serum, 1% glucose, 100

llg/mL penicillin, 100 llg/mL streptomycin, 5 llg/mL gentamycin sulfate, 2.5 llg/mL

amphotericin B (Fungizone, GIDCO) and 10-5 M cytarabine (Cytosar, Sigma, St. Louis,

MO; used to prevent growth of rapidly dividing non-chromaffin cells). For ail studies,

the cells were used between day 6-10 of culture and were placed in serum-free, steroid­

free medium [50% DMEM, 50% Ham's F12 Nulrient Mixture (GIBCO)] with

antibiotics and Cytosar for at least 2 days before use. Cortisol (Aldrich, Milwaukee,

WI), RU 38486 (generously provided by D. Philibert, Roussel-Uclaf, Romainville,

France) and forskolin (Sigma) were dissolved in ethanol, and the cyclic nucleotide

analogues (8 bromo-cAMP and -cGMP, Sigma) dissolved in water, and appropriate

vehicle controls performed with aIl experiments.

Published data on the purity of medullary cell cultures prepared by protocols

sinùlar to the above indicate that such cultures contain approximately 85-90% chromaffin

cens and 10-15% non-chromaffin cens (cortical and endothelial cells, fibroblasts,

Unsicker and Müller, 1981; Banerjee et al., 1985), with our estimates of purity being
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slightly higher (2-5% non-chromaffin cells at time of plating; unpublished data). In one

set of studies, f.olated medullary cells were further purified into highly chromaffin­

enriched and non-chromaffin-enriched cell populations by differentia1 plating according ta

the method of Waymire et al. (1983). Isolated medullary cells were placed into 80 cm2

plastic flasks (20 x 106 cellsl25 mL of serum-free medium without Cytosar/flask). The

flasks were incubated at 37°C for 3 hours, and the chromaffin cells were decanted and

plated as above.

GC receptor binding experiments

Adrenal medullary cells plated in 60 mm2 culture dishes and treated as described

in the figure legends, were washed with an ice-cold isotonic salt solution (wash buffer,

154 mM NaCI, 5.6 mM KCl, 10mM glucose, 5 mM trizma acetate; pH=7.5), scraped

into ice-cold buffer [TEDGM=30 mM Tris HCI, 1 mM disodium EDTA, 1 mM

dithiothreitol, 10% v/v glycerol and IOmM sodium molybdate, pH=7.4], at a

concentration of 2.5 x 106 cellsl400 IlL TEDGM and sonicated on ice. The homogenate

was centrifuged at 0-2°C for 45 min at 105 OOOg. GC receptor binding was carried out

using methods established by Kalimi and Hubbard (1983). An aliquot (ISO IlL) of the

supematant (cytosol extract) was incubated with 100 IlL aliquots ofTEDGM containing

[1,2,4 - 3H]-DEX (specific activity = 98.2 Ci/mmole; Amersham, Oakville, Ontario) in a

final saturating concentration of 10 nM at o-4°C. Incubation was for 2Q-22h. Following

the incubation, bound steroid was separated from free on Sephadex LH20 (Pharmacia

Fine Chemicals, Dorval, Qué.) columns (7 x 1 cm, equilibrated with TEDGM) . Aliquots

(100 l!L) of the incubates were washed into the columns with 100 IlL TEDGM and

bound steroid was eluted with 500 IlL TEGM (TEDGM without dithiothreitol) 30

minutes later. Radioactivity in the eluate was counted in 4.5 mL Ecolite (ICN. Montreal,

Qué.) at 50% efficiency. Non-specifie binding was determined using para1lel incubations
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with a 500-fold excess of unlabel1ed cortisol (the major endogenous bovine GC). A

value for [3H]-DEX binding in a single plate was detennined by assaying duplicate

aliquots of cytosol derived from that plate and using the mean specific binding obtained

as an n of 1. The level of GC receptors between preparations varied between ~ 30 and

120 femtomoles [3H]-DEX bound per milligrarn of soluble protein. Given the variability

in basal [3H]-DEX binding between cell culture preparations, cel1s from the same

preparation were used for both control and treatrnent conditions for each experiment, and

the data are presented as a percentage of the binding found in control untreated plates

within the same preparation. Each treatrnent was tested using cells from more than one

preparation (usually 3). Protein was measured by the method of Bradford (1976). No

changes in protein levels were found fcllowing any drug treatrnent. In one set of studies

(Table III-5) binding data are expressed as femtomoles of specific [3H]-DEX bound per

million cells in order to compare between the various treatrnent groups since the presence

of bovine serum albumin in sorne of the treated samples prevented the use of a standard

protein assay.

Measurement of Cortisol Concentration

The concentration of cortisol was measured in the medium of adrenal medullary

cells following various treatrnents. An aliquot (250 IJL) of the medium was extr.lcted into

750 IJL of absolute ethanol (or 10 - 100 IJL sample plus ethanol to equal 1 mL in order to

dilute samples with expected higher levels of cortisol), the samples centrifuged at ISOOg,

and duplicate 250 ilL aliquots of the supematant were freeze-dried and used for

radioimmunoassay of cortisol as previously described (Krey et al., 1975). Conlml

experiments verified that the medium, as wel1 as the cyclic nucleotides, did not interfer~~

with the r.ldioirnmunoassay.
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Measurement of cAMP

Cellular cAMP levels were determined using a competitive protein binding

technique, based on the competition between radiolabelled cAMP and cAMP levels in the

sample, for a protein with high specificity for cAMP (Brown et al., 1971). Cells were

scraped into ethanol, allowed to stand 5 min at room temperature to denature proteins,

centrifuged and processed for use in the cAMP assay kit (Amersham, Arlington Heights,

IL) as described in detail elsewhere (Mitchell et al., 1992). Control levels of cAMP

ranged from 200-600 pmol/mg protein.

PNMT activity

Following treatment, adrenal medullary cells plated in 35 nun2 culture dishes

were scraped into 500 ilL of water, subjected to a freeze-thaw cycle (-SO°e) and

centrifuged at 12 SOOg for 10 min. Aliquots (90 J.1L) of the supernatant were assayed for

PNMT activity as described by Pollard et al. (1979). The assay is based on catalysis of

the methylation of substrate (phenylethanolamine, 1.S mM) by [6-methyI3H]-S adenosyl

methionine (10 IlM; specifie activity=14.3 Ci/nunol) and extraction of tritium-Iabelled

methyl product into toluene/isoamyl alcohol, counted at 50% efficiency. Protein was

measured by the method of Lowry et al. (1951). In control cultures containing ethanol in

a concentration equal to the highest used to dissolve steroid, PNMT activity was

unaffected. Protein levels were unaffected by d!1.1g treatments. PNMT activity in control

adrenal medullary cells typically ranged from 15-35 pmol methylated product/30 min/Ilg

protein.

Statistical Analyses

In most cases, [3H]-DEX binding and PNMT data were expressed as a percent of

control untreated cultures, and statistical differences were tested using non-parametric
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statistics (Kruskall Wallis and Mann-Whitney two sample test, p<0.05). Medium

cortisol concentration data and [3H]-DEX binding expressed as raw data were analysed

using Student's t-test (p<0.05), or one way analysis of variance with post hoc Newman­

Keul's comparisons (p<0.05) where appropriate.

Results

Regulation of soluble [3H]-DEX binding by 8 Br-cAMP and -cGMP

To examine whether regulation of soluble GC receptor levels by cAMP occurs in

the adrenal medulla, cultuœd bovine adrenal medullary cells were exposed to the cAMP

analogue, 8 Br-cAMP, (10-8 to 10-3 M) for 4 days and [3H]-DEX binding measured.

Previous studies in our laboratory have indicated that [3H]-DEX binds with high affinity

to the GC receptor in cultured adrenal medullary cells (Betito et al., 1992). ln the current

study, single point measurements of soluble [3H]-DEX binding were carried out using a

concentration (10-8 M) of radioligand determined to be saturating in our previous work.

Significant loss of soluble [3H]-DEX binding was found following 4 days of treatment

with 10-4 M (p<0.05) or 10-3 M (p<o.OOOI) 8 Br-cAMP, with losses of 32% and 55%

respectively (Fig Ill-lA). Drug treatment did not affect protein levels (data not shown)

and there was no correlation between levels of basal [3H]-DEX binding in control

cultures and the % decrease in binding following 4 days of treatment with 10-3 M 8 Br­

cAMP.

It has been proposed that the ratio of cAMP to cGMP may be one of the many

factors responsible for regulating the levels of GC receptors in a given cell due to

opposing effects of the two cyclic nucleotides on GC receptor levels (Oikarinen et al.,

1984). In order to examine whether cGMP regulates the GC receptor in adrenal

medullary cells in culture, cells were exposed to different concentrations (10-9 to 10-4 M)

of the analogue, 8 Br-cGMP, for 4 days and [3H]-DEX binding measured. Sighificant
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(p< 0.02) lasses in [3H]-DEX binding of 31 % and 34% were found following 10-5 M

and 10-4 M 8 Br-cGMP exposure respectively (Fig. III-lB), while no lasses in protein

levels were observed. In addition, Scatchard analyses of [3H]-DEX binding in cells

treated with either 8 Br-cAMP (10-3 M) or -cGMP (10-4 M) showed no changes in

apparent afflOity (Kd) compared ta vehicle-treated cells (data not shawn).

We then examined the effect of elevating endogenous cAMP levels on GC

receptor levels. Cells were exposed ta 10-5 M forskoIin, ta activate cellular adenylate

cyclase, for 4 days and soluble [3H]-DEX binding and endogenous cAMP levels

measured. We observed a forskolin-induced decrease in soluble [3H]-DEX binding

(54% decrease; Table III-l) and confmned that forskolin elevated endogenous cAMP

levels (163% increase; Table I1I-I). Therefore, either addition of a cAMP analogue or

elevation of endogenous cAMP results in a reduction in soluble [3H]-DEX binding in

adrenal medullary cells.

In order to determine whether 4 days of exposure to 8 Br-cAMP was necessary

to see a loss in soluble [3H]-DEX binding, cells were exposed to 10-3 M 8 Br-cAMP for

varying lengths of time from 12h to 4 days. A significant (p<0.05) loss of soluble [3H]­

DEX binding was observed as early as Id (42.5 ± 6.2% decrease; n=14), with similar

losses observed at 2 and 4d (40.1 ± 9.1 and 46.0 ± 7.6% decrease; n=14-16) following

exposure of adrenal medullary cells to 8 Br-cAMP. However, no significant decrease in

[3H]-DEX binding was found at 12h. Therefore, exposure of adrenal medullary cells to

8 Br-eAMP for 12-24h is necessary to decrease soluble [3H]-DEX binding.

The effect of 8 Br·cAMP and ·cGMP on cortisol production

Adrenal medullary cell cultures routinely contain a small percentage of

contaminating adrenocortical cells (Unsicker and Müller, 1981; BaneIjee et al., 1985) and

cAMP is known to regulate steroid production in cortical cells (Hayashi et al., 1979).
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Therefore, we considered the possibility that cAMP may indirectly decrease GC receptor

levels in adrenomedul!ary cultures by increasing cortisol in the medium, thereby leading

to downregulation of GC receptors by the released cortisol. Table III-2 shows conisol

levels measured in the medium of cel!s treated for 4 days with 8 Br-cAMP, forskolin or 8

Br-cGMP. There was a significant (p<O.OS) increase in the concentration of conisol in

the medium of cel!s treated with 8 Br-eAMP (10-4 or 10-3 M) or with forskolin (10-5 M)

compared to vehicle-treated control cultures, with cortisol levels measured in the

nanomolar range. In the case of 8 Br-cAMP and of forskolin, al! treatments shown to

decrease soluble [3H]-DEX binding were also found to increase conisol in the medium

[10-4 and 10-3 M 8 Br-cAMP, 10-5 M forskolin (Table 1II-2); at 2,3 and 4d exposure

to 10-3 M 8 Br-cAMP (data not shown)]. The concentration of conisol in the medium

from cel!s treated with 8 Br-cGMP did not increase above control values at any

concentration of the analogue (Table III-2). Neither 8 Br-cAMP or 8 Br-cGMP was

found to interfere with the radioimmunoassay for cortisol.

8 Br-cAMP treatment of chromaffin-enriched cell cultures

In order to examine more c10sely the possibility thallhe efft'cl of cAMP on GC

receplor binding is due to cAMP-induced production of cortisol, numbers of

contarninating cortical cel!s were reduced by further purification of medul!ary cel!s into a

chromaffin-enriched cel! population using a differential plating technique (Waymire el al.,

1983). Previous characterization by our laboratory (Betito et al., 199".) showed that

these chromaffm-enriched cultures contain higher amounts of catecholamines/~gprotein

than do standard Percol!-isolated cells; additionally, non-chromaffin cel! cultures derived

from this technique contain only low levels of catecholamines, thus confirming the

effectiveness of the purification procedure. A 4 day exposure of the chromaffin-enriched

cel! cultures to 10-3 M 8 Br-cAMP resulted in a significant loss (41 %, p<O.OS) in soluble
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[3HI-DEX binding (Table III-3). Absolute levels of cortisol in the control media of these

cultures were much lower than in the less pure cultures (approximately 2 nM compared te

20 nM, compare Tables III-2 and III-3). However, 8 Br-cAMP was still effective in

increasing cortisollevels (to 273% of values for vehicle-treated controls) in the medium

of chrornaffin-enriched cultures.

The effect of cortisol on soluble [3H].DEX bindine: ~

To test if cortisol, in the concentrations found in the medium following 4d 8 Br­

cAMP treatrnent (10-9 to 2xlO-7 M), can produce a loss of soluble [3H]-DEX binding,

cultured bovine adrenal medullary cells were incubated with cortisol (l0-9 to 2x10-7 M)

for 4 days and the cells harvested for GC receptor binding. The medium was assayed for

cortisol by radioimmunoassay after the 4d incubation to ensure that concentrations of

cortisol were, in fact, similar to those observed after 4d8 Br-cAMP treatrnent. Medium

cortisol concentrations after 4d were found to be similar to the arnount of added cortisol,

except in cells treated with 2x10-7 M, where the medium concentration was reduced by

48% (i.e. to approximately 10-7 M), a concentration similar to that observed in many of

the 8 Br-cAMP treated cell culture preparations. Following 4 day exposure of adrenal

medullary cells 10 concentrations of cortisol up to 2x10-7 M, no decrease in soluble [3H]­

DEX binding was observed (Table III-4). Therefore cortisol, in the concentrations

found in the medium following 4d 8 Br-cAMP treatrnent, does not reduce soluble [3H]­

DEX binding.

Prevention of 8 Br·cAMP·induced decreases in [3H].DEX binding by

blockade of cortisol actions

In one set of studies, we attempted to use the GC receptor antagonist RU 38486

(Philibert and Moguilewsky, 1983; Philibert et al., 1985) to test whether the ability of 8
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Br-cAMP to reduce [3H]-DEX binding might he mediated via released cortisol. In pilot

studies to test whether RU 38486 couId effectively block long-term cortisol-induced

decreases in [3H]-DEX binding, cultures were treated for 4 days with either 10-5 M RU

38486 alone, 10-6 M cortisol or 10-6 M cortisol plus 10-5 M RU 38486. This was

followed by a 2h washout period with no added steroid (a condition which allows for

recovery of acutely translocated cortisol-bound receptors from an insoluble DNA-bound

pool to the soluble receptor pool; Betito et al., 1992). Under these conditions, 10-5 M

RU 38486 alone produced decreases in [3H]-DEX binding that were comparable in

magnitude te those produced by 10-6 M cortisol (RU 38486: 56.4 ± 10.4% decrease,

n=19, p<O.OOI; cortisol: 62.3 ± 7.5%, n=12, p<O.OOI). It should be noted that in these

experiments, treatment of adrenal medullary cells, with a concentration of cortisol (10-6

M) similar to that seen by the medulla in situ (Kitay, 1961; Peytremann et al., 1973;

Guidotti and Costa, 1974; Jones et al., 1977), produced a loss in [3Hl-DEX binding, in

contrast to experiments with lower concentrations (10-9 to 2x10-7 M) of cortisol (Table

1II-4). The finding that RU 38486 alone decreased [3H]-DEX binding is not surprising

since it has been previously reported that RU 38486 is capable of translocating the GC

receptor and allows nuclear binding of the receptor without rcsulting in a functional

cOflsequence (Rajpert et al., 1987; Qi et al., 1990; O'Donnell and Meaney, 1991). We

WC·le thus unable to utilize this antagonist to block a possible cortisol-induced decrease in

soluble [3H]-DEX binding following 8 Br-cAMP treatment. Unfortunately, no

appropriate GC rcceptor antagonist is available at this time for such an experiment.

Serum albumin is an effective means of binding cortisol and should he expected

to block any effects of medium cortisol on [3H]-DEX binding in cells treated with 8 Br­

cAMP. Therefore, in the next set of experiments we compared effects of bovine serum

albumin (BSA) on the loss in [3H]-DEX binding produced by 8 Br-cAMP and by

cortisol. For this, cells were treated for 4d with either 8 Br-cAMP (10-3 M) or cortisol
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(10-6 M), in the presence or absence of BSA (5 mg/mL), the cells scraped and soluble

[3H]-DEX binding measured. Table III-S shows that the presence of BSA prevents the

cortisol-induced 10ss in soluble [3H]-DEX binding, without affecting the 8 Br-cAMP­

induced loss. The two sets of studies in Tables III-4 and III-S suggest that the cAMP­

induced decrease in soluble [3H]-DEX binding is not due to the release of cortisol from

contaminating cortical cells.

Functional consequence of d"creased [3Hl:DEX binding following 8 Br­

cAMP and -cGMP treatmf:nt: Loss of induction of PNMT activity

We have previously shown that a 2h pulse of 10-4 M cortisol is sufficient to

increase the activity of PNMT measured 18h-3 days later in cultured adrenal medullary

cells (Betito et al., 1992; 1993). Given the loss in soluble [3H)-DEX binding in response

to the cyclic nucleotide second messengers in these cells and that GC biological responses

generally depend on the number of GC receptors available (Bourgeois and Newby, 1979;

Vanderbilt et al., 1987; Distelhorst, 1989; Dong et al., 1990; Tanaka et al., 1992), we

looked at the ability of cells pre-treated with 4 days of 8 Br-cAMP (10-3 M) or 8 Br­

cGMP (10-4 M) to respond to a 2h pulse of 10-4 M cortisol. PNMT activity was

measured 2 days following the 2h pulse of cortisol. Figure III-2 shows that following

treatrnent with either of the cyclic nucleotides, the cells' ability to increase PNMT activity

in response to cortisol is significantly lower than that of vehicle-treated control cells.

Controllevels of PNMT activity did not change following 4d treatrnent with either the

cAMP or cGMP analogue. Therefore, cyclic nucleotide-induced regulation of soluble

[3H)-DEX binding translates into reduced GC induction of PNMT activity.



•

•

•

IlI-16

Discussion

The second messenger, cAMP, has been shawn to increase GC receptor and/or

rnRNA levels in a variety of cells types: rat HTC (Dong et al., 1989; Okret et al., 1991)

and hippocampal cells (Mitchell et al., 1992), murine lymphoma cells (Gruol et al., 1986;

Gruol et al., 1989), human skin fibroblasts (Oikarinen et al., 1984) and mononuclear

leukocytes (Tanaka et al., 1992). Conversely, in the present study using cultured bovine

adrenal medullary cells, the cAMP analogue 8 Br-cAMP decreased soluble [3H]-DEX

binding by 55% at 10-3 M of the analogue, with a similar decrease (54%) observed

following a forskolin-induced elevation of endogenous cAMP. Scatchard analyses

indicated that 8 Br-cAMP (10-3 M) as well as 8 Br-cGMP (10-4 M), produced no change

in the apparent affinity of the GC receptor for [3H]-DEX, suggesting that use of a

saturating concentration of the radioligand, as in the majority of these experiments,

estimates the density of soluble GC receptors. In only one other study of which we are

aware, using the corticotrope tumor cellline AtT20, has exposure of cells to cAMP been

previous1y reported to reduce GC receptor binding (Sheppard et al., 1991). This study

reported a decrease in the density of nuclear, cytoplasmic and whole cell [3H]-DEX

binding and in GC receptor mRNA levels following elevations in cAMP induced by

either CRF or by forskolin. In adrenal medullary cells exposed ta 8 Br-cGMP, the

analogue caused a decrease in soluble [3H]-DEX binding. On the basis of studies with

human skin fibroblasts, where dibutyryl cAMP increases and dibutyryl cGMP decreases

whole cell [3H]-DEX binding, it has been suggested that the cellular balance between

cAMP and cGMP determines the levels of GC receptor in a given celltype (Oikarinen et

al., 1984). However in adrenal medullary cells bath cAMP and cGMP analogues

decreased soluble [3H]-DEX binding. Therefore, the regulation of GC receptors by

cyclic nucleotides appears to he cell type specific.
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The mechanism(s) by which cAMP regulates levels of GC receptor binding sites

is currently unknown. Conversion of the GC receptor from a non-hormone-binding to

the hormone-binding form is known to involve phosphorylation of the GC receptor

protein (Singh and Moudgil, 1985; Orti et al., 1989), and has been suggested as a

mechanism by which cyclic nucleotides might increase levels of GC binding sites (Gruol

et al., 1986). Studies by Dong and coworkers (1989) showing than cAMP can increase

the amount of GC receptor protein, as measured by Western immunoblotting, suggest

that cAMP may also regulate Ge receptor synthesis. However both of these mechanisms

provide for increases in GC receptor binding sites, and thus indentical mechanisms

cannot account for the decreases in [3H]-DEX binding produced by cAMP in adrenal

medullary cells. The long time of exposure (>12h) to 8 Br-cAMP required to produce

decreases in [3H]-DEX binding sites in the current study suggest that a mechanism

requiring appreciable time, such as regulation of GC receptor synthesis, resulting in

decreased receptor levels, could he involved in cAMP regulation of GC receptors in

adrenal medullary cells.

The assay for [3H]-DEX binding used in this study measured levels of soluble

(cytosolic) non-transformed [3H]-DEX binding sites rather than total binding sites, and

does not include the pool of GC receptors that may be transformed and unable to bind

ligand. Thus, an alternate mechanism for a cAMP-induced 1055 in soluble [3H]-DEX

binding may be a cyclic nucleotide-induced transformation of GC receptors, or a

translocation of GC receptors to an insoluble, DNA-bound pool. However, this

mechanism seems unlikely for severa! reasons. 1) Translocation of GC receptors, at least

in response to GCs, is a rapidly occurring event. For example, in our previous studies,

incubation of cultured adrenomedullary cells with cortisol for 45 min was sufficient to

produce significant 1055 of soluble [3H]-DEX binding, with levels of these sites returning

to control values by 30 min following cortisol removal (Betito et al., 1992). Thus the
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long time course of exposure to 8 Br-cAMP required to decrease soluble [3H]-DEX

binding, suggests that the analogue is not simply translocating receptors to an insoluble

pool. 2) At least in rat hepatocytes, protein kinase C and not cyclic nucleotide dependent

protein kinases appear to be involved in the nuclear translocation of GC receptor

complexes (Kido et al., 1987). In those celIs, nuclear [3H]-DEX binding &nd DEX­

induced tyrosine aminotransferase activity were blocked by the protein kinase C inhibitor,

H-7, but not by the cyclic nucleotide-dependent protein kinase inhibitor, H-8. 3) In

studies with AtT20 celIs, Sheppard et al. (1991) reported that cAMP elevation reduces

not only cytoplasmic and whole cell binding of [3H]-DEX, but also reduces nuclear

binding of [3H]-DEX, and GC receptor mRNA. 4) Our observation that following

cAMP treatment, cortisol was less effective in inducing PNMT activity indicates that

cAMP does not increase the proportion ofDNA-bound GC receplors able to produce a

functiona1 response. However, we cannot eliminate the possibility that cAMP may

promote nuclear binding of GC receptors that are unable to induce PNMT. This would

be similar to the case reported for human 1ymphoblasloid cells where RU 38486 is

capable of translocating the GC receptor, and allowing binding of the receplor to DNA,

without resulting in a functional consequence (Rajpert et al., 1987).

In adrenal medullary cell cultures, dibutyryl cAMP has been shown to maintain

contarninating adrenal cortical cells in a differentiated state, while the absence of cAMP

results in dedifferentiation of cortical cells into fibroblast-like cells (Unsicker and Ziegler,

1982). In situ, adrenocortical cells respond to cAMP elevation (via ACTH and other

modulators) by stimulating steroidogenesis (Grahame-Smith et al., 1967; Hayashi et al.,

1979). Therefore, since GCs can regulate their own receptors, we considered the

possibility that 8 Br-cAMP might decrease [3H]-DEX binding indirectly via an increase

in the levels of cortisol in the medium. We found, in fact, that wherever 8 Br-cAMP

reduced soluble [3H]-DEX binding, there was an increase in medium cortisol.
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Nonetheless, it is unlikely that the effect of 8 Br-cAMP on soluble [3H]-DEX binding is

mediated via cortisol release for the following reasons. 1) Cultures enriched in

chromaffin cells by differential plating (Waymire et al., 1983) and containing very low

levels of cortisol in the medium, showed similar decreases in soluble [3H]-DEX binding

in response to 8 Br-cAMP as did standard cell cultures. 2) Exposure of medullary cells to

cortisol for 4d, in a range of concentrations (10-9 to 2xlO-7 M) similar to those induced

by 8 Br-cAMP, did not reduce [3H]-DEX binding, whereas a reduction was found in

response to a higher concentration of cortisol (10-6 M), nonnally seen by the adrenal

medulla (!Gtay, 1961; Peytremann et al., 1973; Guidotti and Costa, 1974; Jones et al.,

1977). 3) Addition of BSA, to adsorb medium cortisol, effectively reversed the loss in

[3H]-DEX binding induced by added cortisol, but had no effect on the 8 Br-cAMP­

induced loss in [3H]-DEX binding. Therefore, the cAMP-induced loss in soluble [3H]­

DEX binding does not appear to he an indirect result of increasing cortisol production

from contaminating cortical cells in the adrenal medullary cell cultures. Additionally,

effects of 8 Br-cGMP on [3H]-DEX binding and on PNMT activity are also not due to

released cortisol, since 8 Br-cGMP did not cause an increase in medium cortisol.

However, our finding that 8 Br-cAMP increases cortisol levels in both standard and

highly purified adrenal medullary cultures suggests caution in the interpretation of studies

using cAMP analogues or forskolin treatment in adrenal medullary cel! preparations. It

may he important to investigate whether reported effects of cAMP on parameters such as

peptide levels or CA synthetic enzymes in medullary cultures are due to release of

cortisol, since cortisol is also known to regulate these same parameters.

In terms of the comparison of effecls of cAMP and of GCs on GC receptor

regulation, our results show that exposure to cAMP on a long tenn (>12h) basis

decreases soluble [3H]-DEX binding sites, while we and others have shown that long­

tenn exposure to GCs also decreases or downregulates GC receptors in adrenal
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medullary cells and many other cell types (Svec and Rudis, 1981; Sapolsky et al., 1984;

McIntyre and Samuels, 1985; Svec, 1985a; Svec, 1985b; Miller et al., 1990; O'Donnell

and Meaney, 1991; present study). Thus long-tenn effects of cAMP and of the GCs on

soluble GC receptor levels appear to be similar, consistent with observations that cAMP

and GCs appear to have similar effects on many parameters in the adrenal medulla.

However, in tenns of functional consequences to the adrenal chromaffin ceU, the pattern

of exposure to cAMP and the GCs appears to play a crucial role in determining the final

functional consequence to the cell. When medullary cells were frrst exposed to 8 Br­

cAMP for 4 days to decrease GC receptors, followed by a 2h exposure to cortisol, effects

of 8 Br-cAMP on PNMT induction were opposed to those of cortisol. Cells pre-treated

with 8 Br-cAMP induced PNMT in response to cortisolless effectively than did vehicle

pre-treated cells. This finding supports the demonstration that in tissues other than the

adrenal medulla, the magnitude of the biological response to GCs is proportional to the

levels of GCs in a giveri cell (Bourgeois and Newby, 1979; Vanderbilt et al., 1987;

Distelhorst, 1989; Dong et al., 1990; Tanaka et al., 1992). Previously, it had not""en

possible to examine whether dynamic changes in GC receptor levels could alter GC

receptor-mediated function in adrenal medullary cells, since the prevailing notion from

bath in vitro and in vivo studies had been that long-tenn (l8h-2d) exposure of medullary

cells to GCs was necessary to elevate PNMT activity and/or catecholamine levels (Hersey

and DiStefano, 1979; Kelner and Pollard, 1985; Nawata et al., 1985). Thus, it was

unknown if drug-induced GC receptor losses would remain as such over the 2d period of

GC exposure thought to be needed for rneasurements of GC-mediated function. This

technical problem has been solved by our recent in vitro evidence showing that a short

(15 min-2h) pulse of GCs can in fact elevate adrenal medullary PNMT (measured 2-3d

later; Betito et al., 1992; 1993). This has provided us with the experimental opportunity

to show that dynamic changes in GC receptor levels (produced by cAMP and cGMP) can
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alter GC receptor mediated function in medullary ceIls. Therefore, our results provide

evidence for a much more dynamic regulation of adrenal medullary cathecholamine

synthesis, by GCs and other modulators such as cyclic nucieotides, than was previously

thoughl, determined by the timing and pattern of exposure to these agents.

In summary, the present study shows that both cyclic nucleotide second

messengers cAMP and cGMP decrease soluble [3H]-DEX binding in cultured bovine

adrenal medullary cells. We have observed a cAMP-induced production of cortisol in the

medium of treated adrenal medullary cells, although this production of steroid does not

appear to he responsible for the loss in soluble [3H]-DEX binding. However, this does

raise caution in the interpretation of studies using cAMP analogues or forskolin treatment

in bovine adrenal medullary cell preparations. Finally, the loss in soluble [3H]-DEX

binding in response to elevation of intracellular cAMP or cGMP translates into a

reduction in the functional consequence of GC receptor binding in adrenomedullary cells,

the loss in the ability to fully induce the activity of PNMT in response to a GC pulse

following 4d exposure to 8 Br-cAMP or -cGMP. This is the flfst report to show a

relationship hetween the levels of GC receptor and the inducibility of the GC-regulated

enzyme, PNMT, in adrenal medullary cells in culture. Our results indicate that the pattern

and timing of exposure of adrenomedullary cells to cAMP and GCs may he important

determinants of the cellular response to these agents.
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Figure 111-1. 4 day treatment of adrenal medullary cells with 8 bromo­

cAMP (8 Br-cAMP) or 8 bromo-cGMP (8 Br-cGMP) reduces [3H]-DEX

binding. A) Adrenal medullary cells were treated with various concentrations (10-8

to 10-3 M) of 8 Br-cAMP for 4 days and soluble [3H]-DEX binding measured. Each

point represents the mean (± SEM) value for 12-18 plates from 3 preparations for ail

except 10-3 M, which is the rnean (± SEM) for 44 plates frorn 7 preparations (*p<0.03,

**p<O.OOOI versus control untreated cultures). B) Cells were treated with various

concentrations (10-9 to 10-4 M) of 8 Br-cGMP for 4 days and [3H]-DEX binding

rneasured. Each bar represents the mean (± SEM) from 12-26 plates from 3-5 cell

preparations (**p<0.02 versus control untreated cultures).
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Figure 111·2. Cyclic nucleotide treated cells have a reduced ability to

respond to a 2h pulse of cortisol by increasing PNMT activity. Adrenal

meduUary ceUs were pretreated with either serum free medium ("control"). 8 Br-cAMP

(10-3 M), or 8 Br-cGMP (10-4 M) for 4 days. The medium was removed from aU

culture plates, and the plates were pulsed with either serum free control medium ("2h

vehicle pulse" for each condition; open bars) or serum free medium containing 10-4 M

cortisol for 2 hOUTS [2h cortisol (10-4 M) pulse; closed bars]. AU plates received serum

free medium for 2 days, the ceUs were then scraped and PNMT activity measured.

Results for ail groups are expressed as a % of activity measured in control untreated ceUs

(i.e. 4 day treatrnent with medium foUowed by 2h vehicle pulse, control open bar). Four

day treatrnent with either 8 Br-cAMP or 8 Br-cGMP had no significant effect on control

PNMT activity (compare open bars). Thus expressing data for 8 Br-cAMP/2h cortisol

treated ceUs either as a % of values for control untreated ceUs, as in Fig. 4, or as a % of

values for 8 Br-cAMP/2h vehicle treated ceUs, yielded the same finding, i.e., 4 day pre­

treatrnent with 8 Br-cAMP results in a reduced ability for cortisol to induce PNMT, in

comparison to cells pre-treated for 4 days with medium. A similar argument holds for 8

Br-cGMP. Each bar represents the mean (± SEM) value for the foUowing numbers of

plates: 53-61 for control condition, 25-32 for 8 Br-cAMP condition, 23 for 8 Br-cGMP

condition from 3 ceU preparations. [t p<0.05 compared to control condition, 2h pulse

(closed bar), **p<.OO2 compared to treatrnent condition, no pulse (open bar)] .
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Table 111-1. Elevation of cAMP levels. by forskolin decreases [3Hl-DEX

binding.

Control

Forskolin (10-5 M)

[3Hl-DEX binding
(% control)

100.0 ± 10.9 (15)

45.9 ± 12.3 (12)**

cAMP Levels
(% control)

100.0 ± 5.8 (14)

262.5 ± 17.6 (14)**

•
Adrenal medullary cells were treated with 10-5 M forskolin for 4 days, and [3Hl-DEX

binding or cAMP levels were measured. Data are expressed as the mean (± SEM) value

for (0) plates from 2 preparations (** p<0.OO5 versus control untreated cultures).
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Table 111-2. Cortisol concentration in the medium of cells treated for 4
days with forskolin, 8 Br-cAMP or 8 Br-cGMP.

Cortisol Concentration
( x 10-9 M )

8 Br-cAMP:

Control 11.2 ± 1.2 (4)
8 Br-cAMP (10-8 M) 8.1 ± 0.7 (4)
8 Br-cAMP (10-7 M) 13.1 ± 1.1 (4)
8 Br-cAMP (10-6 M) 12.8 ± 0.7 (4)
8 Br-cAMP (10-5 M) 17.9 ± 2.8 (4)
8 Br-cAMP (l0-4 M) 45.7 ± 4.4 (4)*

Control 28.8 ± 3.5 (20)
8 Br-cAMP (10-3 M) 99.5 ± 10.3 (20)**

Forskolin:

• Control 47.3 ±8.3 (5)
Forskolin (10-5 M) 187.5 ±5.7 (5)**

8 Br-cGMP:

Control 10.1 ± 1.6 (4)
8 Br-cGMP (10-9 M) 10.2 ± 1.2 (4)
8 Br-cGMP (10-8 M) 7.5 ±0.7 (4)
8 Br-cGMP (10-7 M) 6.5 ±0.3 (4)
8 Br-cGMP (10-4 M) 10.5 ±0.4 (4)

Control 17.3 ± 1.1 (26)
8 Br-cGMP (10-5 M) 17.2 ± 1.1 (26)

•

Adrenal medullary cells were treated with either 8 Br-cAMP (10-8 to 10-3 M), forskolin

(l0-5 M), or 8 Br-cGMP (10-9 to 10-4 M) for 4 days, the medium removed and assayed

for cortisol using a radioimmunoassay. Data are expressed as the Mean ± S.E.M. for (n)

plates from either 1 preparation for the forskolin, 8 Br-cAMP (l0-8 to 10-4 M), or 8 Br­

cGMP (10-9 to 10-7 M and 10-4 M) treatrnents or 3 preparations for the 8 Br-cAMP (10­

3 M) and 8 Br-cGMP (10-5 M) treatments (**p=O.OOOl, *p<0.05 vs control).
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Table 111-3. [3H]-DEX binding and medium cortisol in chromaffin­
enriched cell cultures treated for 4 days with 10-3 M 8 Br-cAMP.

Control

8 Br-cAMP (10-3 M)

[3H]-DEX binding
(% control)

loo.O± 13.7 (18)

59.3 ± 11.3 (16)*

Cortisol Concentration
(x 10-9 M)

1.96 ± 0.37 (14)

7.31 ± 1.24 (14)**

•

•

Percoll-isolated adrenal medullary cells were funher purified into a chromaffin-enriched

cell population by differential plating as described in Experimental Procedures, and

treated with 8 Br-cAMP (10-3 M) for 4 days. The medium was removed and assayed for

cortisol concentration, and the cells were scraped and [3H]-DEX binding measured. Data

are expressed as the mean ± S.E.M. for (n) plates from 2 preparations (**p<O.oo l,

*p<0.05 vs control).
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Table III-4. [3H]-DEX binding in cells treated for 4 days with varions
concentrations of cortisol.

[3H]-DEX binding
(% control)

Added Cortisol 1O-9 M

10-8 M

5xlO-8 M

2xlO-7 M

92.6 ± 13.3 (15)

.. 117.5 ± 22.4 (16)

112.8 ± 14.8 (20)

112..6 ± 25.9 (12)

•

•

Adrenal medullary cells were treated with cortisol (10-9 to 2xlO-7 M) for 4 days. the

cells scraped and [3H]-DEX binding measured. Data are expressed as the mean ± SEM

for (n) plates from 2 preparations. No significant difÎerences between groups were

found.
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Table III-S. The presence of bovine serum albumin in the medium of
cells treated with 8 Br-cAMP does not prevent the 1055 in soluble [3H]_
DEX binding.

Control

8 Br-eA.\1P (10-3 M)

8 Br-cAMP (10-3 M) + BSA

Cortisol (10-6 M)

Cortisol (10-6 M) + BSA

[3H]-DEX binding
(fmoll 10' cells)

1.057 ± 0.153 (27)

0.604 ± 0.118 (15)*

0.663 ± 0.102 (26)*

0.502 ± 0.Q75 (25)*

1.053 ± 0.092 (3l)t

•
CeUs were treated with 10-3 M Br-cAMP, or 10-6 M cortisol, for 4 days in the presence

or absen/::e of 5 mg/mL BSA, and soluble [3H]-DEX binding measured. Data are

expressed as the mean (± SEM) value for (n) plates, from 3-4 cell preparations (*p<0.05

versus control untreated cultures, t p<0.05 versus conisol alone).
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Appendix A. Additional Data for Chapter III.

The following figure contains data mentioned in the text as unpublished data (see page

III-11), and is not included in the published manuscript.

Figure III·3. 4 day treatment of adrenal medullary cells with 8 bromo­

cAMP (8 Br-cAMP) or 8 bromo-cGMP (8 Br-cGMP) does not affect Kd

for [3H]-DEX binding.· Adrenal medullary cells were treated with 8 Br-cAMP (10­

3 M), or 8 Br-cGMP (10-4 M) for 4 days. Saturation analyses of [3H]-DEX binding to

cytosolic fractions of treated cens were obtalned. Scatchard transformations of the dat::

were performed on 3 samples for each drug and for vehicle-treated cens, and the apparent

affinity constants (Kd) calculated. No significant differences between the Kds from

vehicle-, 8 Br-cAMP- and 8 Br-cGMP-treated cens was found.



4d 8 Br-cRMP
•

•
0.001 • •• •
0.000

1.0 2.0 3.0 4.0 5.0 6.0 7.0

[3H]-OEH Bound (M H 10 -12)

0.003

0.002

0.004

III

~....
.......
'l:I
C
=Q
=

•

1.0 2.0 3.0 4.0 5.0 6.0

[3H]-OEH bound (M H 10 -12)

0.0014

0.0012

• III 0.0010III.......
.......
'l:I 0.0008c
=Q
= 0.0006

0.0004

0.0002
0.0

• 4d 8 Br-c6MP

•
Control Rueroge Kd·<~.48±O.85

8 Br-cRMP Rueroge Kd=3.06±O.17
8 Br-t6MP Rueroge Kd=5.36±2.25



•

•

•

rn-30

References

Axelrod J. (1962) Purification and properties of phenylethanolamine N­

methyltransferase. J. Biol. Chem. 237: 1657-1660.

Banerjee D.K., Ornberg R.L., Youdim M.B.H., Heldman E., and Pollard H. (1985)

Endothelial cells from bovine adrenal medulla develop capillary-like growth

patterns in culture. Proe. Natl. Aead. Sei. USA, 82: 4702-4706.

Betito K., Diorio J. and Boksa P. (1993) Brief cortisol exposure elevates adrenal

phenylethanolamine N-methyltransferase after a necessary lag period. Eur. J.

Pharm. In press.

Betito K., Diorio 1., Meaney M.J. and Boksa P. (1992) Adrenal phenylethanolamine N­

methyltransferase induction in relation to glucocorticoid receptor dynamics:

Evidence that acute exposure to high cortisollevels is sufficient to induce the

enzyme. J. Neuroehem. 58: 1853-1862.

Bourgeois S. and Newby R.F. (1979) Correlation between glucocorticoid receptor and

cytolytic response ofmurine lymphoid celllines. Cancer Res. 39: 4749-4751.

:>"
Bradford M.M. (1976j A rapid and sensitive method for the quantitation of microgram

quantities of protein utilizing the principle of protein-dye binding. Analytieal

Bioehem. 72:248-254.

Brown B.L., Albano J.D.M., Ekins R.P. and Sgherzi A.M. (1971) A simple and

sensitive saturation assay method for the measurement of adenosine 3',5'-cyclic

monophosphate. Bioehem. J. 121: 561-562.

Ciaranello R.D. and Black I.B. (1971) Kinetics of the gluf.ocorticoid-mediated induction

of phenylethanolamine N-methyltransferase in the hypophysectomized rat.

Bioehem. Pharmaeol. 20, 3529-3532.



•

•

• •••

ITI-31

Ciaranello R.D., Wooten G.F. and Axeirod J. (1975) Regulation of dopamine B­

hydroxylase in rat adrenal glands. J. Bio!. Chem. 250: 3204-3211.

Distelhorst C.W. (1989) Recent insight into the structure and function of the

glucocorticoid receptor. J. Lab Clin. Med. 113: 404-412.

Dong Y., Aronsson M., Gustafsson J.-À., and Okret S. (1989) The mechanism of

cAMP-induced glucocorticoid receptor expression: Correlation to cellular

glucocorticoid response. J. Bio[. Chem. 264: 13679-13683.

Dong Y., Cairns W., Okret S., Gustafsson J.-À. (1990) A glucocorticoid-resistant rat

hepatoma cell variant contains functional glucocorticoid receptor. J. Bio[. Chem.

265:7526-7531.

Eiden L.E., Giraud P., Affolter H.-V., Herbert E. and Hotchkiss AJ. (l984a)

Alternative modes of enkephalin biosynthesis regulation by reserpine and cyclic

AMP in cultured chromaffin cells. Proe. Nat[. Aead. Sei. U.S.A. 81: 3949·

3953.

Eiden L.E., Giraud P., Dave J.R., Hotchkiss AJ. and Affolter H.-U. (1984b) Nicotinic

receptor stimulation activates enkephalin release and biosynthesis in adrenal

chromaffin cellsNature 312: 661-663.

Eiden L.E. and Hotchkiss A.J. (1983) Cyclic adenosine monophosphate regulates

vasoactive intestinal polypeptide and enkephalin biosynthesis in cultured bovine

chromaffin cellsNeuropeptides 4: 1-9.

Gewinz G.P., Kvetnansky R., Weise V.K., and Kopin 1.1. (1971) Effect of

hypophysectomy on adrenal dopamine B-hydroxylase activity in the rat. Mo[.

Pharmaeo[.7: 163-168.

Govindan M.V., Pothier F., Leclerc S., Palaniswami R., and Xie B. (1991) Human

glucocorticoid receptor gene promotor - homologous down regulation. J. Steroid

Bioehem. Malec. Biol. 40: 317-323.



•

•

•

ill-32

Orahame-Smith D.O., Butcher R.W., Ney R.L. and Sutherland E.W. (1967) Adenosine

3',5'-monophosphate as the intracellular mediator of the action of

adrenoconicotropic hormone on the adrenal conex. J. Biol. Chem. 242: 5535­

5541.

Oruol D.1., Rajah F.M. and Bourgeois S. (1989) Cyclic AMP-dependent protein kinase

modulation of the glucoconicoid-induced cytolytic response in muTine T­

lymphoma cells. Mol. Endocrinol. 3: 2119-2127.

Oruol D.1., Campbell N.F. and Bourgeois S. (1986) Cyc1ic AMP-dependent protein

kinase promotes glucoconicoid receptor function. J. Biol. Chem. 261: 4909­

4914.

Ouidotti A. and Costa E. (1973) Involvement of adenosine 3',5'-monophosphate in the

activation of tyrosine hydroxylase elicited by drugs. Science 179:902-904.

Ouidotti A. and Costa E. (1974) A role for nicotinic receptors in the regulation of

adenylate cyc1ase of adrenal medulla. J. Pharm. Exp. Ther. 189: 655-675.

Hayashi K., Sala O., Catt K., and Dufau M.L. (1979) Regulation of steroidogenesis by

adrenocorticotrophic hormone iri isolated adrenal cells: The intermediate role of

cyclic nucleotides. J. Biol. Chem. 254: 6678-6683.

Heisler S. and Morrier E. (1988) Bovine adrenal medullary ceUs contain functional atrial

natriuretic peptide receptors. Biochem. Biophys. Res. Commun. 150: 781-787.

Hersey R.M. and DiStefano V. (1979) Control of phenylethanolamine N­

methyltransferase by glucocorticoids in cultured bovine adrenal meduUary ceUs.

J. Pharmacol. Exp. Ther. 209: 147-152.

Inturrisi C.E., Branch A.D., Robertson H.D., HoweUs R.D., Franklin S.O., Shapiro

J.R., Calvano S.E. and Yobum B.C. (1988) Glucocorticoid regulation of

enkephalins in cultured rat adrenal medullaMolec. Endocrinol. 2: 633-640.



•

•

•

1lI-33

Jones M.T., Hillhouse E.W., and Burden J.L. (1977) Dynamics and mechanics of

corticosteroid feedback at the hypothalamus and anterior pituitary gland. J .

Endocr. 73: 405-417.

Kalimi M. and Hubbard J.R. (1983) Development of an exchange assay for cytosolic

glucocorticoid receptors using the synergistic effects of molybdate plus

dithiothreitoI. Endocrine/ogy 113: 1161-1163.

Kalinyak J.E., Dorin R.I., Hoffman A.R., and Perlman A.J. (1987) Tissue-specific

regulation of glucocorticoid receptor mRNA by dexamethasone. J. Bio/. Chem.

262: 10441-10444.

Kayaalp s.a. and Neff N.H. (1979) Cholinergic muscarinic receptors of bovine adrenal

medulla. Neuropharmacology 18: 909-911.

Kelner K.L. and Pollard H.B. (1985) Glucocorticoid receptors and regulation of

phenylethanolamine-N-methyltransferase activity in cultured chromaffin cells. J.

Neurosci.S: 2161-2168.

Kido H., Fukusen N. and Katunuma N. (1987) Inhibition by 1- (5 ­

isoquinolinesulfonyl) - 2 - methylpiperazine, an inhibitor of protein kinase C, of

enzyme induction by glucocorticoid and of nuclear translocation of

glucocorticoid-receptor complexes. Biochem. Biophys. Res. Commun. 144:

152-159.

Kitay J.1. (1961) Sex differences in adrenal cortical secretion in the rat. Endocrine/ogy

68: 818-824.

Krey L., Lu K., Butler W., Hotchkiss J., Piva F. and Knobil E. (1975) Surgical

disconnections of the medial basal hypothalamus and pituitary function in the

rhesus monkey: n. GH and cortisol secretion. Endocrine/ogy 96: 1088-1093.

Kurosawa A., Guidotti A. and Costa E. (1976) Induction of tyrosine 3-monooxygenase

elid,c:if by carbamylcholine in intact and denervated adrenal medulla: role of

protein kinase activation and translocation. kfo/ec. Pharm. 12: 420-432.



•

•

•

m-34

LaGamma E.F. and Adler lE. (1987) Glucocorticoids regulate adrenal opiate peptides.

Molec. Brain Res. 2: 125-130.

LevÎlt M., Spector S., Sjoerdsma A. and Udenfriend S. (1965) Elucidation of the rate­

IimÎling step in norepinephrine biosynthesis in the perfused guinea-pig hean. J.

Pharm. Exp. Ther. 148: 1-8.

Livett B.G. (1984) Adrenal medullary chromaffin cells in vitro. Physiol. Rev. 64:

1103-1161.

Lowry O.H., Rosebrough N.J., Farr A.L., and RandaU R.J. (1951) Protein

measurement with the Folin phenol reagent. J. Biol. Chem. 193: 265-275.

Marley P.D., Thomson K.A., Jachno K. and Johnston M.J. (1991) Histamine-induced

increases in cAMP levels in bovine adrena1 medullary ceUs (Abstr.)J.

Neurochem.57(Suppl.): S76.

Mclntyre W.R. and Samuels H.H. (1985) Triamcino10ne acetonide regulates

glucocorticoid-receptor 1evels by decreasing the half-1ife of the activated nuc1ear­

receptor form. J. Biol. Chem. 260: 418-427.

Michener M.L., Peach M.J., and Creutz C.E. (1985) Direct effects of

adrenocorticotropic hormone on bovine adrenomedullary cells: Adenosine 3',5'­

monophosphate-dependent 'phosphory1ation of tyrosine hydroxy1ase.

Endocrinology 117:730-737.

Miller A.H., Spencer R.L., Stein M. and McEwen B.S. (1990) Adrenal steroid receptor

binding in spleen and thymus after stress or dexamethasone. Am. J. Physiol.

259 (Endocrinol. Metab. 22): E405·E412.

Mitchell J.B., Betito K., Rowe W., Boksa P. and Mt:aney M.J. (1992) Serotonergic

regulation of type II corticosteroid receptor bindiùg in hippocampal cell cultures:

Evidence for the importance of serotonin-induced changes in cAMP 1evels.

Neuroscience 48: 631-639.



•

•

•

III-35

Mueller R.A., Thoenen H., and Axelrod J. (1970) Effect of pituitary and ACI'H on the

maintenance of basal tyrosine hydroxylase activity in the rat adrenal gland.

Endocrinology 86: 751-755.

Nawata H., Yanase T., Higuchi K., Kato K., and Ibayishi H. (1985) Epinephrine and

norepinephrine synthesis are regulated by a glucocorticoid receptor-mediated

mechanism in the bovine adrenal medulla. Life Sei. 36: 1957-1966.

O'DonnelI D. and Meaney M.J. (1991) Steroidal regulation of type II corticosteroid

receptors in primary cultures of dispersed hippocampal neurons. Soc. Neurosei.

Abstr. 1554.

Oikarinen J., HlimliHiinen L., and Oikarinen A. (1984) Modulation of glucocorticoid

receptor activity by cyclic nuc1eotides and its implications on the regulation of

human skin fibroblast growth and protein synthesis. Biochim. Biophys. Acta.

799: 158-165.

Okrct S., Dong Y., Bronnegârd and Oustafsson J.-A. (1991) Regulation of

glucocorticoid ~eceptor expression. Biochimie 73: 51-59.

Okret S., Poellinger L., Dong Y., and Oustafsson J.-A. (1986) Down-regulation of

glucocorticoid receptor mRNA by glucocol1icoid hormones and recognition by

the receptor of the specifie binding sequence within a receptor cDNA clone.

Proc. Natn. Acad. Sei. U.sA. 83:5899-5903.

Orti E., Mendel D.B., Smith L.I. and Munck A. (1989) Agonist-dependent

phosphorylation of glucocorticoid receptors in intact cells. J. Biol. Chem. 264:

9728-9731.

Peytremann A., Nicholson W.E., Hardman J.O., and Liddle a.w. (1973) Effect of

adrenocorticotropic hormone on extracellular adenosine 3',5'-monophosphate in

the hypophysectomized rat. Endocrinology 92: 1502-1506.



•

•

•

ill-36

Philibert D. and Moguilewsky M. (1983) RU 28362, a useful tool for the characterization

of glucocorticoid and mineralocorticoid reeeptors. Endocrine Soc. Abstr. 335.

Philibert D., Moguilewsky M., Mary 1., Lecaque D., Tournemine C., Secchi J., and

Deraedt R. (1985) Pharmacological profile of RU 486 in animais, in The

antiprogestin steroid RU 486 and hwnanfenility control (Baulieu E-E. and Segal

S.J., eds.), pp. 49-68. Plenum Publishing Corp., New York.

Pohorecky L.A. and Wurtrnan R.J. (1971) Adrenocortical control of epinephrine

synthesis. Pharm. Rev. 23: 1-35.

Poilard H.B., Stopak S.S., Pazoles C.J., and Creutz C.E. (1979) A simplified, one­

step method for radiometric analysis ofphenylethanolamine-N-methyl transferase

in adrenal chromaffin cells. Anal. Biochem. 99: 281-282.

Qi M., Stasenko L.J. and DeFranco D.B. (1990) Recycling and desensitization of

glucocorticoid receptors in v-mos transformed cells depend on the ability of

nuclear receptors to modulate gene expression. Mol. Endocrinology 4: 455-464.

Quach T.T., Tang F., Kegeyama H., Mocchetti 1., Guidotti A, Meek J.L., Costa E. ar.d

Schwartz J.P. (1984) Enkephalin biosynthesis in adrenal medulla: Modulation of

proenkephalin rnRNA content of cultured chromaffm cells by 8-bromo-adenosine

3',5'-monophosphate. Mol. Pharmacol. 26: 255-260.

Rajpert E.J., Lemaigre F.P., Eliard P.H., Place M., Lafontaine D.A, Economidis I.V.,

Belayew A., Martial J.A and Rou~seau G.G. (1987) Glucocorticoid receptors

bound to the antagonist RU486 are not downregulated despite their capacity to

interact in vitro with defmed gene regions. J. Steroid Biochem. 26: 513-520.

Regunathan S., Meeley M. and Reis D.1. (1990) Effect of clonidine on second

messenger systems in rat adrenal gland. Life Sei. 47: 2127-2133.

Regunathan S., Evinger M.J., .Meeley M. and Reis D.J. (1991) Effeet of clonilline on

second messenger systems in adrenal chromaffin cells: Signal transduction

mechanism for imidazole receptors? Biochem. Pharmacol. 42: 2011-2018.



•

•

•

III-37

Ross M.E., Evinger M.J., Hyman S.E., CaroU J.M., Mucke L., Comb M., Reis D.1.,

Joh T.H., and Goodman H.M. (1990) Identification of a functional

glucocorticoid response element in the phenylethanolamine N-methyltransferase

promoter using fusion genes introduced into chromaffin ceUs in primary culture.

J. Neurosei. 10, 520-530.

Sapolsky R.M., Krey L.C., and McEwen B.S. (1984) Stress down-regulates

corticosterone receptors in a site..specific manner in the brain. Endocrinology

114:287-292.

Schneider A.S., Cline H.T., and Lemaire S. (1979) Rapid rise in cyclic GMP

accompanies catecholamine secretion in suspensions of isolated adrenal

chromaffin cellsLife Sei. 24: 1389-1394.

Sheppard K.E., Roberts J.L., and Blum M. (1991) Adrenocorticotripin-releasing factor

down-regulates glucocorticoid receptor expression in mouse corticotrope tumor

ceUs via an adenylate cyclase-dependent mechanism. Endocrinology 129: 663­

670.

Singh V.B. and Moudgil V.K. (1985) Phosphorylation of rat Iiver glucocorticoid

receptor. J. Biol. Chem. 260: 3684-3690.

Stachowiak M.K., Hong J.-S. and Viveros O.H. (l990a) Coordinate and differential

regulation of phenylethanolamine N-methyltransferase, tyrosine hydroxylase and

proenkephalin mRNAs by neural and hormonal mechanisms in cultured bovine

adrenal medullary cells. Brain Res. 510: 277-288.

Stachowiak M.K., Jiang H.K., Poisner A., Tuominen R.K. and Hong 1.-.S. (l990b)

Short and long term regulation of catecholamine biosynthetic enzymes by

angiotensin in cultured adrenal medullary ceUs: Molecular mechanisms and nature

of second messenger systems. J. Biol. Chem. 265: 4694-4702.

Stachowiak M.K., Rigual R.J., Lee P.H.K., Viveros O.H., and Hong J.S. (1988)

Regulation of tyrosine hydroxylase and phenylethanolamine N-methyltransferase



,:Cii.:·-'

•

•

ill-38

mRNA levels in the sympathoadrenal system by the pituitary-adrenocortical axis.

Mol. Brain Res. 33, 275-286.

Svec F. (1985a) GIucoconicoid receptor regulation. Life Sciences 36:2359-2366.

Svec F. (1985b) Biopotency of corticosterone and dexamethasone in causing

glucocorticoid receptor downregulation. J. Steroid Biochem. 23:669-671.

Svec F. and Rudis M. (19Bl) GIucocorticoids regulate the glucocorticoid receptorin the

AtT-20 cel!. J. Biol. Chem. 256: 5984-5987.

Tanaka H., Akama H., Ichikawa Y., Homma M., and Makino 1. (1992) GIucocorticoid

receptor and inhibition of 3-0-methyl-D-glucose uptake by glucocorticoids in

periphal blood leukocytes from normal humans: correlation between receptor

level and hormone effect in vitro. Acta Endocrinologica 126:29-36.

Udelsman R., Harwood J.P., Millan M.A., Chrousos G.P., Goldstein O.S.,

Zimlichman R., Catt K.J. and Aguilera G. (1986) Functional corticotropin

releasing factor receptors in the primate peripheral sympathetic nervous

systemNature 319: 147-150.

Unsicker K. and Müller T.H. (1981) Purification of bovine adrenal chromaffm cells by

differential plating. J. Neurosci. Meth. 4: 227-241.

Unsicker K. and Ziegler W. (1982) Dibutyrylic cyclic AMP and theophylline inhibit

proliferation of accessory cells in primary cultures of adrenomedullary cells. CeU

Tissue Res. 223: 73-86.

Vanderbilt J.N., Miesfeld R., Maler B., Yamamoto K.R. (1987) Intracellular receptor

concentration limits glucocorticoid-dependent enhancer activity. Mol Endocrinol
1: 68-74

Wan D.C-C. and Livell B.G. (1989) Induction of phenylethanolamine N­

methyltransferase mRNA expression by glucocorticoids in cultured bovine

adrenal chromaffin cells. Eur. J. Pharmacol. 172: 107-115.



•

•

•

1lI-39

Wan D.C.C., Marley P.D., and Liven B.O. (1991) Coordinate and differentiaI regulation

of proenkephalin A and PNMT mRNA expression in cuItured bovine adrenal

chromaffin cells: responses to cAMP elevation and phorbol esters. Mol. Brain

Res. 9: 135-142.

Waymire J.C., Bennet W.F., Boehme R., Hankins L., Gilmer-Waymire K., and

Haycock J.H. (1983) Bovine adrenaI chromaffin cells: high-yield purification

and viability in suspension culture. J. Neurosci. Meth. 7: 329-351.

Weinshilboum R. and Axelrod J. (1970) Dopamine-B-hydroxylase activity in the rat after

hypophysectomy. Endocrinology 87: 894-899.

Wilson S.P. (1988) Vasoactive intestinal peptide elevaztes cyclic AMP levels and

potentiates secretion in bovine adrenal chromaffin cells. Neuropeptides 11: 17­

21.

Wurtman RJ. and Axelrod J. (1966) Control of enzymatic synthesis of adrenaIine in the

adrenal medulla by adrenal cortical steroids. J. Biol. Chem. 241: 2301-2305.,;\.

Wurtman R.I. and Axelrod 1. (1965) Adrenaline synthesis: Control by the piluitary

gland and adrenaI glucocorticoids. Science, 150: 1464-1465.

Yanagihara N., Isosaki M., Ohuchi T., and Oka M. (1979) Muscarinic receptor-mediated

increase in cyclic OMP level in isolated bovine adrenal medullary cells. FEBS

Lert. 105: 296-298.

Yanase T., Nawata H., Higuchi K, Kato K-I. and Ibayashi H. (1984) Dexamethasone

increases both catecholamines and methionine-enkephalin in cuItured bovine

adrenaI chromaffm cells and human extramedullary pheochromocytoma cellsLife

Sci.35: 1869-1875.



•

•
,..~

•

IV-I

Chapter IV. Brief Cortisol Exposure Elevates Adrenal Phenylethanolamine

N-Methyltransferase After a Necessary Lag Period

Katia Betito, Josie Diorio and Patricia Boksa

MeGilI University, Departments ofPhannaeology & Therapeutics and ofPsychiatry,

Douglas Hospital Research Center, Montreal, Quebec, Canada H4H IR3

Published in:

European Journal of Pharmllcology, Volume 238, pp. 273-282, 1993.

©1993 Elsevier Science Publishers B.V.

Academie Publishing Division

IOOO AM Amsterdam, The Netherlands



•

•

IV-2

Abstract

The present study, using bovine adrenaI medullary cells, characterized in detail the

time course of regulation of phenylethanolamine N-methyltransferase activity following

brief glucocorticoid exposure. Cortisol pulses (10-4 M and 10-5 M), as short as 15 min,

increased phenylethanolamine N-methyltransferase activity measured 2 days following

cortisol exposure, with' a required lag period of 18 h or more. Phenylethanolamine N­

methyltransferase activity was increased 2 days following brief (2 h) exposure to cortisol

in concentrations that reach the medulla in vivo (10-6 M to 10-4 M). Phenylethanolamine

N-methyltransferase activity following both continuous and 2 h pulses of 10-5 M cortisol

were reduced by the glucocorticoid receptor antagonist, RU 38486. A 2 h pulse of

nicotine (10-5 M) increased phenylethanolamille N-methyltransferase activity with a lag

period of at least 18 h, while combination treatment of nicotine and corusol (10-4 M)

produced significantly highe~ increases in phenylethanolamine N-methyltransferase

C'Jmpared to either treatment aIone. Therefore, this study prflvides novel in vitro evidence

for the regulation of adrenomedullary phenylethanolamine N-methyltransferase activity,

following a necessary lag period, by acute changes in both cortisol and nicotine.

Key Words: glucocorticoid receptors; adrenal medulla; phenylethanolamine N­

methyltransferase; nicotine; catecholamines.
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Introduction

Both glucocorticoids and catecholamines, two major hormones involved in the

body's response to stress, originate from the adrenal gland. Due to the anatomical

association between the adrenal medulla and the adrenal cortex, the medulla is influenced

by the high levels of glucocorticoids secreted by the cortex into the intra-adrenal portal

system perfusing the meduIIa. GIucocorticoids have been shown to regulate the activity

and/or rnRNA of phenylethanolamine N-methyItransferase (E.C. 2.1.1.28), the final

enzyme in the catecholamine biosynthetic pathway converting r.oradrenaline to adrenaline,

both in vivo (Wurtrnan and Axelrod 1965, 1966; Pohorecky and Wurtman, 1971;

Ciaranello and Black, 1971; Stachowiak et al., 1988) and in vitro (Hersey and DiStefano,

1979; Kelner and Pollard, 1985; Wan and Livelt, 1989; Stachowiak et al., 1990a; Ross et

al., 1990; Betito et al., 1992).

In terms of the time course and proposed physiological ro1e of glucocorticoids in

the regulation ofphenylethanolamine N-methyltransferase activity, glucocorticoids have

long been thought to play a role in the long-term maintenance of steady state

phenylethanolamine N-methyltransferase levels (Wurtman and Axelrod, 1966; Fuller and

Hunt, 1967; Thoenen et al., 1970; CiaraneIIo and Black, 1971); this is based on the

observation that hypophysectomy, with the resuitant decrease in adrenocorticotropic

hormone and glucocorticoid secretion, reduced adrenomedullary phenylethanolamine N­

methyltransferase activity (Wurtrnan and Axelrod, 1965, 1966). Subsequent slUdies alse

provided evidence that prolonged (days to weeks) elevation in glucocorticoid secretion

may play a role in bcreasing phenylethanolarnine N-methyltransferase activity on a long­

term basis. Thus, measures which produced long-term increases in circulating

glucocorticoid levels in the intact animal, such as prolonged adrenocorticotropic hormone

administration (Vernikos-DaneIIis et al., 1968; Simonyi et al., 1985), chronic stress

(Kvetnansky et al., 1970), high salt intake in hypertensive rats (Saavedra et al., 1983), or

mother-infant separation (Breese et al., 1973), were shown to increase
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phenylethanolamine N-methyltransferase activity. Similarly, in vitro experiments using

bovine adrenal medullary cells in culture showed that 18 h to 2 days of continuous

exposure to glucocorticoid" produced increases in phenylethanolamine N­

methyltransferase activity or catecholamine levels, with shoner times of exposure being

ineff;c~':e (Hersey and DiStefano, 1979; Kelner and Pollard, 1985; Nawata et aI., 1985).

Since the duration of increased glucocorticoid le~l;ls during an acûle stressor is generaIly

much briefer «2 h) than this, glucocorticoids l.ad previously been thought to play liule

role in the regulation of phenylethanolamine N-methyltransferase activity following more

acute stress. In contrast to this view, a recenl study in our labormory showed that a 2 h

pulse of cortisol could increase phenylethanolamine N-methyltransferas~ activity in

cultured' adrenal meduIiary ctlls', if the activity v.,s measureti 3 Jays later (Betito et al.,

1992). This suggested that glucocoriicoids could play a more prominent role in dynamic

changes in phenylethanolamine N-methyltransferase activity following an acute stressar,

than had previously been thought. One of the aims of the present study was to provide a

detailed characterization of the time constraints imposed on regulation of

phenylethanolarnih';l'i-methyltransferase activity following brief glucocorticoid exposure.

,'Por this, we .exarnined bdl the time of cortisol exposure and the lag period followfng

cortisol exposure, that are required to observe increases in phenylethanolamine N­

methyltransferase activity in cultured bovine adrenaI medullary cells. We show that a

cortisol pulse as short as 15 minutes is sufficient to elevate phenylethanolarnine N­

rnethyltransferase activity 2 days later, with a short pulse requiring a waiting period of at

least 18 Ji following exposure to elevate adrenaI phenylethanolamine N-methyltransferase.,

In an acute stress situation, there is short-term exposure of the adrenaI medulla to

splanclmic nerve contents as weil as to glucocorticoids. Secretion of catecholamines from

the adrenaI rnedulla is mostly in response to the release of splanchnic nerve acetylcholine,

acting at nicotinic receptors (Douglas and R~bin, 1961; Douglas, 1966). Although th~:.
, '/ ", ..

regulation of adrenornedullary phenylethanolamine N-methyltransferase activity is
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predominantly by glucocorticoids acting at glucocorticoid receptors, continuous exposure

to cholinergie nicotinic agonists [18-24 h (Evinger et al., 1988) or 6-18 h (Stachowiak et

al., 1990a)] has also been shown to increase phenylethanolamine N-methyltransferase

mRNA in bovine adrenal medullary cells. In the present study, we provide the frrst

evidence that a 2 h pulse of nicotine is sufficient to increase phenylethanolamine N­

methyltransferase activity 18 to 48 h following the beginning of exposure to the pulse,

and that there is a further nicotine-induced increase in phenylethanolamine N­

methyltransferase activity in the presence of cortisol. Therefore, using an in vitro model

of the adrenal medulla, we demonstrate a long-term regulation of phenylethanolamine N­

methyltransferase activity by short-term exposure to either cortisol or a nicotinic agonist,

both of which are released wühin a simi!ar brief time frame following an acute stressor in,

the in vivo situation.

Materials and Melhods

Cell Culture .

AdrenaI medullary cens were isolated by retrograde perfusion of bovine adrenaI

glands with collagenase and DN::se J, and purification of isclated cells on Percoll density

gradients as described by Liv·~tt (1984). Medull3.i~ cell éultures prepared by the above

protocol cqntain approximately 85-90% chromaffincells and 1O~15% non-chromaffin

cells (cortical and endothelial cells, fibroblasts; BaneIjee et al., 1985; Unsicker and

Muller, 1981). The cells were plated on collagen-coated 24 weil plates (2.5 x 105

cells/well) or 35 mm2 culture plates (106 cells/phite) and maintained al 37°C in 5%~ in

air in Dulbecco's Modified Eagle's Medium (DMEM, GiBCO, Burlington, Ontario)

supplemented with 10% fetaI calf serum, 1% glucose, 100 fl~/m1 penicillin, 100 1lg/m1

" sti'~ptomycin, 5 1lg/m1 gentulycin sulfate, 2.5 1lg/m1 fungizone and 10-5 M cytarabine

(Cytosar, Sigma, St. Louis, MO; used to prevent growth of rapidly dividing non-
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chromaffin ceUs). Using this protocol, ceUs are isolated from severa! glands and pooled.

Therefore, a "preparation" of adrenal chromaffin ceUs refers to ail of the plates generated,

on a single day, by the complete isolation and purification procedure. For aU studies, the

ceUs were used belWeen day 6-10 of culture and were maintained in control medium [50%

DMEM, 50% Ham's F12 Nutrient Mixture (GffiCO), supplemented with 10% fetal calf

serum with antibiotics and Cytosar]. Steroids were dissolved in ethanol, and nicotine

dissolved in water, and appropriatc vehicle controls perfonned with ail experiments.

Phenylethanclamine N-methyltransferase activity

Adrenal meduUary ceUs, maintained in control medium, were treated with cortisol

(Aldrich, Milwaukee, WI), nicotine (Sigma, St. Louis, MO), or th.. glucocorticoid

receptor antagonist l7B-hydroxy-llB,-4-dimethylaminophenyl-17a -propynyl estra-4,9:.
'.'.

diene-3-one (RU 38486; Philibert and Moguilewsky, 1983; Philibert et al., 1985)
,

(generously provided by D. Philibert, Roussel-Uc!af, Romainville, France), for the

amount of time indicated in the figure legends. FoUowing this, ceUs were washed twice

with control medium and aUowed to incubate in drug-free medium for the required lag

period. CeUs were then scrafied into water (150 I1VweU for 24 weU dishes; 500 111 for 35

mm2 dishes), subjected to a freeze-thaw cycle (-80oq and C>:ilùifuged at 12 800g for 10

min. Aliquots (90 111) of the supematant were assayed for phenylethanolamine N­

methyltransferase activity as described by PoUardet al. (1979). The assay is based on

catalysis of the methylation of substrate (phenylethanolamine, 1.8 niM) by [6-methyl­

3H]S adenosyl methionine (10 !lM; specific activity=14.3 Ci/mmol) and extraction of

tritium labeUed methyl product into toluene/isoamyl alcohol, counted at 50% efficiency.

Protein was measured by the method of Lowry et ai. (1951). In control cultures

containing ethanol in a concentration equal to ~he highest used to dissolve steroid,

phenylethanolamine N-methyltransferase activity was unaffected. Phenylethanolamiae N­

methyltransferase activity is expressed as a percentage of that in control untreated
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cultures, with control cultures typically containing 15-50 pmoV30 min/~g protein of

phenylethanolamine N-methyltransferase activity.

Statistical Analyses

Raw data were expressed as percentage of control untreated cultures from the

same cell preparation, combined across cell culture preparations, and analyzed using non­

parametric statistics (Mann-Whitney two sample test, P<Ü.05, and Kruskall-Wallis

multiple sample test, P<0.05).

Results

Phenylethanolamine N·methyltransferase activity 2 days following a
cortisol pulse

Continuous exposure of adrenal medullary cells to glucocorticoids for 18-24 h has

previously been shown to increase phenylethanolamine N-methyltransferase activity

(Hersey and DiStefano, 1979; Kelner and Poiiird, 1985). In situations such as acute

stress, exposure to glucoconicoids is of shoner duration. We have recently measured an

increase in phenylethanolamine N-methyltransferase activity after a steroid-free lag period

of severa! days in adrenal medullary cells exposed to a short (2 h) pulse of glucocorticoids

(Betito et al., 1992). The initial experiments in this study examined how brief the

exposure to glucocorticoids can be, in order for one to still observe an increase in

phenylethanolamine N-methyltransferaSl~ activity 2 days later. For this, at rime 0, cells

were exposed to 10-5 M or 10-4 ~{ cortisol, or tm':fol medium for various times

indicated in fig. IV-1. Following glucocorticoid exposure, the medium was replaced with

conttol medium and phenylethanolamine N-methyltransferase activity measured at time 0

+ 2 days. Separate cell cultures were a!so exposed to a pulse ofvehicle (ethanol), with no

resulting change in the activity of the enzyme found under any condition (this data is not
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included in the graph for the sake of simplicity). A pulse of conisol as short as 15 min

was able to elevate phenyleth;molamine N-methyltransferase activity measured 2 days

later. Exposure to cortisol for time periods ranging from 15 min to 24 h were all effective

in increasing phenylethanolamine N-methyltransferase activity measured at time 0 '1 2

days.

Lag period requirement for a pulse of cortisol to increase

phenylethanolamine N-methyltransferase activity

Continuous exposure to glucocorticoids for 18 h to 2 days has previously been

shown to be necessary for glucocorticoid regulation of adrenal medullary

phenylethanolamine N-methyltransferase activity (Pohorecky and Wurtman, 1971;

Hersey and DiStefano, 1979; Kelner and Pollard, 1985). ln order to examine whether a

similar period of time is required to observe changes in phenylethanolamine N­

methyltransferase activity following a short pulse of glucoconicoids, medullary cells were

exposed to cortisol (10-4 M) for 2 h (fig. IV-2A). The medium was replaced with

cortisol-free medium and the cells were assayed for phenylethanolamine N­

methyltransferase activity at either 12, 18, 24, or 48 h after the beginning of the 2 h

cortisol pulse. Fig. IV-2A shows that a short (2 h) pulse of glucoconicoids significantly

(P<O.OI) increased phenylethanolamine N-methyltransferase activity after a lag period of

18 h or more following the beginning of the cortisol pulse; however, following the

shorter i:?g period of 12 h, there was no measurable increase in phenylethanolamine N­

methyltransferase activity. Since shorter times of exposure to a conisol pulse also results

in increases in phenylethanolamine N-methyltransferase activity 2 days later (see fig. IV­

1), a shorter pulse (30 min) was also used to examine the requirement for a lag period

(fig. IV-2B). As for the 2 h pulse, a 30 !l''j!! pulse of conisol required 18 h or more

following the beginning oi';cortisol exposure to increase phenylethanolamine N­

methyltransferase activity, with no increase observed at 12 h. Nole that in buth fig. IV-
.- ':
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2A and IV-2B, the increase in phenylethanolamine N-methyltransferase activity tended to

grow larger at each successive time point where phenylethanolamine N-methyltransferase

activity was measured.

Phenylethanolamine N.methyltransferase activity following a pulse of

various concentrations of cortisol

In the previous figures, a short pulse of high concentrations of cortisol was

shown to increase phenylethanolamine N-methyltransferase activity 2 days later. This

experimenttested the range of cortisol concentrations able to increase phenylethanolamine

N-methyltransferase activity following short pulse (2 h) exposure. For this, cells were

exposed to different concentrations of cortisol (10-9 to 10-4) for 2 h, the medium

n:p!àced, and the cells assayed for phenylethanolamine N-methyltransferase activity 2

days later (îig. IV-3). Cortisol concentrations in the 10Vler range (10-9 to 10-7 M) did not

elevate phenylethanolamine N-rnethyltran~ferase activity~ A pulse of cortisol in the

,oncentration :ange seen physiologically by the adrenal medulla both under basal and

stress conditions (10-6 to 10-4 M; Kitay, 1961; Peytremann et al., 1973; Guidotti and

Costa, 1974; Jones et al., 1977) significantly elevated phenylethanolamine N­

rnethyltransferase activity compared to untreated control cells.

Phenylethanolamine N.methyltransferase activity following a pulse of

cortisol În the presence of the glucocorticoid receptor antagonist, RU

38486

To test whether the increase in phenylethanolamine N-methyltransferase caused by

a 2 h pulse of glucocorticoids, as weil as by continuous ~ clay exposure, was

glucocorticoid receptor mediated, rnedullary cells were treated with 10-5 M cortisol for 2

h, or continuously for 2 days, in the presence or absence: of 10-5 M of the glucocorncoid
;'/

receptor antagonisl, RU 38486 (Philibert and Mogull .lky, 1983; Philibert et al., 1985)...
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The medium was replaced and the ceUs assayed for phenylethanolamine N­

methylttansferase activity 2 days following the beginning of treatrnent in the case of the 2

h pulse, or at the end of the 2 days in the case of continuous exposure (Table IV-1). The

increase in phenylethanolamine N-methylttansferase activity cause<! by continuous 2 day

exposure to cortisol was significantly reduced by the glucocorticoid receptor antagonist,

RU 38486. In addition, the cortisol-induced increase in phenylethanolamine N­

methyltransferase activity following a 2 h pulse of cortisol was significantly blocked by

the glucocorticoid receptor antagonist. Phenylethanolarnine N-rnethyltransferase activity

was not affected by exposure to RU 38486 alone (data not shown).

The effect of pretreatment with moderate concentrations of cortisol on the

ability of a 2 h pulse of cortisol to increase phenylethanolamine N­

methyltransferase activity

AlI previous experiments in this study were carried out on ceUs maintained in a

medium containing fetal bovine serum (10%) with no added steroid. TypicaUy,

commercial bovine serum contains nanomolar levels of corticosteroids (GIBCO, personal

communication; unpublished observations). However, physiologicaUy, the adrenal

meduUa is exposed to continuous basallevels of glucocorticoids in the order of 10-6 M or

higher (Kitay, 1961; Peytremann et al., 1973; Jones et al., 1977), probably rising to 10-4

M during stress (Jones et al., 1977). To more closely rnirnic the physiological situation,

this experiment tested whether adrenal meduUary ceUs would still increase

phenylethanolamine N-methyltransferase activity in response to a pulse of a high

concentration of cortisol (10-4 M) foUowing pretreatment with a lower (basal)

concentration of cortisol (10-6 M). For this, adrenal meduUary ceUs were pretreated with

medium containing 10-6 M cortisol, or with medium containing vehicle (control medium),

for 4 days. The cens were then exposed to a 2 h pulse of 10-4 M cortisol or control

medium (vehicle) as in the previous studies, and phenylethanolarnine N-methyltransferase
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activity measured 2 days later. As expected, continuous cortisol treatment (10-6 M) for 4

days significantly increased phenylethanolamine N-methyltransferase activity measured 2

days aCter removaI of the cortisol (fig. IV-4, compare open bars). Cells pretreated with

conttol medium and exposed to a 2 h pulse of 10-4 M cortisol aIso showed the expected

incre?.e in phenylethanolamine N-methyltransferase activity (compare open bar to filled

bar on left side of fig. IV-4). Cortisol (10-6 M)-pretteated cells exposed to a 2 h pulse of

10-4 M cortisol showed a significant (P<O.OOl) increase in phenylethanolamine N­

methyltransferase activity (compare open barto filled baron right side of fig. IV-4). The

increase in phenylethanolamine N-methyltransferase activity in response to the 2 h cortisol

pulse was similar for both the control and cortisol pretteatment conditions (30-40%

increase; compare filled bar to open bar for each pretreatment condition).

The effect of a 2 h pulse of nicotine on phenylethanolamine N·

melhyltransferase aclivily

In medullary cell cultures, continuous long-term (6-24 h) exposure to nicotine has

been shown to elevate phenylethanolamine N-methyltransferase rnRNA (Evinger et aI.,

1988; Stachowiak et aI., 1990a). To test whether more acUle nicotinic receptor activation

regulates phenylethanolamine N-methylttansferase activity, the abiIity of short-term

nicotine exposure to increase phenylethanolarnir.e N-methyltransferase activit:t was

examined. To test whether nicotine and glucoconicoid effects rnight beadditive, the

ability of nicotine to increase phenylethanolamine N-methyltransfera,;e activity in the

presence ofcortisol was aIso investigated. Adrenal medullary cells were treated with a 2

h pulse of 10-5 M nicotine or 10-4 M cortisol, or a combination of both, the medium

removed and phenylethanolamine N-methyltransferase activity measured at either 2, 12,

18, 24, or 48 h after the beginning of the 2 h exposure. There was no significant change

in phenylethanolamine N-methyltransferase activity measured immediately following the 2

h pulse (fig. IV-5). However, fig. IV-5 shows that a 2 h pulse of nicotine was able to
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increase phenylethanolamine N-methyltransferase activity at 18,24, and 48 h, but not at

12 h, following exposure to the pulse, with increases comparable in magnitude to those

seen with the 2 h pulse of cortisol. When a 2 h pulse of both cortisol and nicotine were

given, the combination treatrnent increased phenylethanolamine N-methyltransferase

activity at 12 h (12%),24 h (60%) and 48 h (79%) to a significantly greater extent when

compared to either treatrnent alone. Note that at 12 h, an increase in phenylethanolamine

N-methyltransferase activity was seen only with the addition of both conisol and nicotine,

with no increases in activity seen with either treatrnent alone.

Discussion

One of the major findings of the present study is tha! a conisol pulse as shon as

15 minutes is sufficient to elevate the activity of phenylethanolamine N-methyltransferase,

the final enzyme in catecholamine biosynthesis responsible for the conversion of.

noradrenaline tC' adrenaline. PrevÎoüsly, it had been thought that the regulation of this
/',.1

enzyme by glucocorticoids was permissive, with corticosteroids regulating steady-state

levels of phenl'lethanolarnine N-methyltransferase (Wunman and Axelrod, 1966; Fuller

and Hunt, 1967; Thoenen et al., 1970; Ciaranello and Black, 1971). Administration of

high doses of glucocorticoids to the intact rat were unable to increase phenylethanolamine

N-methyltransferase activity above basa! levels (Ciaranello and Black, 1971; Wurtman et

al., 1967), with further increases in phenylethanolamine N-methyltransferase activity

above basal levels thought to be mediated by elevated splanchnic nerve activity

(Ciaranello, 1980; Thoenen et al., 1970). However, in the study where glucoconicoids

were administered to intact rats (Wunman et al., 1967), glucocorticoid concentrations in

plasma and glucocorticoid content in adrenal homogenate were actually decreased (due te

suppression of adrenocorticotropic hormone secretion) resulting in a lack of an increase in

phenylethanolamine N-methyltransferase activity. Several slUdies have subsequently
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shown that adrenal rhenylethanolamine N-methyltransferase can be increased in intact

animais following long-term treatments which increase circulating glucocorticoids

(Vernikos-DaneIlis et al., 1968; Kvetnansky et al., 1970; Simonyi et al., 1985). In

cultures of adrenal medullary ceIls, several groups have shown a further increase in

phenylethanolamine N-methyltransferase activity and/or rnRNA levels in response to

continuous exposure to glucocorticoids, with at least 18 h to 2 days necessary to sec any

changes (Hersey and DiStefano, 1979; Kelner and Pollard, 1985; Wan and Livett, 1989;

Stachowiak et al., 1990a).

The long time of exposure required for glucocorticoids to increase

phenylethanolamine N-methyltransferase in all previous in vivo and in vitro experiments

had led to the notion that glucocorticoids were only involved in long-term regulation of

the enzyme, playing Httle role in more acute regulation. However, we have provided new

evidence that continuous exposure of adrenomedullary cells to glucocorticoids for a

prolonged period does not seem to he required for regulation of phenylethanolamine N­

methyltransferase activity. Our results show that a very short pulse of cortisol (15

minutes) increases adrenal medullary cell phenylethanolamine N-methyltransferase

activity 2 days after the beginning of the pulse.

There appeared to be sorne variation in the absolute increase in

phenylethanolamine N-methyltransferase activity following exposure to various lengths of

cortisol pulses, from 15 min to 48 h (fig. IV-1). It was possible that the observed pattern

of increase in phenylethanolamine N-methyltransferase activity could be due to different

levels of catecholamines (mair.ly adrenaline) in the cell lysate, interfering with the in vitro

assay of phenylethanolamine N-methyltransferase. Fuller and Hunt (1967) have shown

that adrenaline can inhibit the activity of phenylethanolarnine N-methyltransferase in vitro

and have suggested that the enzyme may be modulated in vivo via such end product

inhibition. Therefore, we considered the possibility that increased adrenaline leveis in the

celllysate could affect the activity of phenylethanolamine N-methyltransferase measured
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in vitro. In the present study, the celllysate prepared from control cultures contained

from 3-42 ~M adrenaline, with typical values in the 12-20 ~M range, and addition of 40

~M adrenaline to control enzyme assay mixtures had no effect on the activity of

phenylethanolamine N-methyltransferase (unpublished observations). Addition of a high

concentration of adrenaline (140 !LM) was able to significantly (P<Ü.OOl) inhibit bolh

control and cortisol-stimulated phenylethanolamine N-methyltransferase activity by 31.6

± 0.8% (n=14) and 33.1 ± 0.8% (n=16) respectively. Had such levels been reached in

cortisol-treated cells and caused an inhibition of phenylethanolamine N-methyltransferase

activity, the measured increase in activity in response to a cortisol pulse would aClually

have been underestimated by approximately 30%. However, no correlation was found

between the levels of adrenaline in the celllysate of cortisol-trealed cells (in fig. IV-l) and

the percentage increase in enzyme activity following pulses of various lengths

(unpublished observations). The abovementioned results suggest that the variations in

enzyme activity were not an artefact due to interference by adrenaline in the in vitro assay.

It is, however, a possibility that the activity of phenylethanolamine N-methyltransferase in

the intact cells may have been modulated by variations in catecholamine content of the

cells at sorne point during the 2 day incubation of the intact cells, prior to the in vitro

assay of enzyme activity.

With continuous exposure of adrenomedullary cells to glucocorticoids, a

necessary time period (18-24 h) of glucocorticoid exposure is required to see increases in

the activity of phenylethanolamine N-methyltransferase, with shorter times of continuous

exposure being ineffective (Hersey and DiStefano, 1979; Kelner and Pollard, 1985). In

this study, we investigated the requirement for a lag period following a 2 h pulse of

cortisol and found that at least 18 h is needed to see increases in phenylethanolamine N­

methyltransferase activity. The requirement of a lag period for glucocorticoid regulation of

phenylethanolamine N-methyltransferase activity appears to he due to the mechanisms by

which glucocorticoids increase the activity of this enzyme; these include effects on both
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synthesis and degradation of the enzyme (Wurtrnan and Axelrod, 1966; Ciaranello, 1978;

Berenbeim et al., 1979; Wong et al., 1985; Stachowiak et al., 1988, 1990a; Jiang et al.,

1989; Wan and Livell, 1989). The long time course needed to observe an increase in

phenylethanolamine N-methyltransferase activity would suggest that glucocorticoids may

play a role not in the initial acute stress response itself, but rather in the recovery from

acute stress, promoting catecholamine replenishment following stress-induced depletion.

There is evidence that glucocorticoids regulate phenylethanolamine N­

methyltransferase activity in the adrenal medulla by acting via glucocorticoid receptors.

Using cultured adrenal medullary cells, our laboratory (Betito et al., 1992) and others

(Kelner and Pollard, 1985; Nawata et al., 1985) have demonstrated the presence of high

affinity glucocorticoid receptors. These receptors have been immunocytochemically

localized in phenylethanolamine N-methyltransferase immunoreactive cells in perfused rat

adrenal slices (Ceccatelli et al., 1989). In addition, a functional glucocorticoid response

element has been identified on the rat phenylethanolamine N-methyltransferase gene

(Ross et al., 1990), and consensus sequences for glucocorticoid response elements have

been localized in bovine and human phenylethanolamine N-methyltransferase genes

(Baetge et al., 1988; Baller et al., 1988). Using the glucocorticoid receptor antagonist

RU 38486 in adrenal medullary cells, Wan and Livell (1989) blocked the glucocorticoid­

induced increase in phenylethanolamine N-methyltransferase rnRNA. In our laboratory,

RU 38486 was able to block phenylethanolamine N-methyltransferase activity increased

by both continuous exposure to cortisol (Betito et al., 1992 and this study), and by a 2 h

pulse of cortisol (this study), suggesting that cortisol regulation of phenylethanolarnine N­

methyltransferase activity and/or mRNA is glucocorticoid receptor-mediated, whether

exposure is continuous or short-term.

Our experiments examining the concentrations of cortisol required to increase

phcnylethanolamine N-methyltransferase activity, either with continuous exposure (Betito

et al., 1992) or short pulses, suggest that lower concentrations ma:; pia)' a permissive role
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in maintaining phenylethanolamine N-methyltransferase levels, while pulses of higher

concentration of glucocorticoids (such as released during stress) may produce more aCUle

dynamic changes in phenylethanolamine N-methyltransferase activity. In the adrenal

medulIa, glucocorticoid concentrations are approximately lOO-fold higher than in the

general circulation (Kitay, 1961). Several groups have provided evidence from

measurements made from adrenal venous blood of anesthetized rats (Kitay, 1961;

Peytremann et al., 1973; Jones et al., 1977) or from rat adrenomedullary tissue (Guidotti

and Costa, 1974) for adrenal medullary glucocorticoid concentrations in the range 0fO.6

to 10 x 10-5 M. Therefore, under basal conditions in an awake animal, glucfx:orticoid

concentrations in the adrenal medulla may in fact be slightly lower than the above

mentioned range, rising to somewhere in the 10-4 M range following a stressful evenl. In

the present study, a pulse of moderate to high concentrations of cortisol (10-6, 10-5 and

10-4 M) was shown to increase phenylethanolamine N-methyltransferase activity 2 days

later, with pulses of lower concentrations of cortisol being ineffective. By contrast, when

continuous glucocorticoid exposure (18-72 h) is used, we (Betito et al., 1992) and others

(Kelner and Pollard, 1985) have shown an increase in phenylethanolamine N­

methyltransferase activity in adrenal medullary cells in response to concentrations as low

as 10-8 M. In addition, our laboratory has shown a loss in soluble [3H]dexamethasone

binding (glucocorticoid receptor translocation) following exposure to a 45 minute pulse of

cortisol as low as 5 x 10-8 M, as well as an increase in nuclear uptake of

[3H]dexamethasone in this low glucocorticoid concentration range. These findings, taken

together, suggest Ihat although lower concentrations of cortisol produce short-term

dynamic changes in the hormone-receptor signal (i.e. glucocorticoid receptor

translocation), adrenal medullary cells require longer term expci~ijre to the low

glucocorticoid concentrations for phenylethanolamine N-methyltransferase activity to he

increased. This inay reflect the permissive effect of glucocorticoids on the regulation of

basal phenylethanolamine N-methyltransferase activity. The higher concentrations of a
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bnef cortisol pulse needed to increase the enzyme may reflect the physiological situation

of acute stress, where cortisollevels rise above basal levels for a short period of lime (l ta

2 hl.

The experiments in this study were carried out on ceIIs maintained in medium

containing 10% fetal bovine serum (control medium), which has very low (nanomolar)

levels of glucocorticoids (GIBCO, personal communication; unpublished observations).

In vivo, the meduIIa is exposed to micromolar levels of glucocorticoids basally, rising at

least 10-fold foIIowing stress (see above). Thus in order to mimic the physiological

situation, adrenal meduIIary cells were preincubated with 10-6 M cortisol for 4 days,

pulsed with 10-4 M cortisol, and phenylethanolamine N-methyltransferase activity

measured 2 days later. CeIIs pretreated with 10-6 M cortisol and then exposed to a 2 h

pulse of 10-4 M cortisol showed an increase in phenylethanolarnine N-methyltransferase

activity 2 days later of the same magnitude (30-40%) as that seen in ceIIs maintained in

control medium and exposed to a cortisol pulse. This result indicates that a short pulse of

a high concentration of cortisol (similar to what occur~ during an acUle stress) is still

effective in increasing phenylethanolamine N-methyltransferase activity above that

maintained by a background or basal level of cortisol.

Although an attempt was made to mimic the in vivo situation with respect to

cortisol exposure foIIowing a stressor, it must he noted that the meduIIa is exposed to

splanchnic nerve contents (acetylcholine and peptides) which may also modulate the

activity of phenylethanolamine N-methyltransferase. A variety of neurotransmitters and

neuromodulators have heen shown to regulate phenylethanolamine N-methyltransferase

activity and/or mRNA levels, such as acetylcholine acting at nicotinic receptors (Evinger

el al., 1988; Stachowiak et al., 1990a), histamine (Evinger et al., 1988), angiotensin

(Stachowiak et al., 1990b), and nerve growth factor (Acheson et al., 1984). Continuous

exposure of adrenal meduIIary ceIIs to nicotine results in no change (Wan el al., 1991) or

increases (Evinger et al., 1988; Stachowiak et al., 1990a) in phenylethanolamine N·
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methyltransferase rnRNA. In vivo, exposure to acetylcholine fol1owing acUle stress is of

short duration. We therefore exarnined whether a 2 h pulse of nicotine could regulate the

activity of phenylethanolarnine N-methyltransferase. Irnrnediately zJter the niCGtinc pulse,

there was no change in the activity of the enzy:m:, whereas 18 - 48 h fol1owing the pulse,

phenylethanolarnine N-methyltransferase activity increaseO. This is the first repon, to our

knowledge, that short-terrn exposure to nicotine can regulate phenylethanolarnine N­

methyltransferase activity in adrenal medullary cel1s. Since acetylcholine has been shown

to release corticosteroids from perfused rat adrenals (Poner et al., 1988), we considered

the possibility that nicotine may be ~gulating the activity of phenyiethanolai'lline N­

methyltransferase by causing the release of glucocorticoids from contaminating cortical

ceUs present in adr.:nal medullary cell cultures. However, in bovine tissue, acetylcholine

stimulation of glucocorticoid secretion appears to be mediated via muscarinic receptor

activation (Hadjian et al., 1982), therefore stimulation of glucoconicoid secretion cannot

account for the increase in phenylethanolarninc N-methyltransferase activity produced by

nicotine.

The presence of the combination of nicotine and cortisol was able to produce a

greater increase in phenylethanolarnine N-methyltransfemse activity than th~t produced by

either agent alone, suggesting that the co-ordinate acute activation of both neural

(nicotinic) and hormonal (glucocorticoid) influences may serve to regulate

adrenomedullary phenylethanolarnine N-methyltransferase. Since the combination­

induced increase does not appear to be completely additive, cortisol and nicotine rnay be

increasing phenylethanolarnine N-methyltransferase llctivily, in part, via a similar

mechanism. One possibility is regulation of phenylethanolamine N-methyltransferase

activity via increasing mRNA levels, which occurs in response to bom '.'onisol (Wan and

Livett, 1989; Stachowiak et al., 1990a) and nicotine (Evinger et al., 1n8; Stachowiak et

al., I99Oa). It is interesting to note that the presence of the combination of cortisol and

nicotine (in comparison to either agent alone) seems to shift therequired lag period to
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observe an increase in phenylethanolamine N-methyltransferase from 18 h to 12 h.

However, in vivo, factors released from the adrenal cortex (other than glucocorticoids) or

the splanchnic nerve (other than acetylcholine) may 'dlso influence the lime course of

regulation of phenylethanolamine N-methyltransferase activity, a situation not reproduced

in this in vitro preparation. We have recently pmvided in vivo evidence in the rat for

increases in adrenaI phenylethanolamine N-methyltransferase activity 18-24 h following a

20 minute restraint stress, where increases in plasma glucocorticoids are maintained for

approximately 1 h (Betito, ~";'chel1, Bhatnagar, Boksa, and Meaney, submitted),

suggesting that phenylethanolamine N-methyltransferase activity can be elevated above

basallevels by short-term exposure to high concentrations of glucocorticoids in vivo, as

weil as in vitro.

In conclusion, the present study demonstrates the in vitro regulation of

adrenomedullary phenylethanolamine N-methyltransferase activity by short-term exposure

to glucocorticoids, or to nicotine, with a required lag period to observe increases in

enzyme activity. A single glucocorticoid exposure of 30 min inc~eases

phenylethanolamine N-methyltransferase activity 18 h later, but not at earlier times. Brief

(2 h) exposure to moderate to high concentrations of cortisol increased

phenylethanolamine N-methyltransferase activity, with 10wer concentrations being

ineffective. [However, continuous long-term exposure to the lower cortisol

concentrations can increase phenylethanolamine N-methyltransferase activity (Betito et

al., 1992)]. These results suggest that short-term dynamic increases in glucocorticoids to

high levels, such as encountered by the adrenal medulla during an acute stress, can cause

increases in phenylethanolamine N-methyltransferase activity, while lower (basal) levels

of glucocorticoids function to maintain steady-state phe::ylethanolamine N­

methyltransferase levels on a longer-term basis.
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Figure IV-I. A pulse as short as IS minutes is sufficient to increase

phenylethanolamine N-methyltransferase activity 2 days later. Bovine

adrenal medullary cells were treate<! with cortisol [10-5 M (open bar) or 10-4 M (fille<!

bar)] for various times, the medium replaced with control medium and

phenylethanolamine N-m'Othyltransferase activity measured 2 days following the

beginning of cortisol exposure. Data are expressed as a percent control (untreated

cultures), each bar representing the mean (±S.E.M.) value for 14-30 plates frorn 2 to 3

cell culture preparations except for the 24 i, time point (9-11 plates from 1 preparation)

(significantly different from conli::>! Il!!tceated cultures at *P<.0.05, **P<0.02,

***P<0.OO5).
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Figure IV·2. A lag period is required for a pulse of cortisol to increase

phenylethânolamine N.methyltransferase activily. Adrenal medullary cells were

exposed to a 2 h pulse (A) or 30 minute pulse (B) of 10-4 M conisol, the conisol

removed and replaced with control medium, and the cells assayed for phenylethanolamine

N-methyltransferase activity at either 12, 18,24, or 48 h after the beginning of the 2 h (or

30 min) conisol pulse. In (A), each bar represents the mean (±S.E.M.) value for 40-56

plates from 3 to 6 cell culture preparations. In (B), each bar represents the mean

(±S.E.M.) value for 20-21plates from 3 cell culture preparations. (significantly different

from control untreated cultures at *P<0.05, **P<O.01, ***P<0.OOO5).
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Figure IV-3. A pulse of various concentrations of cortisol increases

phenylethanolamine N-methyltransferase activity. CeUs were exposed to

various concentrations of cortisol (10-9 to 10-4 M) for 2 h, the medium replaced and

phenylethanolamine N-methyltransferase activity assayed 2 days later. Each bar

represents the mean (±S.E.M.) value for 22-38 plates from 3 (10-4 and 10-5 M), 8 (10-6

and 10-7 M), or 5 (10-8 and 10-9 M) ceU culture preparations (significantly different from

control untreated cultures at *P<0.05, **P<0.OO2).
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Figure IV-4. A 2 h pulse of cortisol increases phenylethanolamine N­

methyltransferase activity in adrenal medullary cells !hat had been

pretreated with 10-6 M cortisol for 4 days. Adrenal medullary cells were

pretreated with either medium containing vehicle ("control pretreatment") or mcdium

containing added conisol (10-6 M) for 4 days ["4 day conisol (10-6 M) pretreatment"].

The medium was removed from all culture plates, and the plates were pulsed for 2 h with

either control medium (open bars for each pretreatment) or medium containing 10-4 M

conisol (filled bars for each pretreatment). Ali plates then received control medium for 2

days, the cells were scraped and phenylethanolamine N-methyltransferase activity

me::surecl. Each bar represents the mean (± S.E.M.) value for 25-30 plates from 2 cell

culture preparations [*P<0.03 compared to control pretreatment, 2 h vehicle pulse (open

bar on left hand side ('Of "Taph); **P<O.OOI compared to control pretreatment, 2 h vehicle

pulse (open bar on left hand side of graph); §P<O.OOI compared to 4 day conisol (10-6

M) pretreatment, 2 h vehicle pulse (open bar on right hand side of graph)] .
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Figur~ IV-S. A 2 h pulse of nicotine increases phenylethanolamine N­

methyltransferase activity following a required lag period. Adrenal

medullary cells were treated with either nicotir..: (10-5 M. hatche, bar), cortisol (10-4 M,

open bar), or both (filled bar) for 2 h, the medium replaced with control medium and

phenylethanolamine N-methyltransferase activity assayed either 2, 12, 18,24. or 48 h

following the beginning of the 2 h drug exposure. Each bar represents the mean

(±S.E.M.) of 31-37 determinations from 3 cell culture preparations except for the 2 and

12 h time points which were from 8-12 determinations from 1 preparation

(*P<0.01.**P<0.005, ***P<0.OOO5 compared to control untreated cultures, tP<0.002

compared to cortisol alone, §P<0.05 compared to cortisol alone, ~P<0.OO5 compar<:d to

nicotine alone).
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Table IV-l. The effect of the glucocorticoid receptor antagonist RU

38486, on phenylethanolamine N-methyltransferase activity induced by a

2 h pulse of cortisol. Adrenal rnedullary cells were treated with 10-5 M cortisol in the

absence or presence of 10-5 M RU 38486, either continuously for 2 days (2 day

exposure) or with a 2 h pulse as in previous experirnents. and phenylethanolamine N­

rnethyltransferase activity rneasured 2 days following the beginning of cortisol exposure.

The data are expressed as the rnean (± S.E.M.) of 23-28 plates taken from 2-3 cell culture

preparations (a, P<0.05 cornpared to control untreated cultures; b, P<O.OI cornpared to

control untreated cultures; c, P<Û.O1 cornpared to cortisol in the absence of RU 38486).

Phenylethanolamine N-methyltransferase Activity

(% controI)

•

•

2 day exposure

2 h pulse

10-5 M cortisol

152.5 ± 7.5 (28)b

124.5 ± 9.0 (24)a

10-5 M cortisol

+10-5 M RU 38486

123.9 ± 5.5 (28)b,c

88.3 ± 4.6 (23)C



•

•

•

IV-26

References

Acheson A.L., Naujoks K. and Thoenen H. (1984) Nerve growth factor-mediated

enzyme induction in primary cultures of bovine adrenal chromaffin ceUs:

Specificity and level ofregulation. J. Neuroseience 4: 1771-1780.

Baetge E.E., Behringer R.R., Messing A., Brinster R.L., and Palmiter R.D (1988)

Transgenic mice express the human phenylethanolamine N-methyltransferase

gene in adrenal meduUa and retina. Proc. Natl. Acad. Sei. USA 85, 3648-3652.

Banerjee D.K., Ornberg R.L., Youdim M.B.H., Heldman E., and PoUard H. (1985)

Endothelial ceUs from bovine adrenal f",;~duUa develop capillary-like growth

patterns in culture. Proc. Natl. Acad. Sei. USA, 82, 4702-4706.

Batter D.K., D'MeUo S.R., Turzai L.M., Hughes H.B. 111, Gioio A.E., and Kaplan

B.B. (1988) The complete nucleotide sequence and structure of the gene

encoding bovine phenylethanolamine N-methyltransferase. J. Neurosei. Res. 19,

367-376.

Berenbeim D.M., Wong D.L., Masover S.1., and Ciaranello R.D. (1979) Regulation of

synthesis and degradation of rat adrenal phenylethanolamine N­

methyltransferase. Ill. Stabilization of PNMT against thermal and tryptic

degradation by S-adenosylmethionine. Mol. Pharmacol. 16,482-490.

Betito K., Diorio J., Meaney M.1. and Boksa P. (1992) Adrenal phenylethanolamine N­

methyltransferase induction in relation to glucocorticoid receptor dynamics:

Evidence that acute exposure to high cortisollevels is sufficient to induce the

enzyme. J. Neurochem. 58: 1853-1862.

Breese G.R., Smith R.D., MueUer R.A., Prange Jr. A.1., Lipton M.A., Young L.D.,

McKinney W.T., and Lewis J.K. (1973) Induction of adrenal catecholamine

synthesising enzymes foUowing mother-infant separation. Nature New Biol.

246: 94-96.



•

•

•

N-27

Ceccatelli S., Dagerlind A., Schalling M., Wikstrom A-C., Okret S., Gustafsson J.A.,

Goldstein M., and Hokfelt T. (1989) The glucocorticoid receptor in the adrenal

gland is localized in the cytoplasm of adrenaline cells. Acta Physiol. Scand. 137,

559-560.

Ciaranello R.D (1978) Regulation of phenylethanolamine N-methyltransferase synthesis

and degradation. L Regulation by rat adrenal glucocorticoids. Mol. Pharmacol.

14, 478-489.

Ciaranello R.D (1980) Regulation of adrenal catecholamine biosynthetic enzymes:

Integration of neuronal and hormonal stimuli in response to stress, in

Catecholamines and Stress: Recent advances (Usdin E., Kvetnansky R. and

Kopin I.J., eds) pp. 317-327. Elsevier, Amsterdam.

Ciaranello R.D and Black LB. (1971) Kinetics of the glucocorticoid-mediated induction

of phenylethanolamine N-methyl transferase in the hypophysectomized rat

Biochem. Pharm. 20: 3529-3532.

Douglas W.W.(1966) The mechanism of release of catecholamines from the adrenal

medulla. Pharmacol. Rev. 18: 471-480.

Douglas W.W. and Rubin R.P. (1961) Mechanism for nicotinic action at the adrenal

medulla: Calcium as a link in stimulus-secretion coupling. Nature (London) 192:
1087-1089.

Evinger MJ., Ernsberger P., Reynolds RN. and Reis DJ. (1988) Neural modulation of

phenylethanolamine N-methyltransferase rnRNA in bovine chromaffin cells. Soc.

Neurosci. Abstr. 14: 751.

Fuller R.W. and Hunt J.M. (1967) Inhibition of phenethanolamine N-methyl transferase

by its product, epinephrine. Ufe Sei. 6: 1107-1112.

Guidotti A. and Costa E.(1974) A role for nicotinic receptors in the regulation of

adenylate cyclase of adrenal medulla. J. Pharm. Exp. Ther. 189: 655-675.



•

•

•

lV-28

Hadjian A.J., Guidicelli C. and Chambaz E.M. (1982) Cholinergie muscarinic

stimulation of steroidogenesis in bovine adrenal cortex fasciculata cell

suspensions. Biochem. Biophys. Acta 714: 157-163.

Hersey R.M. and DiStefano V. (1979) Control of phenylethanolamine N­

methyltransferase by glucocorticoids in cultured bovine adrenal medullary cells. J.

Pharmacol. Exp. Ther. 209, 147-152.

Jiang W., Uht R. and Bohn M.C. (1989) Regulation of phenylethanolamine N­

methyltransferase (PNMT) mRNA in the rat adrena! medulla by corticoslerone.

[nt. J. Devi. Neuroscience 7: 513-520.

Jones M.T., Hillhouse E.W., and Burden J.L. (1977) Dynamics and mechanics of

corticosteroid feedback at the hypothalamus and anterior pituilary gland. J.

Endocr. 73, 405-417.

Kelner K.L. and Pollard H.B. (1985) Glucocorticoid receptors and regulalion of

phenylethanolamine-N-methyltransferase activity in cultured chromaffin cells. J.

NeurosCÎ. S, 2161-2168.

Kitay J.I. (1961) Sex differences in adrenal cortical secretion in the rat. Endocrinology

68: 818-824.

Kvetnansky R.A., Weise V.K. and Kopin 1.1. (1970) Elevation of adrenal tyrosine

hydroxylase and phenylethanolamine N-methyl transferase by repeated

immobilization of rats. Endocrinology 87: 744-749.

Livett B.G. (1984) Adrenal medullary chromaffin cells in vitro. Physiol. Rev. 64: 1103­

1161.

Lowry O.H., Rosebrough N.J., Farr A.L., and Randall RJ. (1951) Protein

measurement with the Folin phenol reagent. J. Biol. Chem. 193, 265-275.

Nawata H., Yanase T., Higuchi K., Kato K., and lbayishi H. (1985) Epinephrine and

norepinephrine synthesis are regulated by a glucocorticoid receptor-mediated

mechanism in the bovine adrenal medulla. Life SCÎ. 36,1957-1966.



•

•

•

IV-29

Peytremann A., Nicholson W.E., Hardman J.G., and Liddle G.W. (1973) Effect of

adrenocorticotropic hormone on extracellular adenosine 3',5'-monophosphate in

the hypophysectomized rat. Endocril'.ology 92: 1502-1506.

Philibert D. and Moguilewsky M. (1983) RU 28362, a useful tool for the characterization

of glucocorticoid and mineralocorticoid receptors. Endocrine Soc. Abstr. 335.

Philibert D., Moguilewsky M., Mary 1., Lecaque D., Tournemine C., Secchi J., and

Deraedt R. (1985) Pharmacological profile of RU 486 in animaIs, in The

antiprogestin steroid RU 486 and humanfertility control (Baulieu E-E. and Segal

S.J., eds.), pp. 49-68. Plenum Publishing Corp., New York.

Pohorecky L.A. and Wurtman R.I. (1971) Adrenocortical control of epinephrine

synthesis. Pharm. Rev. 23, 1-35.

Pollard H.B., Stopak S.S., pazoles C.J., and Creutz C.E. (1979) A simplified,one-step

method for radiometric analysis of phenylethanolamine-N-methyl transferase in

adrenal chromaffin cells. Anal. Biochem. 99, 281-282.

Porter I.D., Whitehouse B.1., Taylor A.H. and Nussey S.S. (1988) Effect of arginine

vasopressin and oxytocin on acetylcholine-stimulation of corticosteroid and

catecholamine secretion from the rat adrenal gland perfusecl in situ. Neuropeptides

12: 265-271.

Ross M.E., Evinger M.1., Hyman S.E., Caroll J.M., Mucke L., Comb M., Reis D.1.,

Joh LI·l., and Goodman H.M. (1990) Identification of a functional

glucocorticoid response element in the phenylethanolamine N-methyltransferase

promoter using fusion genes introduced into chromaffin cells in prirnary culture.

J. Neurosci. 10, 520-530.

Saavedra J.M., Del Carmine R., McCarty R., Guicheney P., Weise V. and Iwai J.

(1983) Increased adrenal catecholamines in salt-sensitive genetically hypertensive

Dahl rats. Am. J. Physiol. 245 (Heart Circ. Physiol. 14): H762-H766.



•

•

•

IV-30

Simonyi A., Fekete M.I.K., Kenessey A., Paldi-Haris P. and Graf L. (1985) Prolonged

ACTH treatment increases trypsin-like and phenylethanolamine N­

methyltransferase (PNMT) activity in the adrenals. Eur. J. Pharmacol. 106: 465­

466.

Stachowiak M.K., Rigual R.J., Lee P.H.K., Viveros O.H., and Hong J.S. (1988)

Regulation of tyrosine hydroxylase and phenylethanolamine N-methyltransferase

rnRNA levels in the sympathoadrenal system by the pituitary-adrenoconical axis.

Mol. Brain Res. 33, 275-286.

Stachowiak M.K., Hong J.-S. and Viveros O.H.(1990a) Coordinate and differential

regulation of phenylethanolamine N-methyltransferase, tyrosine hydroxylase and

proenkephalin mRNAs by neural and hormonal mechanisms in cultured bovine

adrenal medullary cells. Brain Res. 510: 277-288.

Stachowiak M.K., Jiang H.K., Poisner A., Tuominen R.K. and Hong J.-S. (1990b)

Shon and long term regulation of effects of catecholamine biosynthetic enzymes

by angiotensin in cultured adrenal medullary cens: Molecular mechanisms and

nature of second messenger systems. J. Biol. Chem. 265: 4694-4702.

Thoenen H., Mueller R.A. and Axelrod 1. (1970) Neuronally dependent induction of

adrenal phenylethanolamine-N-methyitransferase by 6-hydroxydopamine.

Biochem. Pharm.19: 669-673.

Unsicker K. and Müller T.H. (1981) Purification of bovine adrenal chromaffin cells by

differential plating. J. Neurosci. Meth. 4: 227-241.

Vemikos-Danellis J., Ciaranello R. and Barchas 1. (1968) Adrenal epinephrine and

phenylethanolamine N-methyl transferase (PNMT) activity in the rat bearing a

transplantable pituitary tumor. Endocrinology 83: 1357-1358.

Wan D.C-C. and Livett B.G. (1989) Induction of phenylethanolamine N­

methyltransferase mRNA expression by glucocorticoids in cuitured bovine

adrenal chromaffin cells. Eur. J. Pharmacol. 172, 107-115.



•

•

•

IV-31

Wan D.C-C., Marley P.D. and Livett B.G. (1991) Coordinate and differential reguJ.ation

of proenkephalin A and PNMT mRNA expression in cultured bovine adrenal

chromaffin cell: Responses to secretory stimuli. Mol. Brain Res. 9: 103-111.

Wong D.L., Hayashi RJ., and Ciaranello R.D. (1985) Regulation of biogenic amine

methyltransferases by glucocorticoids via S-adenosylmethionine and its

metabolizing enzymes, methionine adenosyltransferase and S­

adenosylhomocysteine hydrolase. Brain Res. 330, 209-216.

Wurtman R.J. and Axelrod J. (1965) Adrenaline synthesis: Control by the pituitary

gland and adrenal glucocorticoids. Science, 150, 1464-1465.

Wurtman R.J. and Axelrod 1. (1966) Control of enzymatic synthesis of adrenaline in the

adrenal medulla by adrenal cortical steroids. J. Biol. Chem. 241, 2301-2305.

Wurtman RJ., Noble E.P. and Axelrod J. (1967) Inhibition of enzymatic synthesis of

epinephrine by low doses of glucocorticoids. Endocrinology 80: 825-828.

Acknowledgments

This work was supported by the Fonds de la Recherche en Santé du Québec (K.

Betito) and the Medical Research Council of Canada (P. Boksa).

;-.'



•

•

•

Chapter V. Glucocorticoid Regulation of the Adrenomedullary

Catecholaminergic System F'ollowing Mild, Acute Stress
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Abstract

The time course of regulation of rat adrenomedullary PNMT and TH activity, and

catecholamine content was studied following a single episode of 20 minute restraint

stress. Significant increases in PNMT and TH activity were observed 18h following the

beginning of the stress. In addition, significant increases in the adrenal content of

adrenaiine, noradrenaiine and dopamine were observed at 18h. The time course of acute

stress-induced regulation of PNMT and TH was examined for the influence of hormonai

input. Suppression of endogenous corticosterone with dexamethasone delayed the stress­

induced increase in activity of PNMT but not TH. The present study indicates that

increases in catecholamine biosynthesis can be observed following a single episode of

mild acute stress. In addition, glucocorticoids appear to be important in the time course of

the stress-induced increase in PNMT but not TH activity.
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Introduction

Secretion of catecholamines (CAs) from the adrenal medulla occurs in response

to the release of acetylcholine (ACh) from the splanchnic nerve. During stress, the nerve

increases frring at the adrenal medulla to release CAs, and pituitary adrenocorticotropic

hormone (ACrH) causes the release of corticosterone (B) from the adrenal cortex into the

general circulation. As a result of the close proximity of the adrenal medulla to the cortex,

the medullary chromaffin cells are exposed to high levels of glucocorticoids (GCs), under

both basal and stress conditions (10-6 to 10-4 M; Kitay, 1961; Peytremann et al., 1973;

Guidotti and Costa, 1974; Jones et al., 1977). Therefore, the encapsulation of the

medulla by the cortex provides a unique oppurtunity for an interaction of the endocrine

adrenocortical GC system and the neural crest-derived adrenomedullary CA system.

The regulation of adrenal CA biosynthesis occurs via both adrenocorticosteroid

and neural influences. Hormonal regulation of the activity of tyrosine hydroxylase (TH;

the rate limiting step in CA biosynthesis; Levitt 1965), and of phenylethanolamine N­

methyltransferase (PNMT; which catalyses the conversion of noradrenaline to adrenaline;

Axelrod 1962), has been reported. Hypophysectomy or chronic suppression of

endogenous B has been shown to reduce both TH and PNMT activity and/or mRNA

(Wunman and Axelrod, 1965; 1966; Wunman, 1966; Mueller et al., 1970; Stachowiak et

al., 1988; Jiang et al., 1989; l'v'..itchell and Vulliet, 1985; Wurtman et al., 1966). In vitro

studies using adrenal medullary cells in culture have demonstrated a GC-induced increase

in TH and/or PNMT activity or mRNA levels (Hersey and DiStefano, 1979; Kelner and

Pollard, 1985; Wan and Livett, 1989; Stachowiak et al., 1990; Ross et al., 1990; Betito et

al., 1992). Therefore, these studies demonstrate a hormonal regulation of both PNMT

and TH.

The time course of regulation of TH and PNMT depends on a variety of factors. A

number of studies have shown an increase in TH activity and/or mRNA by short-term

•. drug treatment or acute stress (for review see Zigmond et al., 1989). For PNMT activity,
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regularion was previously thoughtto be homeostatic in nature, with increases in intact rats

observed only following chronic manipulations of the hormonal or neural environment.

However, there are a few studies which illustrate an increase in PNMT activity following

acute manipulations such as stress. Significant increases have been observed following

acute (l-2.5h) stressors such as cold, forced swimming or immobilization (Kvetnansky et

al., 1970; Kvetnansky, 1973; Hoffman et al., 1975; Bhagat and Horenstein, 1976). The

increase in PNMT acrivity is apparent 6-32h post-stress and can be abolished by

hypophysectomy (Kvetnansky, 1973; Bhagat amI Horenstein, 1976). Therefore, these

studies seem to refute the long-he1d norion that regularion of PNMT activity occurs on1y

under chronic stress conditions. However, these studies used acute stressors of 1-2h

durarion, and generally chose one rime point following stress in which to measure enzyme

acrivity (usually 48h later). No study has examined the regu1ation of CA biosynthesis in

response to a more mild stressor (such as restraint stress) of short «lh) duration, nor has

a study systemarical1y investigated the time course required to see increases in CA

biosyntheric enzymes following an acute stress.

In the present study, our frrst objective was to invesrigate the rime course of

regularion of PNMT and TH activity and CA content in response to short duration

exposure of the whole animal to a single episode of mild stress. In vitro, we have

previously shown that exposure of bovine adrenal medullary cells to a short-term (15 min

- 2h) pulse of GCs elevates the activity of PNMT measured a few days later, and that the

cells require at least 18h in order to increase the activity of this enzyme in response to a

short pulse (Berito et al., 1992; 1993). The second objective was to examine the

importance of hormonal input on the rime course of acute stress-induced regulation of

PNMT and TH. Our in vitro studies had shown that the activity of PNMT can be

increased 18-24h after the onset of a short (2h) pulse of GCs (Betito et al., 1993).

Therefore, at least in vitro, short-term exposure of the adrenal medulla to GCs is

sufficient to regulate this enzyme following a required time delay. In the present study,
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we examined whether hormonal influence is necessary to increase CA biosynthesis

following a mild, acnte stress of shon duration (20 min restraint), and studied in detail the

time requirements needed to increase activity of CA biosynthetic enzymes.

Experimental Procedures

Male Long-Evans rats (2S0g-400g; Charles Rivers Canada, St. Constant,

Quebec), were maintained on a 12h light-dark cycle (08:00h lights on) with food available

ad libitum. aats were subjected to a 20 minute restraint stress, using a lucite tube with a

closed end. For time course experiments, blood was drawn from the tail vein (=100 ilL)

at various intervals. For other experiment~, trunk blood was collected following

decapitation. Blood was collected into iced tubes containing EDTA and aprotonin

(TRASYLOL; Miles Canada Inc.), centrifuged at 3000g for 10 min, and the supernatant

used for plasma B determination by radioimmunoassay (see below). All animais werc

sacrificed by rapid decapitation between 10 am and 2 pm. Stress testing was performed

during the light cycle (12:30-17:00h) except forthe 36h sacrifice time points in one set of

experiments (DEX suppression experiments - see below), where the stressor was given at

22:ooh. For ail experiments, adrenal glands were collected, cleaned free of fat and

rapid1y frozen on dry ice and used for enzyme activity assays (see below).

Measurement of Plasma Band ACTH Concentrations

The concentration of B was measured in plasma prepared from samples of either

trunk blood (for B concentration at time of sacrifice) or tail vein blood (at time of stress

and in the stress recovery experiments). An aliquot (l0 ilL) of the plasma was extracted

into 990 ilL of absolute ethanol, the samples centrifuged at 1800g, and 100 J1L of the

supematant in duplicate freeze-dried and used for B radioimmunoassay, with a highly

specific B antiserum (B3-163, Endocrine Sciences, Tarzana, CA), as previously

described (Krey et al., 1975). The detection limit of the assay was S pg/mL. ACTH was
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measured by radioimmunoassay as previously described (Walker et al., 1990) using 50

ilL aliquots of plasma. Briefly, unextracted samples were incubated at 4°C with tracer

([125[]_ACTH, 5000 cpm/tube; Incstar, Stillwater, MN) and ACTH antiserum (final

dilution of 1: 120,000; IgG Corp., Nashville, TN). After 72h of incubation, precipitation

serum (Antibodies Inc., Davis, CA) was added and bound peptide obtained by

cenoifugation at 5000g for 45 min. The detection limit of the assay was 10 pg/mL. Intra­

assay coefficients of variation for the plasma Band ACTH assays were 8.9 and 6.0%

respectively. The inter-assay coefficients of variation were 10.9% for both assays.

Measurement of PNMT activity

Right adrenal glands were homogenized in water (1 mL/gland) using a Dounce

homogenizer, and subjected to a freeze-thaw cycle (-80°C). Samp1es were then

cenoifuged at 12 800g for 10 min, and aliquots (50 IlL) of the supematant were assayed

for PNMT activity as described by Pollard et al. (1979). The assay is based on catalysis

of the methylation of substrate (phenylethanolamine, 1.8 mM) by [6-methyl.3H]-S

adenosyl methionine (10 IlM) and extraction of tritium labelled methyl product into

toluene/isoamyl a1cohol. Non-specifie methyltransferase activlty, assessed with parallel

standards containing substrate and methyl donor, was subtracted from ail samples.

Measurement of TH Activity

Left adrenal glands were homogenized in 600 ilL Trizma (5 mM) containing

Triton X-loo (1 mg/mL), centrifuged at 12 800g for 10 min, and aliquots (120 IlL) of the

supernatant assayed for TH activity according to the method of Nagatsu et al. (1964) as

modified by Quik and Sourkes (1976). The incubation mixture in a final volume of 200

ilL, and at a pH of 6.5, contained the following components: 40 IlL of a solution

containing Trizma acetate (50 mM), 560 U catalase, and brocresine (0.5 mM); 120 IlL of

the adrenal homogenate; and 20 IlL of a solution containing nonradioactive tyrosine (0.92
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,
mM) and [3H]-tyrosinc (500 Ooo.disintegrations/ minute). These components were

preincubated at 37°C and the reaction started with 20 ~ with a solution containing

ascorbic acid (24.6 mM) and DMPH4 (l0 mM). The reaction was stopped after 15 min

with 40 ilL of a 25% trichloroacetic acid (TCA) solution. Precipitated protein was

pelleted by centrifugation at 12 800g for 10 min and 100 ilL of the supematant applied to

a Dowex 50W-X8 column (0.5x2.0 cm), preequilibrated with 2 mL of TCA (pH 1.8).

The column was washed with 900 ~ TCA (pH 1.8) and radioactivity in the effluent

(separated into two aliquots) measured using 5 mL Ecolite scintillation fluid at 50%

efficiency.

Measurement of CAs

CAs were measured by HPLC with electrochemical detection, using epinine as

the internal standard. An aliquot of adrenal homogenate in HPLC-grade water (50 ilL)

was used for alumina (10 mg) extraction of CAs. The conditions used for HPLC

separation and detection of adrenaline (A), noradrenaline (NA), and dopamine (DA) were

as described by Boksa (1990) except that the mobile phase contained 100 mg/ml sodium

octy1sulfate.

Statistical Analyses

Data were analyzed using one-way analysis of variance (time course following

restraint stress experiment) or two way analysis of variance (DEX experiments) with

post-hoc Dunnet's comparisons (p<0.05). Comparisons for the effect of drug treatment

at a particular time point were performed using the F-test for simple main effects (alpha

level taken to be significant at p<0.05/number of comparisons).
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Results

The regulation of adrenal PNMT and TH activity and CA content at

various time points following a single 20 minute restraint stress

In the present experiment, we sought to examine the effects of a single period of

stress (20 min restraint) on adrenaI CA biosynthetic enzymes using a detailed rime course,

measuring plasma B and ACI'H, adrenal activity of PNMT and TH, and adrenaI content

of adrenaline (A), noradrenaIine (NA) and dopamine (DA), at various time points

following the end of the restraint. Rats were sacrificed by rapid decapitation at various

intervals following restraint stress, Le. immediately following the stressor (time 0) and at

2, 6, 18, 24, 48, and 96h after termination of the stressor, and adrenaI glands collected

and rapidly frozen. Trunk blood was collected to measure plasma B and ACTH levels

(Table V-1). Significant increases (p<.OI) in both ACTH and B were observed

immediately following the stressor (time 0), and at 2h for B, with return to basai vaIues

thereafter.

The activities of PNMT and TH were measured in adrenaI homogenates at the

same time points as above (PNMT was taken from the right adrenal, TH from the left in

the same animai). Figure V-lA shows that following a single episode of acute stress, a

significant increase in adrenaI PNMT activity is observed only at l8h after the end of the

20 min restraint. No significant increases were observed at either earlier (2h, 6h) or later

(24h, 48h, 96h) time points following the stressor. Similar findings were observed for

TH activity (Figure V-lB).

AdrenaI content of CAs were measured in homogenates of right adrenaI glands at

the same time points as above. Figure V-2 shows that following a single episode of acute

stress, a significant increase in DA is observed immediately following restraint stress (Oh
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in Figure V-2A), as well as at 18h. In addition, significant increases in adrenaI content of

A and NA were observed at 18h but at no other time points (Figure V-2B and V-2C).

The effect of DEX suppression of endogenous B secretion on PNMT and

TH activity

The activities of PNMT and TH are reduced by hypophysectomy, suggesting a

role for GCs in the maintenance of both enzyme activities. Since hypophysectomy m~y

have effects involved in stress physiology other than simply abolishing the source of

ACTH, we isolated the effect of GCs on CA biosynthesis using DEX suppression of

endogenous B secretion. Rats were injected subcutaneously with DEX (100 llg/kg; a

dose that does not affect the basal activity of PNMT and TH, see below) dissolved in

saline:ethanol (9: 1) 3 hours pri.or to the 20 min restraint stress. One set of animaIs were

used for stress recovery sampling of plasma for B to ensure suppression by the DEX

treattnent. Another set of animais underwent DEX or vehicle injections, were restrained

for 20 min, and had blood taken at the end of the stressor (to ensure effectiveness of DEX

suppression). Rats were sacrificed at 18, 24 and 36h following the beginning of the

stressor. Control (unstressed) animais were injected with the vehicle or DEX 27h prior to

sacrifice.

Stress-induced changes in plasma B were first examined to test the effectiveness

of the DEX suppression. A significant main effect of DEX on plasma B (Figure V-3)

levels were observed at ail time points. Figure V-4 shows the activities of PNMT and TH

at various time points following restraint, in vehicle and DEX treated animais. The control

bars represent the activity of either enzyme in the adrenals of rats injected with the vehicle

or DEX 27 hours prior ta sacrifice. This time point verified that DEX on its own did not

affect the activity of either enzyme, and was chosen to mimic the pattern of injection and

sacrifice for the 24h post-stress time point set of animais. Three groups of rats (16 per

group) were either injected with the vehicle or DEX, subjected ta a 20 min restraint stress
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3h later, and sacrificed at 18, 24 and 36h following the beginning of the stressor.

Significant (p<.OOS) effects of both time and DEX administration were observed for

PNMT activity (Figure V-4A). There was a significant time by DEX interaction

(p=.02), indicating that vehicle- and DEX-treated rats differed over time. In vehic1e­

treated rats, post-hoc tests showed a significant (p<.OS) increase in PNMT activity at 24

and 36h. For the DEX treatment, a significant (p<.OS) increase in PNMT activity was

observed at 36h, with a simple effects measure of the effect of DEX revealing a

significant difference (p<.OOOl) between the vehicle- and DEX-treated group at the 24h

time point. This indicates a suppression or delay of the increase in PNMT activity in

response to the 20 min restraint stress among DEX-treated animais. The activity of TIl

(Figure V-4B) increased similarly in both the vehicle- and DEX-treated groups (time by

DEX interaction, p=.8; effect of time p<.OOO2) with increases observed at l8h as

measured by post-hoc tests (p<.Ol for vehicle-treated; p<.OS for DEX-treated rats).

Discussion

PNMT Activity

The adrenal medulla releases CAs into the bloodstream during an acute stress.

However, the CA stores must be replenished following the stressor. We provide

evidence for the possibility of replenishment of these stores via a regulation of CA

biosynthetic enzymes in response to a mild acute stress (20 min restraint). In the present

study, increases in PNMT activity were observed following a single episode of acute

stress (Figure V-lB). However, this increase occurred only following a specifie time

delay, within a window of 18-36h following the beginning of the stressar. These in vivo

findings support earlier in vitro studies performed by this laboratory using cultured

bovine adrenal medullary cells. We had shown that exposure of these cells for 2h to GCs

increased the activity of PNMT, with a time delay of at least 18h (Betito et al., 1993).
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Therefore, both our in vivo and in vitro studies suggest that PNMT can be regulated by

short-term dynamic changes in the adrenal environment, but that this increase can only be

observed with a required rime delay.

The present study suggests that GCs at the level of the adrenal medulla, play an

important role in the recovery of CA levels following stress. The dc regulation of

PNMT acrivity was confirrned by the experiments in this study using a mild acute

stressor. Injection of DEX 3h prior to restraint stress, to suppress the stress-induced

release of endogenous B, delayed the increase in PNMT activity. In vehicle-treated rats,

significant increases were apparent at 24 and 36h post-stress. In the DEX treated rats, the

trend in the increases in enzyme activity over rime was different, with significantly less

PNMT activity observed at the 24h time point compared to the vehicle-treated animais.

Therefore, the effect of GC secretion following an acute res1raint stress appears to be to

shift increases in PNMT activity to earlier time points. Had we not looked at further time

points following stress (ie. >24h), we would have concluded that GCs were crucial for

the increase in PNMT. However, the timing of the enzyme measurements post-stress

appears to be critical since an increase in PNMT activity in DEX-treated animais was

observed at 36h.

Our results suggest that the rime course for increasing PNMT activity post-stress

may be affected by an interaction between hormonal and neural influences. This is

supported by our in vitro studies using bovine adrenal medullary cells (Betito et al.,

1993). The time course of increasing PNMT activity following a 2h pulse of either

cortisol or nicotine was at least 18h. However, there was a larger and earlier (12h vs

18h) increase in PNMT following a simultaneous pulse of both drugs. This suggests that

the timing for increasing this enzyme is dependent on the regulatory factors present and/or

an interaction between these factors. In vivo (in the present study) the absence of

hormonal influence or of a hormonal/neural interaction due to DEX suppression results in

a loss in the early increase in PNMT activity. The presence of both hormonal and neural
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influences causes an increase in PNMT at 18-24h post-stress (i.e. Figure V-lA and

vehicle in Figure V-4A) whereas the increase is later in the absence of hormonal influence

(DEX treatment in Figure V-4A). Therefore, the activity of PNMT seems to be regulated

both in the presence and absence of hormonal input, with different time delays apparent

depending on the adrenal environment.

The findings in our DEX suppression experiment are different from those found

in the 2h forced swimming stress paradigm (Bhagat and Horenstein, 1976), where

hypophysectomy abolishes the stress-induced increase in PNMT activity 48h later. One

major difference that could account for the discrepancy found between Ibis and our study,

is that only one time point was chosen to measure changes in enzyme activity in the study

by Bhagat and Horenstein (1976). Therefore, a possible increase in activity may have

been measured had a more complete time course been performed. In addition,

hypophysectomy results in a number of physiological changes, removing a variety of

pituitary peptides or hormones, which may regulate PNMT activity. GC regulation of

PNMT activity was examined in a more direct manner in the present study, since DEX

suppression isolates the effect of GCs by suppressing endogenous B production, without

the need for surgical intervention. Therefore, the results we are reporting suggest that B

production during the stressor can shift the rime frame for increases in PNMT activity, but

is not completely essential for the regulation of this activity. In the absence of B

secretion, other factors (either neural or hormonal) may play a role in PNMT regulation.

TH Activity

Following a single episode of acute stress, ru activity increases with a similar

time course as PNMT, with significant increases observed at 18h post-stress. However,

for ru, there is a trend for early increases in activity (see Figure V-lB), which may be

due to a transient phosphorylation of the enzyme (for review see Zigmond et al., 1989).

The increase in activity observed at 18h is likely accounted for by a second mechanism,

"
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nonnally occuring after a delay of 12-48h, which involves increases in the amount of TH

protein, and can be blocked by RNA and protein synthesis inhibilors (Mueller et al.,

1969; Thoenen et al., 1973; Zigmond et al., 1989; but see McMahon et al., 1992).

Therefore, the present study confinns the ability of acute stress to increase the activity of

TH within the reponed time delay window.

GCs have been reported to regulate the activity of TH. In the present slUdy, we

report that GCs are not crucial for this regulation, since DEX suppression of B release did

not prevent the increase in TH activity observed 18h post-stress. This finding is not

surprising since the activity of TH is thoughtto be predominantly neurally regulated. In

addition, this finding is similar to the swimming stress study of Bhagat and Horenstein

(1976) where hypophysectomy did not abolish the increase in TH activity, suggesting that

pituitary input on adrenal function does not inc1ude the regulation of TH. Therefore, the

activity of TH can be regulated by acute restraint stress followed by a time delay, in the

absence of honnonal input to the adrenal.

CA content

The regulation of CA biosynthesis by a single episode of acute stress generally 1s

observed witb a rime delay of 18-36h in the different experiments in the present study.

However, in the experimems using intact animals, adrenal DA was found to increase

significantly immediately following the restraint stress (Figure V-2A). The increase in DA

at the end of the 20 min restraint period may be the result of the trend observed in TH

activity to increase immediately following the stressor (see Figure V-lB). In support of

this, one study has shown an increase in the in vivo DA synthesis and rate of tyrosine

hydroxylation during a 1h immobilization stress, whereas the increase in synthesis of NA

and A are seen only 24h following the 1h stressor (Kvetnansky et al., 1971). Therefore,

although ÎD,creases in DA content can be observed immediately following restraint in our
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studies, significant increases in A and NA are only observed at 18h, a time point that is

consistent with the increases in enzyme activity.

This study and a few others (Kvetnansky et al., 1970; Kvetnansky, 1973;

Hoffman et al., 1975; Bhagat and Horenstein, 1976) have provided evidence that

prolonged stress is not required to regulate CA biosynthesis, as had been previously

thought. We have shown that increases in the activity of both PNMT and TH occur

following a mild stressor (20 min restraint) if measured with a time delay window of 18­

36h. Similarly, longer more severe stressors (lh cold, 2.5h immobilization and 1-2h

forced swimming), have been shown to increase TH and/or PNMT activity following a

time delay of 6-32h. However, of importance is the time delay window used to measure

the increase in CA biosynthetic enzymes, since this factor may marked1y influence the

interpretation of such studies (cf. our DEX suppression study). The present study

supports our in vitro observations using cultures of bovine adrenal medullary cells where

increases in PNMT activity have been observed in response to a short (2h) pulse of

cortisol, with a time delay as short as 18h following the beginning of the pulse (Betito et

al., 1992; 1993). These in vivo and in vitro studies suggest that GCs are important for

the replenishment of CA stores lost during an acute stressor, by way of increase in CA

biosynthetic enzymes. The time delay involved in this regulation suggests that at the level

of the adrenal medulla, immediate changes in CA levels during the stressor is

unneccessary, and that this increase will OCCur when needed in order to replace released

CAs.
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Figure V-1. The effect of a single 20 minute restraint stress on the

activities of adrenal PNMT and TH. Rats underwent a 20 min period of restraint

stress and were sacrificed by rapid decapitation either immediately following the end of

the stressor (Oh) or replaced into the home cage and sacrificed at various times (2, 6, 18,

24, 48, and 96h) following the beglnning the stressor. Control animais were unstressed

rats sacrificed without prior manipulation. Right adrenals were assayed for PNMT activity

(A) and left adrenals for TH activity (B) as described in Experimental Procedures. Each

bar represents the mean ± SEM from groups of 8 rats except for the control group

(n=12). Significant differences were assessed using one way analysi5 of variance with

post-hoc Tukey's test (*p<.05 vs non-stressed control group).
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Figure V-2. Adrenal CA content at various time points following a 20

min restraint stress. The levels of dopamine (A), noradrenaline (B), and adrenaline

(C) were measured using HPLC in homogen!lles of the right adrenals used for PNMT

measurements in Figure V-lA. Each bar represents the mean ± SEM from groups of 7-8

rats except for the control group (n=12). (* p<.OS compared to the control group).
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'Figure V-3. The effect of DEX on the suppression of stress rccovcry

plasma B concentrations. Rats were injected with 100 Ilg/kg DEX subcutaneously

3h prior to a 20 min restraint stress. Tail vein blood samples were taken immediately

before the stressor (pre sample) and at various lime points following the stressor. Plasma

B was measured using radioimmunoassay as described in Experimental Procedures.

Each point represents the mean ± SEM from groups of 8 rats. Where no SEM is shown,

the SEM is sma11er than the plot symbol. (**p<.OOl compared to vehicle treatment at

same lime point).
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Figure V·4. The effect of DEX suppression of endogenous B secretion on

acute stress-induced increases in PNMT and TH activities. Three hours prior

to the 20 min restraint stress, rats were injected with 100 ~g/kg DEX in saline:ethanol

(9:1). Control unstressed rats were injected with DEX 27h prior to sacrifice. Stressed

rats were sacrificed at 18, 24 and 36h following the beginning of the stressor. Each bar

represents the mean ± SEM from 7-8 rats for each time point for activities of PNMT (A)

and TH (B). (Effect of DEX treatment: tp<.OOI compared to vehicle treatment at same

time point. Effect of time: *p<.OS, **p<.OI compared to control unstressed rats for each

condition).
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Table V-1. The effect of a single 20 min restraint stress on plasma ACTH

and B at various time points folIowing the stressor.

ACTIl

(pg/ml)

Corticosterone (B)

().tg/dl)

Control 125.2±8.8 (12) 1.41±O.40 (13)

• Oh 1158.7±282.5 (8)* 24.47±2.84 (7)*

2h 168.3±18.2 (8) 8.92±2.85 (8)*

6h 139.3±22.3 (8) 5.72±1.53 (8)

18h 172.2±25.1 (8) 5.l4±1.52 (8)

24h 118.7±19.9 (8) 7.06±l.07 (8)

48h 76.1±9.5 (4) 3.l7±1.37 (6)

96h 123.0±32.0 (8) 5.16±3.53 (8)

•
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Chapter VI. General Discussion

The present thesis has examined the adrenomedullary GC receptor, focussing on

the characterization of the dynamics of this receptor, the regulation of levels of this

receptor in response ta a number of treatments, as well as an important functional

consequence of GC receptor activation at the level of the adrenal medulla - the regulation

of PNMT activity. The main impetus for studying the adrenomedullary GC receptor is

the interaction between the adrenocortical GCs and the adrenomedullary CAs, an

interaction due to the unique association of the adrenal cortex and the adrenal medulla,

two tissues of different embryogenic origin. This anatomical association prompted us to

carefully examine the adrenomedullary GC receptor dynamics for similarities to GC

receptors in other tissues. We have shawn that the pharmacology of the adrenomedullary

GC receptor is novel compared ta that of GC receptors found in other target cells. We

show that the adrenomedullary GC receptor responds not only to low (nanomolar) GC

concentrations, but also ta high GC concentrations similar ta those normally found

bathing adrenomedullary cells. The adrenomedullary GC receptor can be regulated both

by its own ligand, as in other tissues, and by cyclic nucleotide analogues. However, the

direction of the changes in receptor levels in response to cAMP differs from those found

for the GC receptor in other tissues and cells. Another difference is the ability of both

cAMP and cGMP analôgues ta regulate GC receptor levels in the same direction, rather

than in opposite directions as for other cell types. In addition, we provide novel evidence

that GCs play a more important role in the dynamics of the regulation of CA biosynthesis

than was previously thought. In essence, we show that a short-term increase in exposure

of the adrenal medulla to GCs, whether in vitro or in vivo, can result in increases in

PNMT activity if measured with a time delay. Therefore, although the finer points for the

individual experiments have been discussed in the previous chapters, the following will

elaborate sOrne of those points and/or provide general interpretations on those findings.
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Characterization

The dynamics of the GC receptor have been well characterized in a number of

tissues and celllines. However, in adrenal medullary cells, little was known about this

receptor other than its basic pharmacology (Kd and Bmax) and possible subtype. We are

providing evidence for an in depth characterization of this receptor in bovine adrenal

medullary cells in culture. The subtype of receptor has been confmned using specific

ligands for the GC receptor and competition studies. In addition, we have studied the

dynamics of GC receptor translocation and nuclear uptake.

In order to characterize the adrenomedullary GC receptor, we have used

radioligand binding techniques. This technique consists of incubating a soluble fraction

prepared from cells, with radioligand for a period of 22h. Through this 22h "exchange

assay", at which point endogenous cortisol bound to receptors will exchange with labelled

GC (Kalimi and Hubbard, 1983), we are able to measure both hormone-bound GC

receptors, and unbound non-transformed GC receptors. For the translocation study, this

technique has allowed us to estimate the amount of receptors that translocate in response

to a given concentration of cortisol by measuring a loss in soluble binding sites.

Although this is an indirect measure of translocation of the GC receptor, it is supported by

our studies which show uptake of radioligand into nuclear fractions of medullary cells.

Unfortunately, for the GC receptor, a transformed receptor not bound to heat shock

proteins cannot be measured by steroid receptor ligand binding (Mendel et al., 1986a;

Sanchez, 1992). This therefore, precludes us from treating cells with steroid, preparing a

nuclear fraction and estimating the levels of GC receptor bound to DNA by radioligand

binding. In addition, these receptors cannot bind ligand if extracted off of the DNA by

high salt (Scherrer et al., 1990) as can other steroid receptors. Therefore, we are limited

in the technical ability to fully describe the dynamics of the GC receptor using ligand
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binding techniques. Use of bath ligand binding and immumocytochemistry concurrently

would provide a more thorough characterization of steroid receptor dynamics.

The characterization of the dynamics of the GC receptor in the present thesis has

been carried out over a wide range of cortisol concentrations. Nanomolar concentrations

of cortisol were found to translocate the receptor following a 45 min pulse. Further

translocation was aIso observed in response to higher concentrations of GCs more

relevant to the adrenaI medulla. These concentrations are in the range of 10-6 to 10-4 M,

as measured in adrenaI venous effluent in anesthetized (Kitay, 1961; Peytremann et aI.,

1973; Guidotti and Costa, 1974; Jones et aI., 1977) and awake animaIs (Engeland et al.,

1989). One rnight however argue that at the highest concentration of steroid used (10-4

M), we are approaching the limit of solubility of the drug. Hydrocortisone used in the

studies was in the forrn of the free base (MW=362.5 g/mole), which has a solubility of 15

mg/mL (=4xlO-2 M) in ethanol and 0.28 mg/mL (7.7xlO-4 M) in water (Merck Index,

1lth edition). Therefore, a 10-4 M solution of cortisol (hydrocortisone base), prepared

with 1% ethanol in DMEM/F12 medium, should not reach the limit of solubility.

Therefore, the highest concentration of cortisol used in the in vitro studies in the present

thesis, since it is almost 1Q-fold lower than the reported solubility of this steroid in water,

is most likely having an effect due to a real concentration and not a perceived

concentration as may occur with other steroids.

In vivo reports of GC concentrations in adrenal venous effluent have been

reported to be in the range of 10-6 to 10-4 M, and are measurements of total steroid

levels. However, it is the free (non protein-bound) proportion of GCs which is

physiologically active, making up approximately 10% of the total concentration (see

Hammond, 1990). In vivo then, the medulla can be exposed to concentrations of free

cortisol in the 10-5 M range. In vitro, we have observed a functional response at such

high concentrations (inereases in PNMT activity), following both continuous and pulse
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exposure to GCs (see Chapters II and IV). A remarkable similarity can be observed in the

translocation study and the PNMT activity study in Chapter II, where increased losses in

soluble sites at the high GC concentrations are reflected by funher increases in GC­

induced PNMT aClÎvity. A regression analysis was performed to correlate the levels of

soluble [3H]-DEX binding with the increase in PNMT activity (data from Figures II-4B

and II-6). This analysis revealed a significant correlation (F-test=277.5; P=O.OOI;

R2=0.986), suggesting that a loss in soluble sites in response to a panicular GC

concentration is reflected in an increase in PNMT activity. Therefore, we believe that it is

valid to discuss GC receptor dynarnics in terms of these higher concentrations.

However, even though there is a physiological correlate, it is possibile that the

receptor dynamics observed at higher concentrations of cortisol (l0-6 to 10-4 M)may be

a result of nonspecific effects of GCs. The point may then be raised that the high

concentrations of GCs regulate PNMT by acting on the putative chromaffin cell

membrane receptor for GCs (Inoue and Kuriyama, 1989). However, this seems unlikely

since 1) the effect of the putative membrane receptor is rapid (order of seconds), whereas

the effect of regulating PNMT requires a delay of atleast 18h hours to be evident (see

Chapter IV and Hersey and DiStefano, 1979; Kelner and Pollard, 1985), and 2) the

activity of PNMT induced by both low (10-7 M) and high (10-5 M) concentrations of

cortisol are most likely classical GC receptor-mediated since the GC receptor antagonist

RU 38486 prevents this increase (Table II-l). These experiments taken together suggest

that the effects of cortisol in concentrations as high as 10-4 M are not merely due to

nonspecific membrane effeclS or activation of a putative membrane GC receptor.

An alternative mechanism to account for the dynamic response to high

concentrations of conisol could be the existence of an intracellular low affinity GC

receptor, similar to the plasma membrane low affinity GC receptor of liver and CNS

(Kd=10-7 M; Towle and Sze, 1983; Quelle et al., 1988; Orchinik et al., 1991). This
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could account for the further increase in PNMT activity observed at high concentmtions of

GCs. However, this mechanism is unlikely to account for the loss in soluble sites (Le.

translocation) observed at high GC concentrations. The 22h exchange assay used to

measure binding of [3H]-DEX is performed at nanomolar levels of radio ligand.

Therefore, even if low affinity sites are translocating at the high concentrations of cortisol.

it is the Joss of high affinity sites which are being measured with nanomolar levers of

radioligand. Control levers of GC receptors (Le. prior to steroid treatment) in Figure II­

4B, are levels of high affinity receptors since they are measured with nanomolar levels of

radioligand. Therefore, any Joss in soluble sites, which suggests translocation, are most

Iikely lost high affinity sites.

In both the concentration-response curves for translocation and PNMT activity (in

Chapter Il), there are further significant increases in both parameters at 10-4 M compared

to 10-5 M. Given that the adrenal medulla will be exposed to total concentrations in the

10-6 M to 10-5 M range basally, possibly rising to the 10-4 M range during stress in the

awake animal, it would be physiologically important to be a"le to increase GC receptor

actions (translocation fo1lowed by PNMT induction) to a further extent in response to

stress. Paradoxica1ly, with ligand binding studies, we show a saturation of the

adrenomedullary GC receptor in the range of 10-8 M. This would suggest that no further

translocation or functional effect could occur at concentrations of steroid above that level.

Nevertheless, following GC treatment of~ cells, we do observe further increases in

both translocation and PNMT activity at higher GC concentrations. At 10l'ier

concentrations «10-6 M), we observe plateau changes in both parameters, with the

further increases above this concentration suggesting that there is a cellular mechanism

that allows for this increase. A possible mechanism for regulating the amount of steroid

seen by the GC receptor is the presence of an intracellular corticosterone binding globulin

(CBG) within chromaffin ce1ls. CBG is a high affinity binding protein for GCs, found in
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plasma ("CBG"), in rat pituitary and kidney cells, and bovine artery ("transcortin";

DeKloet and McEwen 1976; Feldman et al. 1973; Hayashi and Kornel 1990), and in

adrenal cortex (Cochet et al. 1977; Saez et al. 1977). A similar protein may be present in

adrenal medulla, and may saturate at a concentration in the 10-6 M range, leaving more

free steroid available when total steroid concentrations exceed this range. This would

then translate into further translocation and PNMT induction. Therefore, a likely

possibility is that the adrenal medulla behaves like several other GC target tissues where

the amount of steroidseen by the receptor is buffered t.. J binding protein (most likely

intracellular), thus allowing higher concentrations of cortisol to produce additional

functional effects.

The dynamics of the GC receptor as characterized in Chapter II showed a

translocation of the receptor following a 45 minute exposure to nanomolar concentrations

of cortisol (Figure II-4B). In Chapter III, we show that a much longer exposure (4 days)

of cells to these same cortisol concentrations did not produce translocation of the GC

receptor (Table III-4). Our inability to observe a translocation following 4d exposure to

cortisol (given that the concentration was maintained over the 4d period) raised the

possibility that adrenal medullary cells may inilially respond to cortisol by translocating

the GC receptor, but that prolonged exposure to cortisol does not result in continuous

translocation of the GC receptor. However, this has not been tested in this or any other

system and il remains unclear what the long-term GC receptor dynamics are. Intuitively,

one might expect that once a gene is activated or repressed by GC actions, the need for

continuous activation is unneccessary. In the adrenal medullary system, we have shown

that regulation of PNMT does not require continuous exposure to cortisol in order to have

an effect on induction of this enzyme (chapters II and IV). Therefore, this observation

correlates with the lack of continuous translocation observed when ceUs are exposed to

cortisol in concentrations in the nanomolar range for 4d.
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The present thesis has therefore advanced our knowledge of the dynamics of the

adrenomedullary GC receptor. We show that this receptor, like the GC receptor in other

tissues, can respond to nanomolar levels of steroid. However, we show that the

adrenomedullary GC receptor is unique. This receptor can respond, both on a dynamic

and functionallevel, to much higher GC concentrations than what is found in the general

circulation, levels much higher than the Kd for this receptor. For the concentrations of

GCs tested (10-9 M to 10-4 M), the dynamics of the receptor correlate with the GC­

induced functional response (i.e. increases in PNMT activity). For GC receptors in other

tissues, receptors normally exposed to nanomolar levels of GCs, high concentrations of

steroid have not been tested for their ability to affect the dynamics or functional response

of GC receptor binding. This has not been investigated most probably due to the

unlikelihood that GC receptors in tissues other than the adrenal will ever encounter such

steroid levels. However, there remains a possibility that receptor dynamics and functional

effect apparent at high GC concentrations may not be unique to the adrenomedullary GC

receptor.

Regulation

Regulation of the adrenomedullary GC receptor by several factors has been

studied in the present thesis given the possible functional implications on CA biosynthesis

of altering GC receptor levels. We have shown a decrease in levels of GC receptors in

response to both GCs and to cyclic nuc1eotide analogues. However, the chapter on

regulation of the GC receptor has served to expose sorne of the limitations to the use of

bovine adrenal medullary cells, isolated using PercoU density gradients, for these types of

studies. Depending on the method of isolation, the purity of the cultures vary. In chapter

II, cells used were prepared according to the method of Trifaro et al. (1978). DifferentiaI

plating experiments where the proportion of non-chromaffin cells were counted at time of
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plating, revealed that 12-15% of the plated cells in the less pure cultures were non­

chromaffin. However, in the subsequent chapters, cells were isolated using the method

of Livett (1984) with a measured proportion of non-chromaffrn cells much smaller (2-8%;

our unpublished observations). Even still, the cAMP treatment was able to increase

cortisol production in both the less pure cultures and in the differentially plated

chromaffin-enriched cell cultures. Since cortical cens must produce a very high

concentration of cortisol in order to supply the general circulation (where it is diluted

approximately lOO-fold), a small proportion of contaIlÙnating cortical cells is sufficient to

produce high nM levels of GC in response to cAMP (see Chapter III). This raises a

limitation of using adrenal medullary cell cultures as tools to study the effect of cAMP on

various medullary functions, since these effects may be mediated indirectly via cortisol

production. In the case of GC receptor regulation, our studies clear1y showed that cAMP­

induced reductions in GC receptors was llQl mediated indirectly via cortisol.

The ability of cyclic nucleotides to regulate levels of the GC receptor has been

demonstrated in a number of GC target tissues. The adrenal medulla differs in this

respect to most other tissues (other than the AtT-20 ceilline) where cAMP increases levels

of GC receptors. The decrease in GC receptors in response to cGMP observed in adrenal

medulla has also been observed in fibroblasts (Oikarinien et al., 1984). Therefore,

although the direction of the changes in receptor levels is not always the same depending

on the GC target cell, the present smdies support a general regulation of the GC receptor

by cyclic nucleotide second messengers. A decrease in receptor levels in other cell types

has been shown to correlate with a decrease in the biological response of the cell to GCs.

This phenomenon has also been observed in cyclic nucleotide-treated medu1lary cells. We

have shown that cells with lower levels ofGC receptors (due to cAMP or cGMP analogue

exposure) have a reduced ability to respond to GCs by increasing PNMT to a similar

extent as vehicle-treated cells. Finally, adrenal medullary cells behave in a similar manner
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to other GC target ceUs, with a decrease in GC receptor levels in response to extended GC

exposure. Therefore, even though the adrenaI medulla is exposed to exceptionaIly high

GC levels is situ, the adrenomedullary GC receptor appears to have similar characteristics

and regulation as GC receptors in other ceU types, with a similar functional correlate

observed foUowing a manipulation of receptor levels.

The physiologicaI significance of cyc1ic nuc1eotide- and GC-induced regulation of

GC receptors in the adrenaI meduUa is as yet unknown. In vivo, the adrenal medulla is

exposed to neurotransmitters or neuromodulators, sorne of which activate cAMP and

others cGMP. Decreasing medullary GC receptor levels in response to long-term neural

and hormonal input could be the organism's way of safeguarding against possible long

term damage due to chronic stress. Under conditions of chronic intermittent stressors,

adaptation to these intermittent stressors occurs with respect to GCs as well as CAs

released into plasma. That is, less A and GCs are released with each subsequent stressor,

with a faster and greater decrement in the plasma levels of these hormones compared to

rats stressed for the first time. This has been shown to occur with stressors such as

restraint or footshock stress (Konarska et al., 1989) or with 15 min handling, novelty or

water immersion stresses (De Boer et al., 1990) with interstressor intervals of 24h.

Therefore, a chronic release of GCs and activation of cyclic nuc1eotides may result in

subsequent decreases in GC receptor levels, which in tum wouJd reduce the GC-induced

increases in PNMT activity, providing Jess CAs for reJease following stimulation. We

can speculate that decreasing GC receptor levels in the adrenal medulla could serve as a

feedback mechanism to tum off elevated production of A. It should however be

emphasized that our in vitro model differs in many ways from the in vivo situation;

imponantly, we are exposing the ceUs chronicaUy to the drug treatment, therefore

mimicking what would be a continuous chronic stressor rather than an intermittent one.
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Nevenheless, honnonal- or cyc1ic nucleotide-induced decreases in adrenomedullary GC

receptor levels may serve a physiological role under conditions of repeated srress.

Function

The function of GCs as regulators of the activity of adrenomedullary PNMT has

been known for almost three decades. However, in depth characterization of the nature

and timing of this regulation was not previously available, and is now provided in the

present thesis. An important finding of the present thesis is the ability of high

concenrrations of GCs to influence both receptor rranslocation and PNMT activity. As

discusssed above and in the previous chapters, the total (free plus bound) concenrration of

cortisol reaching the adrenal medulla is in the range of 10-6 to 10-4 M. These

concentrations are sufficient to induce PNMT activity both following continuous exposure

(Chapter TI) and 2-3d following a pulse of conisol (Chapters TI and N). In Chapter TI,

the cells were maintained in a medium devoid of steroid or serum. Therefore, the increase

in PNMT activity 3 days following a pulse of GCs of 10-5 and 10-4 M (free

concentrations) may have been because the cells were more sensitive (than cells

maintained in the presence of a basal or background level of steroid) to PNMT induction

due to a chronic lack of GC exposure. However, this is unlikely since in cells pretreated

with conisol in a concentration expected basally (10-6 M total), the increase in PNMT

activity in response to a conisol pulse (10-4 M total) was found to be similar to the

increase found in vehicle-pretreated cells (Figure IV-4, Chapter IV). Therefore, adrenal

medullary cells do respond to pulses of GCs in a high concentration range by increasing

PNMT activity several days later, in cells maintained either in steroid-free or steroid­

containing medium.

In cells maintained in serum-containing medium, in which low nanomolar levels

of GCs are found, pulses of high concenrrations of GCs can also increase PNMT. In
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Chapter IV, where the medium contained 10% fetal calf serum, a total concentration of

10-4 M cortisol added to the medium estimates a free concentration in the range of 10-5

M. The concentrations of cortisol, in pulse form, that increased PNMT activity were in

the range of concentrations expected to be seen by the adrenal medulla (10-6 M to 10-4 M

total), with no increases found in response to lower pulse concentrations. This suggested

that the high concentrations of cortisol were physiologically relevant in the regulation of

medullary PNMT.

One of the major findings of the present work is the observed increase in

medullary PNMT activity in response to short-term cortisol or nicotine pulse exposure.

This finding has provided us with a technical tool to study the functional status of

medullary cells in which the levels of the GC receptor had been manipulated by various

agents. Previously, it was thought that long-term exposure of cells was required to

regulate PNMT, both for GCs (Hersey and DiStefano, 1979; Kelner and Poliard, 1985)

and for nicotine (Evinger et al., 1988; Stachowiak et al., 1990). This has precluded

undertaking studies in adrenal medullary cells which correlate GC receptor levels with the

functional endpoint ofPNMT activity. That is, it was previously technically tricky to alter

receptor levels and then expose the cells to long-term drug treatment to observe changes in

PNMT activity, since it was unknown whether the changes in receptor levels would be

maintained over the incubation time required to alter enzyme activity. However, we have

shown that this is now possible for the GC receptor, due to the finding that PNMT

activity can be regulated, after a lag period, by a short pulse of GCs or nicotine. This

allows us to measure changes in enzyme activity at a particular point in time, with a given

level of receptors, without worrying that receptor levels will change over this incubation

time. Using this tool, we have shown that decreasing levels of receptor with cyclic

nucleotides results in a compromised ability of the cells to respond to a cortisol pulse.

This is consistent with findings in many cell types, where the levels of GC receptor
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detennine the magnitude of the functionaI response to GCs (Bourgeois and Newby, 1979;

Vanderbilt et al., 1987; Distelhorst, 1989; Dong et al., 1990; Tanaka et al., 1992).

Therefore, this will aIlow an undertaking of a number of studies in adrenaI medullary cells

that would have otherwise been unfeasible, allowing a further in depth look into the

dynamics of the GC-PNMT interaction.

Most of the present work has concentrated on the regulation of PNMT by GCs

using adrenai medullary cells as an in vitro model of endocrine regulation of the adrenaI

medulla. However, as mentioned in chapter IV, PNMT can be regulated by a number of

neurotransmitters or neurohortnones released by the splanchnic nerve or found in the

bloodstream. Shon-tertn cholinergie nicotinic receptor activation appears to be one other

mechanism by which regulation of enzyme activity occurs (Figure IV-5), supporting the

relevance of neuronal influence over this enzyme. In medullary cell cultures, there is a

chronic absence of cholinergie stimulation. This may create an upregulation of the

nicotinic cholinergie receptor, resulting in "denervation supersensitivity" as has been

found for muscle ACh following denervation of the motor end plate (Fambrough, 1979;

Gardner and Fambrough, 1979) and as has been suggested for the adrenal

pheochromocytoma cellline PC12 (Robinson and McGee, 1985). Therefore, adrenaI

medullary cells maintained in culture may have upregulated nicotinic receptors, increasing

the sensitivity of the cells to nicotine, which in tum may influence the time course and/or

nature of the regulation of PNMT activity by nicotinic agonists. This point must be kept

in mind when comparing in vitro findings with those observed in vivo.

In vitro, nicotine pulses in combination with GC pulses (roughly analogous to the

intact situation in vivo) produce greater increases in PNMT activity (Chapter IV)

compared to either treatrnent aIone. This suggests that nicotine (or neural stimulation)'
=>"

may be acting via a different mechanism than GCs to regulate PNMT activity. Indeed, i\

has been suggested that the splanchnic nerve induces de novo synthesis of PNMT while
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GCs bath inhibit degradaùon ofthis enzyme (Ciaranello et al., 1975; Ciaranello, 1980) as

weil as increase its rate of synthesis (Wunman and Axelrod, 1966; Ciaranello, 1978), and

may therefore account for the synergisùc effect of GCs and nicotine on PNMT acùvity in

medullary cells in culture.

However, combinaùon pulses of GCs and nicotine also produce~ increases

in PNMT activity (at 12h rather that at 18h for either treatrnent alone) than do either agent

alone. Nicotine (or neural input) may therefore modulate the GC-induced regulation of

this enzyme, at least in vitro. This notion is supponed by an in vivo study recently

performed in pigeons (Mahata and Ghosh, 1991). The authors showed that 7 day GC

treatrnent increased A synthesis in innervated adrenals. However, in denervated pigeon

adrenals, the GC-induced synthesis of A was more pronounced compared to innervated

adrenals. This suggested that the splanchnic nerve panially prevents, and therefore

regulates, GC-induced changes in A synthesis. However, this study showed opposite

effects to what we have observed in bovine adrenal medullary cells in culture, where

nicotine positively modulates the GC-induced increases in th,e activity of PNMT.

Nevertheless, such studies support an interaction between both neural and hormonal

inputs on the regulation of PNMT activity.

However, in the present thesis, our in vivo studies have shown that both TH and

PNMT can be increased following a mild, acute stressor in the absence of endogenous B

release, suggesting that neural influence is sufficient to regulate both PNMT and TH.

Regulation of TH and PNMT by neural or hormonal influence seems to differ from strain

to strain. Most studies use Sprague-Dawley rats whereas we have used Long Evans rats,

a strain that we routinely use for stress studies in our laboratory. In mice and rats, strain

differences have been found in the predominance of neural and hormonal influences on

the regulation of CA enzymes (Ciaranello et al., 1972; Cooper and Stolk, 1979). For

example, in the mouse DBA/2J strain, PNMT activity is regulated by neural influ~nces in
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addition to hormonal influences, whereas in both C57BLIKa and CBA/J strains PNMT

activity is not neuronally controlled (Ciaranello et al., 1972). In the Lewis (LEW) strain

of rats, the regulation of both TH and PNMT can accur independendy of adrenal

innervation (Cooper and Stolk, 1979). In hypophysectomized LEW rats, both enzymes

do not increase in response to chronic (4d) immobilization, suggesting dependence on GC

release for regulation. Conversly, in the Fisher (F344) strain hypophysectomy does not

interfere with the increases in TH and PNMT whereas denervation abolishes these

increases, suggesting an enzyme regulation independent of pituitary influence and

dependent on neural influence. Therefore, in various strains, the predominance of

hormonal or neural influence over the regulation of CA biosynthetic enzymes may vary

widely. In the Long Evans strain, in the present thesis, it seems that at least following a

mild acute stressor of short duration such as 20 min restraint, increases in both PNMT

and TH can occur independendy of hormonal influence.

Although both neural and hormonal inputs can regulate PNMT activity, the

relative importance of either influence may affect the time course of elevation of this

enzyme. As discussed above, this is suggested by our in vitro studies with nicotine and

cortisol. In our in vivo studies, the absence of GCs also time shifts the stress-induced

increase in PNMT activity (see Figure V-4). Therefore, one onhe important factors to

examine in the hormonal regulation of PNMT activity is the time course requirements

necessary to observe an increase in PNMT activity following short-term exposure to

either drug treatment or a mild stressor. In our in vitro studies, to more closely dissect

out the temporal dynamics of GC regulation of PNMT activity, we have used a 2h pulse

of cortisol, a length of time that approxirnates the in vivo elevation in GC levels following

a single episode of acute stress. A number of studies using various stressors sùch as

hemorrhage (Cameron et al., 1986; Engeland et al., 1989), motion stimulus (Brodi.sh and

Odio, 1989) and restraint stress (Meaney et al., 1989; the present thesis), have shown
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elevations in plasma GCs which last between 45 min and 3h following tennination of the

stressor. Therefore, the 2h pulse of GCs used in the in vitro system can be compared to

the elevation in plasma GC levels observed in in vivo experiments.

The time course of increases in enzyme activity in the in vivo studies in the

present thesis generaIly are reflected by concomitant increases in CA content in adrenals,

with the exception of dopamine content as described in Chapter V. A regression anaIysis

of our data gathered on the time course of regulation of PNMT activity and A content

(from Figures V-lA, and V-2C) revealed a significant correlation between these two

pararneters (F-test=1I.21; R2=O.692; P=Ü.0204). However, an important question ta

consider is whether changes in enzyme activity are always reflected by changes in CA

content. Upon an exarnination of a number of studies which have measured both PNMT

activity and A content following several manipulations (eg. chronic or acute stress,

hypophysectomy, or drug treatrnents), the regression anaIysis shown in Figure VI-l was

obtained. This analysis revealed a significant correlation between PNMT activity and

adrenal A content, suggesting that a change in PNMT activity can be reflected by a

concomitant change in A content following a number of different experimental

manipulations.
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Figure VIol. Regression analysis of PNMT activity versus adrenal A
content. The data points were taken from studies which have measured both PNMT
activity and A content following a number of manipulations such as hypophysectomy
(Wurtman and Axelrod, 1965; 1966; Wurtman, 1966), steroid treatment (Wurtman et al.,
1967), chronic stress (Kvemansky et al., 1970) and acute stress (present thesis, Figures
V-lA and V-2C). Analysis of Variance for regression on PNMT activity versus A
content: F-test =48.54; P =0.0001; R2 =0.719.

Therefore, changes in PNMT activity are reflected in changes in adrenomedullary

A content under a number of experimental conditions. In the present thesis, our in vivo

study showed significant increases in A and NA above control values at 18h following a

single episode of restraint stress (see Figure V-2). This increase parallels the increases in

activity of both TH and PNMT. We have suggested that GCs increase PNMT activity,

and consequently A content, in order to play a role in the recovery of the organism from a

stressor. That is, the adrenal medulla has been able to replenish any CA stores that have

been lost during the stressor. However, the adrenal doesn't seem to just replenish lost

stores, but actually elevates CA content above pre-stress values. It is tempting to

speculate that this overproduction of CAs is an adaptive response of the organism in

anticipation of a second stressor. Unfortunately, very few studies have characterized CA

metabolism during multiple periods of stress (Le. stress-restress). Indeed, as mentioned

.-;:.::.-;
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previously, during intermittent chronic stressors, less CAs are released with each

subsequent stressor. This was demonstrated in one published paper where the response

of the piruitary adrenal axis and the sympathoadrenal system to a ~econd stressor is

dependent on the interstressor interval (De Boer et al., 1990).. With an interstressor

interval of 24h, stressors such as 15 min handling, novelty or water immersion produce

decreased release of A and GCs with each subsequent stressor. However, with

interstressor intervals of 72h, responses to subsequent messors are of equal magnitude

to that of the first stressor. Therefore, this study seems to support the notion that

replenishment of released CA stores occurs following a specific time delay between

stressors. This notion may also be reflected in observations in the present thesis, where

time delays of between 18h and 36h following GC or nicotine exposure were required to

observe increases in enzyme activity and CA biosynthesis.

In conclusion, the present thesis has advanced our knowledge of the interaction

between adrenocortical GCs and adrenomedullary CA biosynthesis. We illustrate that the

functional implications of a GC-PNMT interaction are more dynamic than was previously

thought In vitro findings demonstrate that short-Ierm exposure of adrenomedullary cells

10 either GCs or nicotine can elevate the activity of PNMT, if this activity is measured

with a time delay. These findings have been confirmed in vivo, where we show

increases in PNMT, TH and CAs following a time delay, in response ta a miId acute

stressor. Therefore, the present thesis has used both in vitro and in vivo methodology to

provide novel observations on the characterization, regulation and function of the

adrenomedullary GC receptor.
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microfilmed and filed with the National Library of Canada. For this reason, 1 am

requesting permission from you, on behalf of the publishers ofNeuroscience, to include

the data reported in this publication, in its entirety, in my doctoral thesis. This letter of

permission will be included in an appendix of my dissertation.

1 thank you for your attention in this matter, and would appreciate your response as

saon as possible.

•
Sincerely,

Katia Betito

6875 BOUL. LASALLE, VERDUN (OUËBEC), CANADA H4H 1R3. FAX: (514) 766·3224. TËL.: (514) 761-6131
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PERMISSION REOlJEST

We hereby grant you permission 10 reprint the
material specified in your letter (see recto) for
the purpose you have indicated therein, al no
charge, provided that:

1. The material 10 be used has appeared in our
publication withoUI credit or acknowledgement
to another source.

2. Suitable acknowledgement to the source is
given as follows:

For Books: "Reprinted from (AuthorrritIe). Copyright
(Year), Pages NO.,with kin~ permission from Pergamon
Press LId, Headington Hill Hall, Oxford OX3 OBW,
UK"

For .Iouma!s: "Reprinted from Journal titIe, Volume
number, Author(s), Title of article. Pages No. ,Copyright
(year), with kind permission from Pergamv:l Press LId,
Headington Hill Hall, Oxford OX3 OBW, UK."

3. Reproduction of this material is confined to·
the purpose for which permission is hereby
given.

For Future Permissions olease contact:

Anne-Cecile Junger(MS~'~
Subsidiary Rights Manager -
Pergamon Press Ltd .
Headington Hill Hall
Oxford OX3 OBW, D.K. FAX:(0865743 50

Should your thesis be published commerciclly,
please reapply for permission.
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May 10, 1993

Mr. R. Hoekstra
Elsevier Sci. Pub!. b.v.
Acad. Pubi. Div.
P.O. Box 1527
1000 BM Amsterdam
The Netherlands

Dear Mr. Hoekstra,

1 am a graduate student in the Department of Pharmacology at McGill

University, studying under the supervision of Drs. Patricia Boksa and Michael J.

Meancy. 1am preparing my doctoral thesis and as li. part of my dissertation would like

to include results which are to be published in European Journal of Pharmacology.

More specifically, 1 would like to include the data in the manuscript entitled "Brief

cortisol exposure elevates adrenal phenylethanolamine N-methyltransferase after a

necessary lag period." which was accepted for publication in European Journal of
Pharmacology on April 27, 1993 (Manuscript No. 707). The authors of this publication

are K. Betito, J. Diorio, and P. Boksa.

University regulations stipulate that pennission must be obtained from the

publisher for previously copyrighted material to be included in a thesis that is to be

microfilmed and filed with the National Library of Canada. For this reason, 1 am

requesting pennission from you, as publishers of European Journal ofPharmacology,

to include the data reported in this publication, in its entirety, in my doctoral thesis. This

letter of permission will he included in an appendix of my dissertation.

1 thank you for your attention in this matter, and would appreciate your response as

saon as possible.

•
Sincerely,

,,~~~~
Katia Betito

6875 BOUL. LASALlE. VERDUN (QUËBEC). CANADA H4H 1R3. FAX: (514) 766-3224. TËL.: (514) 761-6131
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.Dr. Katia Belilo
Cenlre de Recherche de !'Hopilal Douglas
6B75 Boul. Lasalle
Verd:m (Quebec)
CanaL,') H4H 1R3

Direct Line: (020) 5862 833 Amsteraam, 2 June 1993
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Dear Dr. Betlto,

Thank you for your letter of 10 May, 1993 addressed la Mr. R. Hoekstra in whlch you'equest
permission ta reproduce the following article in your thesls:

"B.iel cortisol exposu.e elevales ad.enal phenlelhanolamlne N·melhyJ'.ansle.ase aile.
a necessary lag pe.lod" by you.sell and J. 0.10.10 and P. Boksma submllled la.
publication ln the European Journal of Pharmacology, (Manusc.lpl No. 707)

We are pleased ta grant you permission ta reproduce thls material, provlded Ihat you glve
full acknowledgement ta the original source of publication. and Ihat your work Is not
distributed commercially.

Yours slncerely.
ELSEViER SCIENCE PUBLiSHERS S.V.
Academie Publishlng Division

~~
~Jon van den Heuvel
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