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L Introduction

The intimate morphological interrelationships be-

tween cortex and medulla and the peculiar vascular

arrangement in the mammalian adrenal gland are well
known to possess a great functional relevance. In the

adrenals, blood flows centripetally from the outer sub-
capsular zona glomerulosa, through the capillary net-
work of zonae fasciculata and reticularis to the medulla,
where it drains into the medullary veins (for review, see

Vinson et al, 1992). Thus, in the adrenal medulla, blood-

borne steroid hormones can reach a concentration suffi-

cient to induce and stimulate the activity ofthe enzymes
involved in the epinephrine synthesis (for review, see

Cryer, 1992).
Today, a large mass of findings has been accumulated

suggesting that, in the adrenal glands, medullary chro-
maffin cells also exert a control on the function of the
cortex. The morphological counterpart of this paracrine
control is two-fold: (a) many nerve fibers originate from
medullary neurons and reach the cortex; and (b) islets or
rays of medullary tissue are strictly intermingled with

the cortical tissue. The nerve fibers and the secretory
products of chromaffin cells, locally released inside the

cortex, may modulate steroid secretion by acting either
(a) directly on the adrenocortical cells, or (b) on the gland

Abbreviations: a-CRH, a-helical corticotropin-releasing hormone;

ACTh, adrenocorticotropic hormone (adrenocorticotropin); ANG-il,

angiotensin II; ANP, atrial natriuretic peptide; AVP, arginine-vaso-

pressin; BNP, brain (B-type) natriuretic peptide; [(Ca21}1, intracel-

lular (cytosolic) calcium concentration; cAMP, cyclic adenosine 3’,

5’-monophosphate; cGMP, cyclic guanosine 3’,5’-monophosphate;

CGRP, calcitonin gene-related peptide; CIP, corticotropin-inhibiting

peptide; CNP, C-type natriuretic peptide; CRH, corticotropin-releas-

ing hormone; D1, 2: dopamine-receptor subtypes; DALA, D-Ala2-Met-

enkephalin; GABA, -y-aminobutyric acid; GRP, gastrin-releasing

peptide; HPA, hypothalamo-pituitary-adrenal; ir, immunoreactivity;

mRNA, messenger ribonucleic acid; NK123, tachykinin (neurokinin)-

receptor subtypes; PACAP, pituitary adenylate cyclase-activating

polypeptide; POMC, pro-opiomelanocortin; PYX-1, -2, neuropeptide

Y-receptor antagonists; RAS, renin-angiotensin system; RIA, radio-

immunoassay; RT-PCR, reverse transcription polymerase-chain re-

action; SRIH, somatotropin release-inhibiting hormone; TRH, thyro-
tropin-releaning hormone; VIP, vasoactive intestinal peptide; V1, V2:

arginine vasopressin-receptor subtypes; Y1, Y2: neuropeptide Y-re-
ceptor subtypes; 5-HT1, 5-HT2, 5-HT3, 5-HT4: serotonin (5-hydroxy-

tryptamine)-receptor subtypes.

vasculature by modifying cortical blood-flow rate, which

is known to influence steroid-hormone and especially

glucocorticoid release. Moreover, there is the possibility

that adrenal medulla may control the function of the

cortex by regulating the local release of endothelins

and/or the activity of renin-angiotensin system (RAS)�

located in the zona glomerulosa.

The main secretory products of medullary chromaffin

cells are epinephrine, norepinephrine and dopamine.

Epinephrine, norepinephrine and adrenergic fibers

stimulate steroid secretion, whereas dopamine exerts an

opposite effect, Medullary chromaffin cells also secrete

serotomn, a potent stimulator ofsteroid secretion. There

is also evidence that adrenal medulla, at least in the rat,

contains a corticotropin-releasing hormone (CRH)-adre-

nocorticotropm (ACTH) system, duplicating the hype-

thalamo-pituitary one, that controls in a paracrine man-

ner the secretion and growth ofthe cortex. In addition to
catecholamines, serotonin and CRH-ACTH, adrenal

chromaffin cells store and release numerous regulatory

peptides, many of which have been found to affect the

function ofthe cortex both in vivo and in vitro (T#{243}thand

Hinson, 1995).

Some excellent review articles on the paracrine con-

trol of the mammalian adrenal cortex by adrenal me-

dulla have already been published (Vinson et al, 1994;

Ehrhart-Bornstein et al., 1995). However, they were

mainly concerned with the role played by the nerve

fibers of medullary origin. In the following sections of

this survey, I will summarize and discuss the morpho-

logical and functional background of the cortico-medul-

lazy interactions in the adrenal gland. Furthermore, I
shall review the evidence concerning the involvement of

medullary monoamines (catecholamines and serotonin)

in the regulation of the cortex secretion, the functional

significance of the intramedullary CRH-ACTH system,

the possible role played by the adrenomedullary regu-

latory peptides in the fine-tuning of adrenocortical

function, the control of the release of intramedullary

regulatory molecules and, finally, the possible patho-

physiological significance of the paracrine control of the

cortex by adrenal medulla.
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CORTICO-MEDULLARY INTERACTIONS IN ADRENALS 497

II. The Morphological and Functional

Background of the Cortico-Medullary Paracrine

Interactions

A. Innervation of the Cortex by Medullary Neurons

Much evidence indicates that the mammalian adrenal

cortex, and especially zona glomerulosa, is richly inner-
vated. In addition to adrenergic, dopaminergic (Kleit-
mann and Holzwarth, 1985; Oomori et al., 1991, 1994;

Charlton et al., 1992; Vizi et al., 1992, 1993) and cholin-

ergic fibers (Charlton et al., 1991), several peptidergic
fibers have been identified. Nerve fibers of this last
group release at their terminal ends a number of pep-

tides that all are also contained in adrenal medulla and
are able to affect the function of the cortex (see Section
V).

According to Vinson et al. (1994), who accurately re-
viewed this topic, nerve fibers reaching the cortex may

have a two-fold origin. A group of fibers originates from
neurons located outside the adrenal gland and reaches it

by following blood vessels or splanchnic nerves. A second
group, which probably includes all the peptidergic fibers,

has its cell body in the adrenal medulla. Vizi et a!. (1992)

demonstrated the presence in the rat zona glomerulosa,

in addition to the classic nerve endings lying in apposi-

tion to local vessels, of numerous varicose axon termi-
nals located in close proximity of parenchymal cells.

Morphometry showed that about 20% ofthe nerve fibers

in the zona glomerulosa end free, without forming obvi-
ous synaptic contacts. Neurochemical evidence indicated
that catecholamines (norepinephrine and dopamine) are
released into the vicinity of zona glomerulosa cells in
response to axonal firing (Vizi et al., 1992, 1993). These

features, which are reminiscent of the hypothalamo-

pituitary neurosecretory process, strongly suggest the

possibility of a paracrine non-synaptic modulatory role

of catecholamines and other neuropeptides on zona gb-

merubosa cells.

B. Interlacement of Cortical and Medullary Tissues

More than 20 years ago, Palacios and Lafarga (1975)
reported the occasional presence of islets of chromaffin

cells in the zona gbomerulosa of adult rats. Unfortu-
nately, they attributed this finding to an error in the

adrenal organogenesis and therefore considered the
finding devoid of functional significance.

As the number of investigations suggesting the possi-
bility of a paracrine control of the adrenal cortex by
medullary chroma.ffin cells grew, this rather common
morphological observation (figs. 1 and 2) acquired more
relevance. Galbo-Payet et al. (1987), by performing an

accurate serial-sectioning study of rat adrenals, re-
ported the constant presence of rays of medullary tissue
transversing the cortex and reaching the capsule. Born-

stein et al. (1991), by immunostaining chromaffin cells
for synaptophysin and chromogranin A and adrenocor-

tical cells for 17a-hydroxylase, confirmed the existence

FIG. 1. Light micrograph of a O.5-�.tm-thick Epon-embedded sec-

tion of the outer portion of the zona fasciculata of the rat adrenal

cortex. Three small clusters of medullary chromaffin cells (mc) are

scattered among adrenocortical cords. x 500.

of rays of medullary tissue and, additionally, described

the presence of small clusters of chromaffin cells and

single cells in all the three zones of the rat and pig
adrenal cortex. At the ultrastructural level, close cellu-

bar contacts were observed between cortical and medul-
lary cells, and in some rare instances, chromaffin cells

appeared to be releasing their secretory products (prob-
ably catecholamines) by exocytosis near adrenocortical
cells (Bornstein and Ehrhart-Bornstein, 1992). More re-
cently, these findings were confirmed in the human ad-
renal glands (Bornstein et al., 1994).

C. Possible Mechanisms Involved in the Paracrine

Interactions

The regulatory molecules locally released by medul-

lary chromaffin cells and nerve fibers may affect the
function of adrenocortical cells through both direct and

indirect mechanisms.
1. Direct mechanism. A regulatory molecule, released

inside the cortex, may modulate the secretion and

growth of adrenocortical cells by binding to specific re-
ceptors located on their plasma membrane and activat-
ing intracellular pathways. If such mechanisms are op-
erative, the regulatory molecule is able to affect in vitro

steroid secretion of dispersed adrenocortical cells.
2. Indirect mechanisms. a. REGULATION OF ADRENAL

BLOOD FLOW. Adrenal blood flow undergoes a very com-
plex regulatory mechanism, involving neural and endo-
crine components (e.g., both splanchnic-nerve activation

and ACTH raise it), so that it does not strictly follow the
changes in the systemic blood pressure. The fine regu-
lation of adrenal blood flow possesses an important
physiological significance, inasmuch as a strict direct

relation exists between the rates of blood flow and ste-

roid-hormone (especially glucocorticoid) release. Accord-
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498 NUSSDORFER

FIG. 2. Electron micrograph showing the close contact between a medullary chromaffin cell (MCC) and a zona glomerulosa cell (ZGC) in

the rat adrenal cortex. CV, vessel of the gland capsule; E, endothelial cell nucleus; m, mitochondria; g, Golgi apparatus; id, lipid droplet in
an outer zona fasciculata cell. x 11,000.

ing to Vinson and Hinson (1992), the mechanism
whereby the increase in the rate of blood (or perfusion

medium) flow affects steroid secretion may involve: (a)

wash-out of secretory products, (b) increase in oxygen

and substrate supply, (c) enhancement in the rate of
presentation of agonists and, finally, (d) increased re-
lease of endothelins by gland endothelium in response to

fluid-shear stress. With few exceptions, all the studies

investigating such mechanisms were carried out using

in situ perfused rat adrenal glands. In this model, the

left adrenal is perfused via a cannula introduced into the

coeliac artery; perfusion medium reaches an isolated
segment of the aorta from which the adrenal arteries

arise, then passes through the adrenal gland and into a

cannula inserted in the ipsilateral renal vein. It has

been demonstrated that the change of the flow rate of
the perfusion medium evokes per se a parallel change in
the basal rate of glucocorticoid secretion (for review, see
Vinson and Hinson, 1992).

b. MODULATION OF INTRA-ADRENAL RAS. There is now a
general consensus that an intra-adrenal RAS, mainly

located in the capsule-zona glomerulosa, plays an impor-
tant role in the paracrine control of aldosterone secre-

tion (for review, see Mulrow, 1992). It is not unreason-

able to suggest that some intramedullary regulatory
peptides, which are able to inhibit kidney renin release,

may also control zona glomerulosa function acting on

this system.

C. MODULATION OF INTRA-ADRENAL ENDOTHELIN SYSTEM.

Evidence is accumulating that endothelins and their

receptor subtypes A and B are expressed in the mam-
malian adrenals and play a role in the stimulation of

steroidogenesis, especially in aldosterone secretion (for

review, see Nussdorfer et al., 1997). Hence, there is the

possibility that some intramedullary regulatory mole-

cules may indirectly affect the function of the cortex by
modulating intra-adrenal synthesis and release of endo-

thelins.

d. STIMULATION OF THE RELEASE OF OTHER REGULATORY

MOLECULES. A regulatory peptide may act indirectly on
adrenocortical cells by eliciting the release by chromaf-
fin cells of other regulatory molecules in a paracrine or

autocrine manner, which in turn may control the func-

tion of the cortex through one (or more) of the mecha-

nisms described in previous paragraphs. Evidence of

such a mechanism is suggested by the observation that

the regulatory molecule is able to modulate the secretion

and growth of the cortex in adrenal quarters containing
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CORTICO-MEDULLARY INTERACTIONS IN ADRENALS 499

medullary tissue, but not in either dispersed adrenocor-

tical cells or quarters of adrenocortical autotransplants
lacking medullary chromaffin cells. A few years ago,
Belloni et al. (1990) proposed an experimental model for
investigating the role of medullary chromaffin cells in

the paracrine regulation of the cortex. Because results
obtained with the “adrenal enucleation-regeneration”

technique were hampered by frequent remnants of med-
ullary tissue, an autotransplantation procedure was

chosen. Rats were bilaterally adrenalectomized, and
several fragments of their excised capsular-zona gb-

merulosa tissue were implanted in the musculus graci-

us. After 4-5 months of regeneration, implants gave rise
to small nodules ofcortical tissue, somewhat arranged in

an outer zona gbomerulosa-like and an inner zona fas-

ciculata-like layer. These regenerated autotransplants

are deprived of chromaffin cells and lack the typical
vascular arrangement and the normal nerve-fiber sup-

ply of the adrenal glands. Accordingly, they can provide
useful information concerning adrenal cortical regula-

tory mechanisms not involving chromaffin tissue, ner-
vous and vascular influences.

Obviously, the various mechanisms of action de-
scribed above in the previous paragraphs are not mutu-

ally exclusive, so that a regulatory peptide may directly
inhibit adrenocortical cells and simultaneously, by stim-

ulating catecholamine release, exert an indirect adreno-
cortical secretagogue effect. These considerations easily
explain why rather different findings can be obtained

according to the experimental model used to test the
effect of a regulatory molecule on the adrenal cortex:

e.g., in vitro versus in vivo, or dispersed adrenocortical

cells versus adrenal slices. Moreover, it must be recalled

that each circulating molecule (regulatory peptide or

true hormone) of extra-adrenal origin, which is able to
modulate the activity of adrenal medulla or adrenal

blood flow, may indirectly affect the secretion and

growth of the adrenal cortex.

D. General Remarks

An intramedullary regulatory molecule reasonably
can be assumed to exert a paracrine control ofthe cortex

of physiological or pathophysiobogical relevance only

when it meets the following general criteria:

. The adrenal content of the putative regulatory mob-

ecule must be elevated enough to allow it to reach,
upon appropriate stimulation of its release, a local

concentration not below its minimal effective one in
vitro. Mazzocchi et al. (1993d) provided a method to

roughly calculate this parameter, based on the ev-

idence that in the fresh adrenal tissue, there is

correspondence between weight and volume (specif-
ic gravity, 1.039), and that the interstitial space in
the mammalian adrenal glands (as calculated by

morphometry) is less than 2-3% ofthe total volume.
Thus, if the adrenal content of a regulatory mole-

cule is 100 fmol/g, its 30% release will produce a

local concentration of i0� M. In fact, 30 fmol of the

regulatory molecule will be released into about 30
p.l of interstitial space (3% of 1 ml, which is the

volume of 1 g of fresh adrenal tissue), producing a
local concentration of about 1 fmol/pJ or 1 nmoL/l.

. The administration of a specific antagonist of the

putative regulatory molecule, at a dose that is able
to produce a plasma concentration near its maximal

effective one in vitro, must evoke sizable effects on

the adrenal cortex (opposite to those elicited by the

regulatory molecule). If this occurs, the endogenous
putative regulatory molecule surely plays a physi-

obogical role in the functional modulation of adrenal

cortex; when the basal blood level of the regulatory
molecule is below its minimal effective in vitro con-

centration, we can reasonably assume that this
molecule is locally secreted in the adrenal gland.

This contention may be supported by the demon-

stration that the antagonists of the regulatory mol-

ecule affect the function of adrenocortical cells in

intact rats, but not in animals bearing adrenocorti-
cab autotransplants deprived of medullary chromaf-
fin cells. Obviously, this finding acquires its full

relevance only when adrenocortical autotrans-
plants respond to the putative regulatory molecule;

unfortunately, this does not always occur, because
regenerated adrenocortical cells may not have de-

veloped specific receptor for the regulatory mole-

cule, or the regulatory molecule may affect the cor-

tex function via an indirect mechanism requiring

the presence of chromaffin cells (see section I).

ifi. The Involvement of Medullary Monoamines
in the Control of the Cortex Function

A. Epinephrine and Norepinephrine

Mammalian adrenocortical cells possess both a and �3
receptor subtypes for epinephrine and norepinephrine,
although a major role appears to be played by �-adreno-
ceptors.

1. 13-Adrenoceptors. Both catecholamines and their

a-receptor agonists (e.g., isoprenaline and dobutamine)
are able to enhance aldosterone secretion in vitro by

zona glomerubosa preparations (dispersed cells, capsular
strips or cultured cells), and this effect is blocked by
�-adrenoceptor antagonists (e.g., propanobol and L-al-

prenolol). This was found to occur in humans (Neri et al.,

1996), cows (DeL#{233}anet al., 1984b) and rats (Pratt et al.,
1985; Horiuchi et al., 1987; Pratt and McAteer, 1989;

Vizi et al., 1992; Andreis et al., 1995). Similar results
were obtained for zona fasciculata-reticularis prepara-

tions and glucocorticoid secretion in calves (Kawamura
et al., 1984; Walker et al., 1988; Lightly et al., 1990).
Data indicate that �3-adrenoceptor activation is coupled
with the stimulation of adenylate cyclase (Kawamura et

a!., 1984). Using cultured pig inner adrenocortical cells,
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Ehrhart-Bornstein et a!. (1994) showed that epinephrine

specifically elicits the release of androstenedione via

f3-adrenoceptors, a finding suggesting an action of the

catecholamine on the zona reticularis cells. It has also

been reported that the epinephrine-enhanced cortisol

secretion by cultured bovine adrenocortical cells is asso-
ciated with a marked rise in the messenger ribonucleic

acids (mRNAs) of the enzymes catalyzing the conversion

of cholesterol to cortisol, including the cholesterol side-

chain cleavage cytochrome P450, the 17a-hydroxylase

cytochrome P450, the 21-hydroxylase cytochrome P450
and the 11�-hydroxylase cytochrome P450. The maid-
mum rise was observed after 5-6 h exposure to iO� M

epinephrine (Ehrhart-Bornstein et al., 1991b; G#{252}se-
Behling et al., 1992). Also, this long-term effect of epi-
nephrine is mediated by cyclic adenosine monophos-
phate (cAMP) (Guse-Behling et al., 1992).

2. a-Adrenoceptors. This receptor subtype is found in

rat adrenals (Wypijewski et al., 1995), and its activation

seems to stimulate guanylate cyclase (Jaiswal and

Sharma, 1986). The a-agonist guanabenz inhibits ago-
nist-stimulated aldosterone secretion and cAMP produc-

tion ofrat zona gbomerulosa cells (Lotshaw et al., 1991a),
thereby suggesting that a- and 13-adrenoceptors play

opposite roles in the regulation of adrenocortical func-
tion. The following data, however, appear to conflict
with this contention. Mokuda et al. (1992) showed that
epinephrine raises cortisol secretion from perfused adre-

nals of the guinea pig and that the effect is blocked by
a-antagonists (e.g., phentolamine), but not by the a-an-

tagonists (e.g., proparanol). Interleuk.ins are monokines

released by activated macrophages and monocytes dur-
ing the acute phase ofthe inflammatory response; inter-

leukins potently stimulate the hypothalamo-pituitary-

adrenal (HPA) axis (for review, see Gaillard, 1994).
Interleukin-la enhances corticosterone release by rat

adrenal quarters containing medullary tissue, but not by
dispersed inner adrenocortical cells (Gwosdow et al.,
1992), and its effect is blocked by phentolamine, but not

by f3-adrenoceptor antagonists (Gwosdow et al., 1992;
O’Connell et al., 1994). This strongly suggests that a-ad-
renoceptor activation stimulates glucocorticoid secre-
tion.

B. Dopamine

Many lines of evidence indicate that the dopaminergic

system exerts a maximal tonic inhibitory influence on

the zona gbomerulosa and aldosterone secretion in many
mammalian species, including humans and rats (for re-
view, see Cuche, 1988). This contention stems from the
demonstration that the administration of D2 dopamine

antagonists (e.g., metocbopramide) raises plasma aldo-
sterone levels, whereas dopamine agonists (e.g., bro-
mocriptine) are ineffective. In this connection, recall
that Rossi et al. (1994) reported that metocbopramide

elicits a quantitatively higher aldosterone response in
patients with primary aldosteronism than in essential

hypertensives. Interestingly, the D2 agonist dihydroer-

gotoxine decreases plasma aldosterone in the latter pa-
tients but causes a paradoxical increase in the former

patients, suggesting that these responses may have
value for the screening of primary aldosteronism. These

findings, however, were obtained in vivo, so that the

possibility that dopamine agonists and antagonists act

indirectly on the zona gbomerulosa by interfering with
its complex extra-adrenal multifactorial control cannot

be ruled out.
Several lines of evidence strongly support the view

that dopamine may be included in the group of medul-
lazy paracrine regulators of the cortex function. Dopa-

minergic fibers (Vizi et al., 1992, 1993) and significant

concentrations of dopamine are present in the capsule-
zona glomerubosa (Racz et al., 1984a; McCarty et al.,

1986; Pratt et al., 1987; Buu and Lussier, 1990). Because
the level of circulating dopamine cannot account for

these elevated concentrations in the zona gbomerulosa
(Van Loon and Sole, 1980), adrenal cortex dopamine is

likely derived from intrinsic dopaminergic fibers and

chromaffin cells.

Abundant dopamine receptors of the D1 and D2 sub-
types are located on the zona glomerubosa cells of hu-
mans (Amenta et al., 1994), cows (Missale et al., 1985;
Stern et al., 1986) and rats (Missale et al., 1986; Amenta
and Ricci, 1995), but in vitro studies dealing with the
effect of their activation gave equivocal results. Dopa-

mine and its agonists did not modify either basal or
angiotensin II (ANG-II)-stimulated aldosterone secre-

tion of dispersed zona gbomerulosa cells of cows, sheep
and rats (McDougall et al., 1981; Zanella and Bravo,
1982; Wilson et al., 1983; DeL#{233}anet al., 1984b; Galbo-

Payet et al., 1990; Porter et al., 1992). Conversely, do-
pamine was reported to inhibit ANG-Il-stimulated aldo-

sterone production by dispersed rat and cultured bovine
zona glomerulosa cells (Braley et al., 1983; Racz et al.,
1984b; Missale et al., 1988), but to increase cAMP and

aldosterone synthesis in cultured rat zona glomerulosa
cells (Gallo-Payet et al., 1990). These conflicting results
may be reconciled in the light of the following observa-
tions. Zona gbomerulosa cells possess both D1 and D2
receptors, and evidence is available that shows that
these two receptor subtypes mediate opposite effects.
The activation of the D1 receptor subtype enhances the

activity ofadenylate cyclase, while the stimulation of the
D2 subtype inhibits adenylate cyclase and phospholipase

C activities and reduces Ca2� influx in the rat zona
gbomerulosa cells (Gallo-Payet et al., 1990, 1991a; Osi-

penko et al., 1994). Hence, depending on its concentra-
tion and on the affinity of each receptor subtype, dopa-
mine may exert opposite effects on the zona glomerulosa

cells, because the activation of D1 may mask that of D2
receptors and vice versa.

Sound evidence of the involvement of dopamine in the
physiological control of zona gbomerubosa was provided

by Vinson’s group by using isolated in situ perfused rat
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adrenals. Porter et al. (1992) demonstrated that dopa-

mine infusion (from i(i� to i0� M) for 10 mm results in
a transient dose-related decrease in aldosterone secre-

tion (50% of the basal value at 106 M dopamine). The
simultaneous administration of 10_6 M haloperidol, a

dopamine antagonist, reverses the effect of dopamine,
without affecting basal aldosterone release. Electrical

field stimulation of the perfused gland lowers aldoste-
rone secretion. Also, this effect is abolished by haboper-

idol, a fact that strongly suggests that the local release of
dopamine may be involved in the inhibitory effect of
such experimental procedures.

C. Serotonin

Serotoninergic fibers have been detected in the mouse

adrenal cortex (Fernandez-Viveros et al., 1993), and the

occurrence of serotonin has been immunocytochemically
and biochemically demonstrated in the adrenal medulla

of mice (Fernandez-Viveros et al., 1993) and rats (Ver-
hofstad and Jonsson, 1983; Holzwarth et a!., 1984;

Brownfield et aL, 1985; Holzwarth and Brownfield,
1985). In humans, chromaffin cells do not contain sero-

tonin, whose presence in adrenals seems to be restricted
to the mast cells (Lefebvre et al., 1992).

Serotonin exerts its physiological effects through four

different subtypes of receptors, named 5-HT1, 5-HT2,
5-HT3 and 5-HT4 (for review, see Bradley et al., 1986),

and evidence indicates that adrenocortical cells possess

�‘�2 (Williams et al., 1984; Matsuoka et al., 1985) and
5-HT4 receptors (Lefebvre et al., 1992, 1993), which are

coupled with phospholipase C and adenylate cyclase,
respectively (Conn et al., 1986; Dumuis et a!., 1988).

Serotonin stimulates basal aldosterone secretion in
vitro in zona glomerubosa cells of humans (Lefebvre et
al., 1993, 1995) and rats (Matsuoka et al., 1985; Rocco et

al., 1992), as well as cortisol production by human inner
adrenocortical cells (Racz et al., 1979; Lefebvre et al.,

1992). Findings obtained by the use of serotonin-recep-
tor agonists and antagonists suggest that in humans,

the secretagogue effects of serotonin are mediated by
5-HT4 receptors and hence via the activation of adenyl-

ate cyclase (Lefebvre et al., 1992, 1993). However, there

are indications that serotonin acts on rat zona gbomeru-
losa cells via 5-HT2 receptors (Matsuoka et al., 1985);

accordingly, in this species, serotonin is able to stimu-
late phospholipase C-mediated cascade (Whitley et al.,

1984) and Ca2� influx (Davies et al., 1991). Hinson et a!.
(1989) showed that serotonin markedly enhances aldo-

sterone and corticosterone release by in situ perfused rat
adrenals and raises notably the flow rate of the perfu-

sion medium; therefore, they suggested that the secret-
agogue effect of serotonin, and especially the glucocorti-
coid response, may be, at least in part, mediated by an

increase in the adrenal blood-flow rate.

The putative role of intra-adrenally produced seroto-

nm in controlling the cortex function seems to be sug-

gested indirectly by the following considerations. The

minimal effective concentrations of serotonin able to

elicit an in vitro secretory response of adrenocortical
cells are in the range of 108 M, i.e., well above those
present in the blood, where this neurotransmitter is

rapidly taken up by and stored in platelets (Zinner et al.,

1983). Conversely, adrenal serotonin content of about
7-8 nmol/g in the rat (Holzwarth and Brownfield, 1985)

may produce local concentrations higher than i0�/i0�
M (see Section II D).

D. Summary

Epinephrine and norepinephrine, acting via adenylate

cyclase-coupled f3-receptors, directly stimulate mm-

eralo- and probably glucocorticoid secretion of adreno-
cortical cells; they also appear to enhance gene expres-
sion of all the enzymes involved in steroid synthesis. The

participation of a-receptors in the adrenocortical secre-
tagogue action of the two catecholamines is doubtful.

Dopamine, acting via D1 and D2 receptors, exerts a

direct concentration-dependent biphasic effect on the

zona glomerubosa and aldosterone secretion: the activa-
tion of D1 increases the activity of adenylate cyclase,

while that of D2 inhibits it. Under normal circum-
stances, the inhibitory effect prevails. Serotonin, acting

via phospholipase C-coupled 5-HT2 and adenylate cycla-

se-coupled 5-HT4 receptors, directly stimulates aldoste-
rone and glucocorticoid secretion of adrenal cortex; the
glucocorticoid secretagogue action seems to be, at least
in part, mediated by an increase in the adrenal blood
flow.

w. The Intramedullary Corticotropin-Releasing

Hormone-Adrenocorticotropic Hormone System

Adrenal medulla contains sizable amounts of CRH-
immunoreactivity (ir) in several mammalian species, in-

cluding humans (Suda et a!., 1984, 1986), cows (Ed-
wards and Jones, 1988; Minamino et a!., 1988), dogs
(Bruhn et a!., 1987a, b) and rats (Hashimoto et al., 1984;
Bagdy et al., 1990; Mazzocchi et aL, 1993d). The adrenal

content of CRH-ir varies from 50 to 300 fmollg in cows,
dogs and rats, and reaches about 3-4 pmol/g in humans.

The expression of prepro-CRH gene was demonstrated
in human adrenal medulla (Usui et al., 1988). The pres-

ence of significant amounts of ACTH-ir has been dem-

onstrated by radioimmunoassay (RLA) in adrenal me-
dulla of humans (Suda et al., 1986), cows (Jones and
Edwards, 1990) and rats (Bagdy et a!., 1990; Andreis et
a!., 1992; Mazzocchi et al., 1993d); its content ranges
from 50-200 fmol/g in rats to 50 pmollg in humans.
These intra-adrenal contents of CRH and ACTH could
produce local concentrations of about 1-3 x iO� M in
rats and about three orders of magnitude higher in
humans (see Section II D).

Jones and Edwards (1990) observed that in calves,
splanchnic-nerve stimulation elicits adrenal release of
both CRH and ACTH in amounts of the same order of

magnitude (8 and 12 fmol/min/kg) and suggested the
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co-release of the two peptides, because “much higher
gearing would be expected if the release of ACTH was a
consequence of the release of CRH.” However, this does

not seem to be the case at least in the rat, because (a)

CRH is able to evoke a clear-cut release of ACTH-ir by
fragments of adrenomedullary tissue (Andreis et a!.,

1992; Mazzocchi et a!., 1993d), and (b) medullary chro-

maffin cells are provided with specific CRH receptors
(Dave et a!., 1985a; Udelsman et a!., 1986; Aguilera et

a!., 1987). CRH does not stimulate corticosterone secre-
tion by dispersed rat inner adrenocortical cells (Andreis

et a!., 1991b, 1992; Van Oers et a!., 1992), but it does

enhance corticosterone output by adrenal slices contain-

ing medullary chromaffin cells (Andreis et al., 1991b,

1992; Neri et a!., 1991b), and this effect is blocked not
only by the specific CRH receptor antagonist a-helical-
CRH (a-CRH), but also by the competitive ACTH-recep-

tor antagonist corticotropin-inhibiting peptide (CIP or

ACTH738). These results were confirmed in vivo by us-
ing hypophysectomized rats administered maintenance

doses ofACTH (Andreis et al., 1991b, 1992). Interleukin-
113, a cytokine that is well known to stimulate hypo-
thalamo-pituitary CRH-ACTH system (for review, see
Gaillard, 1994), does not evoke any secretory response of

dispersed rat adrenocortical cells; however, it exerts a

marked acute corticosterone secretagogue action on ad-

renal quarters containing medullary tissue (but not on

slices of adrenocortical autotransplants), and this effect

is annulled by either a-CRH or CIP (Andreis et al.,

1991a). Moreover, a-CRH blocks the interleukin-1�-elic-
ited release of ACTH-ir by rat adrenal medulla frag-

ments (Mazzocchi et al., 1993d).
The view that the intra-adrenal CRH-ACTH system

plays a physiological role in the control of adrenal func-
tions is also supported by other findings. The prolonged

administration of CRH reduces the adrenocortical atro-
phy in hypophysectomized rats (Bornstein et a!., 1990a).
Moreover, the infusion of either a-CRH or CIP to hy-

pophysectomized rats receiving maintenance doses of
ACTH causes a marked atrophy of inner adrenocortical

cells, as well as a notable reduction of their glucocorti-
coid secretory capacity; both these effects are reversed

by the simultaneous administration of CRH or ACTH
(Markowska et al., 1993). These results strongly suggest
that when the central branch ofthe CRH-ACTH system
is functionally ineffective, the peripheral intramedul-

lary one plays a role in the maintenance of a normal

adrenocortical function and growth.
This last contention is supported by the demonstra-

tion that both the adrenal content and the interleukin-

113-stimulated release of CRH-ir and ACTH-ir increase

in rats in relation to the number of days elapsed from

hypophysectomy. The effect ofhypophysectomy requires
48 h to become significant and reaches its maximum

after 72 h. ACTH infusion of hypophysectomized ani-

mals, at a rate restoring a normal blood level of the

hormone, prevents the effect of hypophysectomy on in-

tra-adrenal levels of both CRH-ir and ACTH-ir; simi-
larly, the hypophysectomy-induced rise in intra-adrenal

ACTH-ir is abolished by the administration of CRH or

dexamethasone (Mazzocchi et a!., 1994b). Collectively,
these findings suggest that the hypophysectomy-in-

duced lowering of circulating ACTH and the consequent
drop in the adrenal secretion ofglucocorticoids enhance,

by removing a classic negative feedback mechanism, the
gene expression of CRH and ACTH in adrenomedullary
chromaffin cells.

Before concluding, it must be recalled that some reg-
ulatory peptides, contained in adrenal medulla and

stimulating glucocorticoid secretion, appear to do this
indirectly by activating intramedullary CRH-ACTH sys-
tem (see Section V).

V. The Medullary Regulatory Peptides Affecting
Adrenocortical Cell Function

A. Hypothalamic Peptuks

This group of intramedullary peptides includes CRH,
argiine-vasopressin (AVP) and oxytocin, which stimu-

late adrenocortical secretion, and somatotropin release-
inhibiting hormone (SRIH) and thyrotropin-releasing
hormone (TRH), which inhibit it.

1. Corticotropin-releasing hormone. Scanty data mdi-
cate that CRH may specifically affect zona glomerulosa

and aldosterone secretion. CRH-positive nerve fibers,
originating from adrenomedullary neurons, are present
in the rat zona glomerulosa (Rundle et a!., 1988). In
normal rats infused with ACTH or CRH, a positive bin-

ear correlation occurs between the plasma levels of
ACTH and corticosterone or aldosterone. Regression

curves for corticosterone are similar in both groups of
rats, while the regression line for aldosterone is signifi-

cantly steeper in CRH- than in ACTH-infused rats (Maz-
zocchi et a!., 1989). Neri et a!. (1991b) did not observe

any effect of CRH on dispersed rat zona gbomerulosa
cells. Conversely, Hinson and Kapas (1995) showed an
aldosterone response that manifests itself only at a CRH

concentration of i0� M, which is well above that which
the peptide can attain either in blood or in adrenals (see

Section IV). There are also indications that intramedul-
lary CRH enhances rat adrenal glucocorticoid response
to ACTH without eliciting any secretory response by

dispersed inner adrenocortical cells (Van Oers et a!.,
1992). CRH has been reported to increase adrenal blood
flow in cows (Jones and Edwards, 1992) and the medium
flow rate in rat adrenals perfused in situ (Hinson et a!.,
1994a). Hence, it may be conceived that CRH may mdi-

rectly stimulate glucocorticoid release by increasing ad-
renal blood flow.

2. Arginine-vasopressin. AVP-ir has been detected by
RIA in the fresh adrenal medulla of humans (Ang and
Jenkins, 1984; Nicholson et a!., 1984), cows (Nussey et
a!., 1987) and rats (Ang and Jenkins, 1984; Nussey et al.,
1984); its intra-adrenal concentration ranges from 10
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pmol/g in rats to 100 pmol/g in humans. The presence of
AVP-ir has been confirmed by immunocytochemistry in

adrenal chromaffin cells of humans, cows, rats, ham-
sters and guinea pigs (Nussey et a!., 1984; Ravid et al.,

1986; Hawthorn et al., 1987). Recently, it has been dem-
onstrated clearly that human medullary chromaffin

cells secrete AVP (Guillon et al., 1995).
a. EFFECTS ON ZONA GLOMERULOSA. There is a general

consensus that AVP directly enhances zona gbomerulosa

cell secretion. Biochemical and autoradiographical stud-
ies demonstrated the presence of specific AVP receptors
of the V1 subtype in the zona gbomerubosa cells of hu-

mans (Guillon et a!., 1995), sheep (Lutz et a!., 1993) and

rats (Balla et a!., 1985; Guillon and Galbo-Payet, 1986;
Galbo-Payet et a!., 1991b). AVP exerts a potent acute

aldosterone secretagogue effect on dispersed zona gb-
merubosa cells (Payet and Lehoux, 1982; Hinson et al.,

1987; Quinn et a!., 1990; Mazzocchi et a!., 1995d), its
minimal and maximal effective concentrations being

about 10-10 M and 108 M, respectively. Findings are
available that demonstrate that AVP shares with

ANG-II the mechanism of action, inasmuch as it acti-

yates phospholipase C and raises intracellular Ca2� con-
centration ([Ca2�1�) (Balla et a!., 1985; Gallo-Payet et a!.,
1986, 1991b; Enyedi et a!., 1988; Guilbon et a!., 1990,

1995; Woodcock et a!., 1990). The prolonged administra-

tion of AVP enhances zona glomerulosa growth by pro-

moting both hypertrophy and hyperplasia of its paren-

chymal cells (Payet and Lehoux, 1980; Payet et a!., 1984;
Mazzocchi et a!., 1995e). As expected, all these adreno-
g!omerubotropic effects of AVP are abolished by the se-
lective V1 receptor antagonist Des-G!y-[Pha’, D-Thy-

r(Et)2, Lys6, Arg�J-AVP, but not by the specific �

receptor antagonist [D-(CH2)5, D-Phe2, lie4, Ala9-NH2]-

AVP (Guillon et al., 1995; Mazzocchi et aL, 1995e). More-
over, it has been shown that the prolonged infusion with

the V1-receptor antagonist strongly depresses the

growth and aldosterone secretion of rat zona glomeru-
bosa, a finding suggesting a physiological role of endog-

enous AVP in the regulation of zona g!omerubosa func-
tion (Mazzocchi et a!., 1993c). Even in the case of

extreme stimulation of the pituitary AVP release (e.g.,
severe hemorrhage or prolonged water restriction), the

plasma levels of AVP remain well below its minima! in
vitro effective concentration: about 5 X 10 � � M versus

1 x 10-10 M, respectively (for review, see Baylis, 1989).
Conversely, after stimulation of its release from medu!-

lary chromaflin cells, AVP could conceivably reach intra-

adrenal concentrations of about iO� M in rats and 10_6
M in humans (see Section II D). These considerations
suggest that the adrenal medulla is the source of endog-

enous AVP involved in the physiological control of zona
glomerulosa function. This contention received support
by the experiments of Mazzocchi et a!. (1995e). They
demonstrated that a V1 receptor antagonist, when ad-
ministered alone, although depressing the growth and

secretion of rat zona g!omerulosa, does not exert any

apparent effect on zona gbomeru!osa-like cells of adreno-
cortical autotransplants lacking medullary chromaffin

cells, which are, however, well responsive to AVP.
b. EFFECTS ON ZONA FASCICULATA-RETICULARIS. i. Di-

rect mechanism. The direct effects of AVP on inner

adrenocortical cells are very controversial. The bulk of

investigations carried out in the rat did not detect any

secretagogue action of AVP on dispersed zona fascicu-

lata-reticularis cells (Hinson et a!., 1987; Mazzocchi et
aL, 1995e). However, AVP has been reported to enhance

in vitro cortisol production by human and bovine inner

adrenocortical cells, acting via V1 receptors and activat-
ing phospholipase C (Bird et a!., 1990; Perraudin et al.,

1993; Gui!!on et a!., 1995); autoradiography showed the
presence ofV1 receptors on human zona fasciculata cells

(Gui!lon et a!., 1995). These conflicting findings may be
explained by taking into account the fact that human

and bovine zona fasciculata cells, in contrast to those of
rodents, are sensitive to ANG-Il and have an active
phosphatidylinositol mechanism of transduction of the
secretagogue signals (for review, see Vinson et a!., 1992).

ii. Indirect mechanisms. Using in situ perfused in-

tact dog or rat adrenals, Hinson et a!. (1987) and Schnei-
der (1988) observed a stimulatory effect of AVP on glu-

cocorticoid secretion. Mazzocchi et a!. (1995e) described

an AVP-evoked acute net rise in the blood concentration

of corticosterone and a small but significant increase in

the volume of zona fasciculata and its parenchymal cells

after prolonged infusion of AVP to pharmacologically
hypophysectomized rats administered maintenance

doses of ACTH. In light of these findings, it may be

concluded that the acute glucocorticoid secretagogue ac-

tion and the long-term trophic effect of AVP on the zona
fascicu!ata require the structural integrity of adrenal

tissue, at least in those species whose inner adrenocor-

tica! cells are not sensitive to ANG-Il. The possibility

that the mechanism underlying the stimulatory action

of AVP on rat inner adrenocortical zones involves acti-
vation of the intramedu!lary CRH-ACTH system is sup-

ported by the fact that (a) medu!lary chromaffin cells are
provided with AVP receptors ofthe V1 subtype (Taylor et

al., 1989); (b) AVP stimulates g!ucocorticoid secretion
and growth of zona fascicu!ata cells in normal rats, but
not of zona fascicu!ata-!ike cells in bilaterally adrena!ec-
tomized adrenocortical autotransplant-bearing animals;

and (c) the in vitro glucocorticoid secretagogue action of
io� M AVP on adrenal slices, containing medu!!ary

tissue, is completely blocked by 106 M a-CRH or CIP

(Mazzocchi et a!., 1995e). However, the involvement of

endogenous intra-adrena! AVP in the physiological con-
tro! of inner adrenocortical zones remains very question-
able, because the prolonged administration of a V1-re-

ceptor antagonist does not apparently affect zona
fascicu!ata function in rats, as it does in the case of zona
gbomeru!osa (Mazzocchi et a!., 1995e).

3. Oxytocin. A low amount of oxytocin-ir has been
immunocytochemica!ly demonstrated in human neona-
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tal adrenals (Ravid et a!., 1986). Conversely, an elevated

content of oxytocin-ir has been found by RIA in adult

human, cow and rat glands (Ang and Jenkins, 1984;
Nicholson et a!., 1984; Nussey et al., 1984, 1987); the
content varies from 150 pmollg in humans to 12-17
pmol/g in rats. According to Hawthorn et a!. (1987),

oxytocin shares the intra-adrenal localization with, but

is less abundant than, AVP.

Oxytocin enhances basal and lowers acetylcho!ine-

stimulated secretion of aldosterone of in situ perfused
rat adrenals (Hinson et a!., 1987; Porter et al., 1988),

whereas it has no effect on corticosterone secretion of

collagenase-dispersed rat inner adrenocortical cells su-

perfused on a Sephadex bed in an isoprene column (Hin-

son et a!., 1987). However, Warchol et a!. (1993) ob-

served a marked stimulatory effect of oxytocin on basal

corticosterone release by suspensions of isolated rat

zona fasciculata-reticularis cells. Video-imaging analy-
sis revealed the existence of a small population of dis-

persed cells (about 5%); these cells respond to oxytocin
by a two-fold rise in their [Ca2i�. Single oxytocin-unre-

sponsive cells were also found to move with the stream
of the medium toward an oxytocin-responsive one, and,

after reaching it, to begin to redistribute intracellular

Ca2�, achieving the maximum within 30 sec. Warchol
and associates (1993) hypothesized that corticosterone

response to oxytocin is cell-contact-dependent and at-

tributable to the spreading of the secretagogue signal

from a small population of responsive cells to the large

one of insensitive elements. These findings have been
recently confirmed. Oxytocin at relatively low concentra-

tions (10’#{176}/10� M) stimulates, and at high concentra-
tions (1O_7/106 M) does not affect, basal corticosterone

output by dispersed rat inner adrenocortical cells; fur-
thermore, the highest concentrations of oxytocin appear
to strongly depress maximally ACTH-stimulated corti-

costerone production (Stachowiak et al., 1995). Given
that the level of circulating oxytocin is in the p� range
(Nussey et a!., 1984) and the release of intramedullary

oxytocin may produce in human and rat adrenals con-
centrations of 107/106 M (see Section II D), it seems
reasonable to suggest that adrenal medulla is the source

of endogenous oxytocin involved in the control of the

cortex function.

4. Somatotropin release-inhibiting hormone. SRIH-ir
has been detected by RIA in the fresh adrenal medulla of
humans (Bucsic et a!., 1981), cows (Saito et al., 1984),

cats (Corder et a!., 1982) and rats (Srikant and Pate!,
1985), its concentration being 6-7 �.tmoL/g in humans and
1.6 pmoL/g in cats. Saito et a!. (1984) reported that the
release of SRIH-ir by perfused, isolated bovine adrenals
increases, after stimulation by acetylcholine, from 12 to

86 fmol/4 mi/mm. The presence of SRIH-ir has been
confirmed by immunocytochemistry in human (Osa-
mura et a!., 1987), cat (Vincent et a!., 1987) and rat
(More! et a!., 1990) adrenal medulla. However, in situ
hybridization failed to reveal SRIH mRNA in the rat

medullary chromaffin cells (More! et al., 1990), thereby
raising the hypothesis that the peptide is not synthe-

sized locally in this species.
a. EFFECTS ON ZONA GLOMERULOSA. i. Direct mecha-

msm. Convincing evidence indicates that SRIH exerts a
direct inhibitory effect on ANG-Il-stimulated aldoste-
rone secretion of zona glomerulosa cells. Zona gbomer-

ulosa cells of humans (Epelbaum et a!., 1995), cows
(Maurer and Reubi, 1986) and rats (Aguilera et a!., 1982;

Srikant and Pate!, 1985; Maurer and Reubi, 1986; Morel
et a!., 1990) possess specific SRIH receptors; moreover,
Kong et a!. (1994) showed that rat adrenal gland ex-

presses high levels of SRIH-receptor mRNA. It is prob-

able that SRIH, by binding to its receptors, interferes

with the intracellular mechanisms mediating the secre-

tagogue action of ANG-II (Aguilera et a!., 1981; Haus-

dorff et a!., 1989), its minima! and maximal effective

concentrations being 10b0 M and 108/107 M, respec-
tively. It was also observed that the prolonged admiis-

tration of SRIH strongly depresses the growth and ste-
roidogenic capacity of rat zona glomerulosa cells

(Mazzocchi et a!., 1985) and decreases their basal pro-

liferation rate (Pawlikowski et a!., 1990), probably by

blocking the basal trophic action ofANG-II. The involve-

ment of endogenous SRIH in the physiological tonic in-
hibitory control of rat zona glomerulosa has been sug-

gested by the demonstration that the administration of
the specific SRIH depletor cysteamine markedly en-

hances the growth and aldosterone secretory capacity of
the zona glomerulosa (Kasprzak et a!., 1991). The level

of circulating SRIH of various origins (hypothalamic,
renal and intestinal) is very low, and well below the in
vivo and in vitro minimal effective concentrations of the

peptide (10’#{176}/10� M) (Chiodini et a!., 1991); con-

versely, it may be calculated (see Section II D) that, upon
stimulation, SRIH can attain an intra-adrenal concen-

tration of about 108/107 M. This suggests that in-
tramedullary SRIH plays a role in the physiological con-

trol of the zona glomerulosa function. This contention
has been confirmed by Rebuffat et a!. (1994a), who used
rats bearing adrenocortical autotransp!ants deprived of

chromaffin cells and the specific SRIH-receptor antago-

nist cyclo-(7-aminoheptanonyl-Phe-D-Trp-Lys-Thr[Bzl]).

They observed that SRIH infusion depresses the growth
and secretory activity of both adrenal zona glomerulosa

cells and zona glomerulosa-like cells of autotransplants,

an effect that is abolished by the simultaneous admin-
istration of the SRIH antagonist. When infused alone,
SRIH antagonist enhances the growth of zona gbomeru-
bosa, but does not affect zona glomerubosa-like cells of

autotransplants. Because the latter are responsive to
SRIH, this finding suggests that medullary chromaffin
cells are the local intra-adrenal source of endogenous
SRIH involved in the control of zona glomerulosa func-
tion.

ii. Indirect mechanisms. SRIH, at a concentration
above 106 M, has been found to inhibit nicotine-induced
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epinephrine and norepinephrine release by cultured bo-
vine medullary chromaffin cells (Moeller et al., 1989).

SRIH also inhibits kidney renin release (Sieber et a!.,
1988), so it is conceivable that it may also depress intra-

adrenal RAS. It remains to be investigated whether
these effects contribute to the inhibitory effect of SRIH

on the zona glomeru.losa function.
b. EFFECTS ON ZONA FASCICULATA-RETICULARIS. None of

the aforementioned investigations has reported either
the presence of SRIH receptors on inner adrenocortica!

cells or an effect of SRIH on glucocorticoid secretion.
5. Thyrotropin-releasing hormone. TRH-ir has been

demonstrated by RIA in the rat adrenal medulla (Ta! et

a!., 1984; Mitsuma et a!., 1987a, b; Simard et al., 1989;

Jaworska-Feil et a!., 1994), where its content is about 30

pmollg. Findings indicate that TRH inhibits g!ucocorti-
coid secretion of dispersed rat inner adrenocortica! cells;
probably, it specifically impairs the late steps of cortico-
sterone synthesis, i.e., 1113-/18-hydroxylation, without
affecting the rate-limiting step of this process, i.e., the

conversion of cholesterol to pregnenobone (Neri et a!.,
1993). The physiological relevance of the adrenocortical
inhibitory action of TRH remains to be ascertained, a!-

though it must be calculated (see Section II D) that the

release of intra-adrena! TRH may produce local p�M con-

centrations, which are well above the minima! and max-

ima! effective ones in vitro (10b0 M and 108 M, respec-

tive!y).

B. Opioid Peptides

Opioid peptides are widely distributed in the central
nervous system and are known to modulate the function

of the hypothalamo-pituitary axis (Pechnick, 1993). The

effects of the three members of opioid peptide family,
i.e., enkephalins, endorphins and dynorphins, on the

secretory activity of the adrenal cortex are rather con-

troversial, and this might depend on the fact that opioids

may act via both direct and indirect mechanisms.
1. Enkephalins. Enkepha!inergic fibers are present in

the rat zona glomerulosa (Holzwarth et a!., 1987), and
an impressive mass of data indicates that medullary

chromaffin cells synthesize, store and release enkepha-
lins. The presence of enkephalins and their related pep-

tides met-enkephalin and !eu-enkepha!in in the adrenal
medulla has been demonstrated by RIA in several mam-
malian species, including humans (Evans et a!., 1985a;
Parmer and O’Connor, 1988), monkeys (Evans et a!.,

1985a), cows (Kilpatrick et al., 1980; Evans et a!., 1985a;
Fischer-Colbrie et a!., 1986; Hook and Liston, 1987; Bas-

tiaensen et al., 1988), sheep (Boarder and McArdle,
1985; Evans et aL, 1985a; Coulter et a!., 1989), dogs
(Hexum et a!., 1980a, b; Evans et a!., 1985a; Damase-

Michel et a!., 1993, 1994), cats (Corder et aL, 1982;
Vindrola et al., 1988), rabbits (Evans et al., 1985a),

guinea pigs (Evans et a!., 1985b) and rats (Dewald and
Lewis, 1983; Evans et a!., 1985a; Jackson et a!., 1985;

Bhargava et al., 1988). The adrenal content of met-

enkepha!in and !eu-enkephalin varies according to the

species and the method of assay. It is very elevated in

humans and cows (from 110 to 220 pmollg) and low in
rats (10-20 pmollg). Thus, enkepha!ins, upon stimula-

tion of their intra-adrena! release, may attain local con-
centrations ranging from 106/105 M in humans to

about i0� M in rats (see Section II D). Enkephalin-ir
has also been detected in cultures of bovine medullary

chromaffin cells (Livett et a!., 1981; Adams and Boarder,

1987; Cherdchu and Hexum, 1991). Immunocytochem-
istry confirmed the presence of enkepha!in-ir in medul-

!ary chromaffin cells of humans (Linnoila et al., 1980;
Hervonen et a!., 1989), dogs (Kobayashi et a!., 1983),

cats (Kobayashi et a!., 1983; Pe!to-Huikko et al., 1987),
rabbits (Wikstr#{246}m et al., 1996) and rats (Kobayashi et

a!., 1983; Pelto-Huikko et a!., 1985a). The intra-adrenal

synthesis of enkephalins was demonstrated by the de-
tection of their specific mRNAs in the medullary chro-
ma.ffin cells of cows (Mar et a!., 1992; Suh et a!., 1992,
1993; Bacher et a!., 1994), rabbits (Martinez et a!., 1991)

and rats (Kilpatrick et a!., 1984; Zhu et a!., 1992; Brimi-
join et a!., 1995).

a. EFFECTS ON ZONA GLOMERULOSA. i. Direct mecha-
nism. Racz et a!. (1980) did not find any effect of en-
kephalins on basal aldosterone secretion of dispersed

bovine zona gbomeru!osa cells, whereas Bevilacqua et al.

(1982) and Bruzzone and Marusic (1988) reported a net
stimulatory action. Racz et a!. (1980) described a strong

inhibitory effect of met-enkephalin on rat zona gbomeru-

losa cells (minima! and maximal effective concentra-

tions, 10-10 M and iO� M), whereas Guaza and Borell
(1984) did not observe any apparent effect; conversely,

Frisina et a!. (1985) showed that met-enkephalin (from
iO-� to 106 M) increases both basal and agonist (ACTH

or ANG-II)-stimu!ated aldosterone secretion, and that

this effect is blocked by the enkephalin receptor antag-

onist naloxone. These last findings were recently con-

firmed by Kapas et al. (1995), who also demonstrated
that both met-enkephalin and leu-enkephalin act via �t

opioid receptors. Furthermore, Hinson and Kapas (1995)

showed that previous sodium depletion enhances aldo-
sterone response of dispersed rat zona gbomerubosa cells
to D-A!a2-Met-enkephalin (DALA), a long-acting ana-

logue of met-enkephalin. This effect was prevented by
naloxone, but not by sara!asin, indicating that opioid
receptors, but not ANG-Il receptors, mediate the sodium
restriction-enhanced aldosterone secretagogue action of

enkephalins. In vivo studies confirmed the aldosterone

secretagogue effect of enkephalins in the rat. Robba et
a!. (1986a) reported a clear-cut acute a!dosterone-stim-
ulating action of DALA in hypophysectomized ACTH-
replaced rats; an analogous effect of enkephalins was
observed by Hinson et al. (1994a) in the rat adrenal

perfused in situ, met-enkephalin being about three
times more potent than !eu-enkephalin.

ii. Indirect mechanisms. Jarry et a!. (1989) showed

that enkephalins inhibit catecholamine release by rat
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chromaffin cells. Hence, the possibility remains to be

investigated that this effect may mask, at least in part,

the in vivo aldosterone secretagogue action of enkepha-
bins in this species.

b. EFFECTS ON ZONA FASCICULATA-RETICULARIS. i. Di-
rect mechanism. Evidence indicates that enkephalins
(at concentrations greater than 108 M) inhibit ACTH-
enhanced glucocorticoid secretion of cultured human in-
ner adrenocortica! cells (Lamberts et a!., 1983) and dis-

persed rat zona fasciculata-reticularis cells (Racz et a!.,

1980; Guaza and Borrelb, 1984), apparently without a!’-

fecting the basal release rate. In contrast, Kapas et al.
(1995) provided findings that 106/105 M met-enkepha-

lin or DALA (but not !eu-enkephalin) raise basal corti-
costerone production by col!agenase-dispersed rat zona

fasciculata cells. The prolonged (5-7 day) administration
of DALA was found to elicit in chemically hypophysec-
tomized rats administered maintenance doses of ACTH

a net hypertrophy of zona fasciculata cells, coupled with
a parallel increase in their basal and maximally agonist-

stimulated corticosterone secretory capacity (Andreis et

a!., 1988).

ii. Indirect mechanisms. Robba et al. (1986b) did
not observe significant changes in plasma corticosterone

levels of hypophysectomized ACTH-treated rats after

the acute administration of DALA. In contrast, Hinson
et a!. (1994b) reported an increased release of corticoste-
rone by in situ perfused rat adrenals after both met-
enkephalin and leu-enkephalin administration, an effect

that could be (at least partly) attributable to the en-
kephalin-induced increase in the flow rate of the perfu-

sion medium.
2. Endorphins. The pro-opiomelanocortin (POMC)-de-

rived endorphins, especially /3-endorphin-ir, have been
demonstrated by RIA in the adrenal medulla of humans
(Boarder and McArdle, 1985; Evans et a!., 1985a) and

rats (Bhargava et al., 1988; Bagdy et a!., 1990), with
concentrations ranging from 150 pmol/g in humans to 15
fmol/g in rats. Immunocytochemistry confirmed the
presence of �-endorphin-ir in the adrenal chroma.ffin
cells ofrats and mice (Arefo!ov et a!., 1986). �3-Endorphin

mRNA has been detected in the human adrenal medulla
(De Bold et al., 1988).

Specific (3-endorphin receptors have been found in
both dispersed (Dave et a!., 1985b) and cultured rat

adrenocortical cells (Gelfand et a!., 1995). According to

Dave et a!. (1985b), �-endorphin receptors are coupled
with adenylate cyclase. However, the results of investi-
gations dealing with the effect of endorphins on the in
vitro functioning of adrenocortica! cells are apparently

very conificting. No effect on adrenocortical secretion

(either basal or agonist-stimulated) was reported in
guinea pigs (Matsuoka et al., 1981; Pham-Huu-Trung et

a!., 1982; O’Connell et al., 1993) and rats (Goverde et a!.,
1988; Hung and LeMaire, 1988). A stimulatory action of

f3-endorphin on g!ucocorticoid, but not aldosterone, pro-
duction has been described in humans (Eggens et a!.,

1987), guinea pigs (Bruni et a!., 1985) and rats (Shanker

and Sharma, 1979; Guaza et a!., 1986; Kapas et a!.,
1995). In contrast, Sza!ay and Stark (1981) observed a

/3-endorphin-induced inhibition of corticosterone (but
not aldosterone) secretion of dispersed rat adrenocorti-

cal cells. Further studies provided a clue to reconcile the
above reviewed contrasting findings, because they

showed that the effects of j3-endorphin are tightly linked
to its concentration (Sza!ay, 1990, 1993). From 10h1 �

io-5 M, �-endorphin decreases basal corticosterone out-

put by dispersed rat zona fasciculata cells, but not aldo-

sterone secretion of zona glomeru!osa cells; at a higher
concentration (10� M), both corticosterone and aldoste-

rone yields are raised. 13-Endorphin from i0� to i0� M

inhibits the ACTH-stimulated production of both corti-

costerone and aldosterone. To explain her findings, Sza-

lay (1993) advanced the hypothesis that f3-endorphin

can bind to both opioid and ACTH receptors located on

adrenocortica! cells. Both receptors are coupled to ade-
nylate cyclase, ACTH receptors positively and opioid

receptors negatively, and a “cross talk” exists between
the two receptor systems. Hence, the net effect of a-en-

dorphin on steroidogenesis depends on the proportion of
its binding to opioid or ACTh receptors. It is likely that,

given the relative affinity for the two receptors, at low

concentrations of f3-endorphin, the binding to opiate re-

ceptors prevails, with ensuing inhibition of adenylate
cyclase, which reduces both basa! and ACTH-stimulated
steroid secretion. At higher concentrations, the aspecific

binding of f3-endorphin to ACTH receptors may activate

steroidogenesis. In conclusion, it appears that 13-endor-
phin plays a role in the control of adrenal steroid secre-
tion, especially directed on the zona fasciculata-reticu-

laris and glucocorticoid secretion. Under physiological
conditions, the action of 13-endorphin is mainly inhibi-
tory, because it may be calculated (see Section II D) that

the intra-adrenal content of this peptide can produce
local concentrations not higher than 106 M in humans
and i0� M in rats.

3. Dynorphins. Dynorphin-ir has been found by RIA in

the adrenal medulla ofrats (Aldi et a!., 1984; Vincent et

a!., 1984; Bhargava et al, 1988) and guinea pigs (Evans
et a!., 1985a, b), where its content (of about 110-130

pmol/g) could give rise to local concentrations greater

than 106 M (see Section II D). Watson et a!. (1981)
detected dynorphin-ir in rat adrenomedullary chromaf-

fin cells by immunocytochemistry. Day et a!. (1991)
showed the expression of the pro-dynorphin gene in the
rat adrenal cortex by in situ hybridization. Unfortu-
nately, bight micrographs do not allow us to ascertain
whether pro-dynorphin mRNA is contained in adreno-
cortical cells or in chromaffin cells scattered in the cor-

tex.
The presence of specific receptors for dynorphin has

been reported in both the cortex and medulla of rat

adrenals (Quirion et a!., 1983). However, in vitro studies

using dispersed rat adrenocortical cells gave equivocal
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results. Guaza et a!. (1986) found that dynorphin117
(from 10_8 to 106 M) does not affect basal corticosterone

secretion, although it increases inner-cell responsive-
ness to submaxima! effective concentrations (10 12/

10_li M) of ACTH. By contrast, Neri et al. (1990a)

showed that dynorphin concentration-dependently bow-

ers basal abdosterone and corticosterone productions by

dispersed outer and inner adrenocortical cells, respec-
tiveby, its minimal effective concentration being iO� M;

the maximal effective concentration of dynorphin (106
M) depresses both basal and ACTH-stimu!ated post-

progesterone steps of steroid synthesis, specifically
affecting the conversion of progesterone to 1 1-deoxycor-

ticosterone (21-hydroxylation). Mazzocchi et a!. (1990)
observed that dynorphin infusion for 3 h significantly

decreases blood levels of aldosterone and corticosterone

in rats and markedly restrains their ACTH- or ANG-II-
evoked rises.

C. Neuromedins

Neuromedins are regulatory peptides, originally iso-

bated from spinal cord, that stimulate the contractility of

smooth-muscle cells. They are widely distributed in the

central nervous system and HPA axis, and many of them
have been found to variously affect adrenocorticab secre-

tion by acting on the central branch of the CRH-ACTH

system (for review, see Malendowicz and Markowska,
1994). Mammalian neuromedins are distinguished in

four groups: kassinin-like tachykiins, bombesin-like
neuromedins, neurotensin-like neuromedins and neuro-

medins U.

1. Kassinin-like tachykinins. Mammalian tachykinins

include neuromedin K (neurokiin B), neuromedin L
(neurokinin A), substance P, structurally related to neu-

romedin L and encoded by the same gene, and neuropep-

tide K, which is the N-terminally extended form of neu-

romedin L (for review, see Maggio, 1988). Substance

P-positive nerve fibers are present in the adrenal cortex
of rabbits, guinea pigs and rats (Kuramoto et a!., 1985;

Ho!zwarth et a!., 1987; Heym et al., 1995; Wikstr#{246}m et
a!., 1996). RIA showed that tachykinin-ir is contained in

the human, cow, cat, rabbit, guinea pig and rat adrenal
medulla (Saria et a!., 1980; Bucsics et a!., 1981; Vaupel

et a!., 1988; Basile et a!., 1992; Fischer-Colbrie et a!.,

1992; Cheung et a!., 1993; Hinson and Kapas, 1996). The
adrenal content of substance P is higher than that of
other tachykimns, ranging from 8 to 12 pmollg in hu-
mans to 4 to 5 pmollg in rats. Substance P-ir (Kuramoto

et a!., 1985) and neuromedin L-ir (Wang et a!., 1994)
have been immunocytochemically evidenced in medul-
lary chromaffin cells of rats and pigs, respectively.

Tachykinins act via three subtypes of receptors,

named NK1, NK2 and NK3, which show the highest
affinity for substance P, neuromedin L and neuromedin

K, respectively. Their activation induces transient stim-

ulation of phospholipase C and intracellular Ca2� mobi-
lization, increased prostaglandin E2 formation, and

stimulation ofadenylate cyclase (for review, see Maggio,

1988).

a. EFFECTS ON ZONA GLOMERULOSA. i. Direct mecha-
nism. Neri et a!. (1990b) and Mazzocchi et a!. (1995b)
reported that substance P depresses aldosterone produc-

tion of dispersed rat zona g!omerubosa cells by specifi-

cabby inhibiting the late steps of its synthesis (i.e., the

conversion of corticosterone to aldosterone). However,

this inhibitory effect was observed only at jiM peptide

concentrations, a finding casting doubts on its physio-
logical relevance, inasmuch as it may be calculated (see

Section II D) that intra-adrena! release of substance P
can produce a local concentration not higher than 10��

M.

ii. Indirect mechanisms. Convincing evidence is
available that substance P is involved in the physiobog-

icab regulation of zona gbomerubosa growth and secre-

tion, probably acting through indirect mechanisms. Sub-

stance P evokes a marked rise in the plasma level of
aldosterone in rats, whose HPA axis and RAS had been
interrupted to exclude an indirect action of the peptide

via pituitary ACTH and ANG-Il (Nussdorfer et a!.,

1988). Moreover, substance P induces a moderate rise in

aldosterone release by in situ perfused rat adrena!s

(Hinson et a!., 1994a). Substance P, at nM concentra-

tions, enhances basal aldosterone output by adrenal

quarters including medullary tissue (Mazzocchi et al,

1995b). In addition to acutely enhance aldosterone se-

cretion, substance P also stimulates the growth and

steroidogenic capacity ofrat zona gbomerulosa (Nussdor-

fer et a!., 1988). Mazzocchi et a!. (1995a) confirmed the
physiological relevance of this long-term effect of sub-

stance P. A 7-day intraperitoneal infusion with the spe-

cific substance P antagonist ED-Pro4, D-Trp7’9]-SP411 sig-

nificantly lowers plasma abdosterone concentration,
causes atrophy ofzona gbomerulosa and its parenchymal

cells, and markedly decreases either basal or maximally

agonist-stimulated aldosterone secretion of dispersed

zona glomerulosa cells. The simultaneous infusion with

substance P abolished all these effects. Under normal
circumstances, substance P mainly acts as a neurotrans-

mitter, and its plasma levels are too low to account for a

systemic action (Maggio, 1988). Hence, adrenal medulla

is conceivably the source of endogenous substance P

exerting adrenoglomerubotrophic effect. The contention
that medul!ary chromaffin cells are involved in the me-
diation of aldosterone secretagogue effect of substance P

in rats is supported by the demonstration that this pep-
tide does not affect steroid release by quarters of regen-
erated adrenocortical autotransp!ants deprived of chro-
maffin cells (Mazzocchi et a!., 1995b). Medullary

chromaffin cells have NK1 receptors (Maggio, 1988; Ger-

aghty et a!., 1990), and substance P (like other tachyki-
nins) is involved in the modulation of catecholamine
release by cow and rat adrenal chromaffin cells, proba-

b!y by activating phosphatidylinositol phosphate metab-

olism and increasing [Ca2�]1 (Minenko and Oehme,
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1987; Khalil et al., 1988; Zhou et aL, 1991). The f3-adre-

noceptor antagonist L-alprenobol (10� M) was found to

block not only isoprenaline (108 M)-induced a!dosterone

release by rat adrenal quarters, but also the aldosterone

secretagogue effect of 108 M substance P (Mazzocchi et

al., 1995b).
b. EFFECTS ON ZONA FASCICULATA-RETICULARIS. i. Di-

rect mechanism. Yoshida et a!. (1992) reported that

tachykinins concentration-dependently raise cortiso!

output by cultured bovine zona fasciculata-reticularis

cells, the potency order being as follows: substance P>

neuromedin L > neuromedin K. Minima! and maximal
effective concentrations ofsubstance P were 10 � M and

10�8 M, respectively, and the secretagogue effect of sub-

stance P was prevented by a calmodulin inhibitor,

thereby suggesting that it is dependent upon intracellu-

bar Ca2� redistribution. Conversely, other investigations

showed that none of the tachykinins, including neu-
ropeptide K, is able to alter basal corticosterone secre-

tion of dispersed rat inner adrenocortical cells (Mazzoc-

chi et a!., 1994a; Mabendowicz et a!., 1995a, b).
Malendowicz et a!. (1996b) recently reported that both

substance P and its antagonist spantide (from 10_8 to

10_6 M) inhibit maximally ACTH-stimu!ated corticoste-
rone yield by dispersed rat zona fasciculata-reticularis

cells, an observation strongly suggesting a receptor-in-
dependent interference of the tachykinin molecule with
the intracellular mechanisms transducing the ACTH

secretagogue signal. In conclusion, the above findings

cast doubts on the physiological relevance of the direct

effects of tachykinins on inner adrenocortical cells and

suggest that, probably, they must be considered phar-

macobogical in nature.

ii. Indirect mechanisms. Tachykinins affect the se-

cretion and growth of inner adrenocortica! cells, acting
through indirect mechanisms. Neuropeptide K evokes a

significant increase in the plasma corticosterone concen-
tration of hypophysectomized rats administered mainte-
nance dose of ACTH (Mazzocchi et al., 1994a). Sub-

stance P also evokes a sizable rise in corticosterone

release by in situ perfused rat adrenals (Hinson et a!.,

1994b), which is coupled with only a minor effect on the
perfusion-medium flow rate (Hinson et a!., 1994c). Neu-

romedin K, neuromedin L and neuropeptide K, at riM

concentrations, enhance basal corticosterone secretion
by adrenal slices including medulbary tissue (Mazzocchi

et a!., 1994a; Malendowicz et a!., 1995a, b). Mammalian
medul!ary chromaffin cells are provided with NK1 recep-
tors (Maggio, 1988; Geraghty et al., 1990), and there is

evidence that neuropeptide K stimulates HPA axis
(Ka!ra and Kalra, 1993). Mazzocchi et a!. (1994a) dem-
onstrated that neuropeptide K elicits corticosterone se-
cretion by rat adrenal slices (threshold concentration
io� M), and 108 M neuropeptide K potentiates cortico-

sterone response to 10 12 M ACTH, but not that to
higher concentrations of the hormone. The corticoste-
rone secretagogue effect of 108 M neuropeptide K is

abolished by both 106 M a-CRH and CIP, thereby sug-
gesting that the glucocorticoid secretagogue effect of this
peptide is indirectly mediated by the activation of the
intramedullary CRH-ACTH system. In this connection,
it must be recalled that substance P, when infused at

high doses (20 pmol/kg/min), inhibits acetylcholine-in-
duced release of CRH by adrenal glands of conscious

calves with pharmacologically interrupted HPA axis

(Edwards and Jones, 1994b).

2. Other neuromedins. Bombesin is a peptide origi-

nally isolated from the skin of the frog Bombina born-

bina, whose mammalian counterpart is the gastrin-re-
leasing peptide. The two bombesin-like neuromedins are

neuromedin B and neuromedin C, the latter of which is

the C-terminal decapeptide of gastrin-releasing peptide.
Both neuromedins share structural homologies and ex-
ert similar biological effects, including regulation of the
release of gastrointestinal hormones, smooth-muscle
contraction and modulation of neuronal activity (for re-

view, see Mabendowicz and Markowska, 1994). Neuro-
medin N is a hexapeptide, whose C-terminal tetrapep-

tide sequence is identical to that of neurotensin. It is

widely distributed and evokes neurotensin-like effects,

such as analgesia, hypothermia and neuronal activation

(for review, see Malendowicz and Markowska, 1994).
Two forms ofneuromedin U, containing 25- and 8-amino

acid residues, have been isolated from mammalian tis-
sues. The C-terminus of neuromedin U-25 contains the

entire sequence of neuromedin U-8. Neuromedin U-ir
has been found in the central nervous system, including

the hypothalamo-pituitary axis, but its physiological
role is not yet entirely known, although its stimulatory
effect on the smooth-muscle cells and pituitary ACTH
release is well established.

Neuromedin B-ir and neuromedin C-ir are present in

the cow (Lemaire et a!., 1989) and rat adrenal medulla
(Domin et a!, 1989). Elevated concentrations of neuro-
medin N-ir (about 13 pmol/g) are present in the cat

adrenal medulla (Carraway and Mitra, 1987). No re-
ports are available on the presence of neuromethn U-ir
in the adrenal glands (for review, see Domin et al., 1989;
Malendowicz and Markowska, 1994).

Despite the many papers dealing with the effects of

these three groups of neuromedins on the HPA axis in
vivo and in vitro (for review, see Ma!endowicz and
Markowska, 1994), studies on their direct effect on ad-

renocortical cells are very scarce to the best ofmy know!-
edge. Only neuromedin U-8 was tested and found to

affect, within the concentration range from 108 to 106
M, neither steroid secretion nor intracellular Ca2� redis-

tribution of dispersed rat adrenocortical cells (Malen-

dowicz et a!., 1994a, b). However, evidence is available

that this peptide may affect adrenal cortex through in-
direct mechanisms. In fact, neuromedin U-8 (from 108
to 10_6 M) was found to stimulate steroid secretion by
rat adrenal slices, but not by quarters of regenerated

adrenocortical autotransplants (Malendowicz et a!.,
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1994a). This strongly suggests the involvement of med-

ullary chromaffin cells in the mediation of the secreta-
gogue action of this peptide. An accurate high perfor-

mance liquid chromatography analysis of steroid
hormones secreted showed that the effects vary accord-

ing to the concentration of neuromedin U-8. At all con-

centrations tested, the peptide raises the production of
both pregnenobone and total post-pregneno!one steroids.

The increase in total post-pregnenobone steroid output
induced by a concentration of 108 M is attributable to
similar rises in the yields of non-18-hydroxylated ste-
roids (progesterone, 11-deoxycorticosterone and cortico-

sterone) and 18-hydroxylated hormones (18-hydroxycor-
ticosterone and aldosterone); conversely, the increase

elicited by a concentration of 107/106 M is almost

exclusively attributable to the rise in the yield of 18-
hydroxylated steroids. The stimulating effect of neuro-

medin U-8 on pregnenolone output, i.e., the early rate-

limiting step ofsteroid synthesis, is blocked by both 106

M a-CRH and CIP. In light ofthese findings, Malendow-

icz et a!. (1994a) drew the following conclusions: (a) at all

concentrations tested, neuromedin U-8 stimulates in-
tramedullary CRH-ACTH system, thereby increasing
the activity of the early step of steroidogenesis and con-
sequently the production of the entire spectrum of post-
pregnenolone steroids; and (b) at concentrations greater
than 108 M, neuromedin U-8 also elicits the release

from chromaffin cells of a factor capable to specifically
enhance the late steps of aldosterone synthesis. The

possibility that catecholamines are such a factor does
not seem to be convincing, because they are known to

enhance all the steps of aldosterone synthesis (see Sec-

tion III A).

D. Pancreatic Polypeptide Family

This family of 36-amino acid peptides includes pan-

creatic polypeptide, peptide YY and neuropeptide Y.
Pancreatic po!ypeptide and peptide YY are present in

the pancreas and gastrointestinal mucosa, where they
exert important endocrine and paracrine actions in-

volved in the control of digestive functions (for review,

see Taylor, 1989). Neuropeptide Y is ubiquitously dis-

tributed in the neurons of the whole body and possesses

multiple and important physiological functions, includ-

ing the regulation of brain-endocrine axes (for review,
see McDonald and Koening, 1993).

1. Pancreatic polypeptide. Pancreatic polypeptide-ir
has been recently immunocytochemically detected in the
medulla (but not in the cortex) of the rat adrenals

(Malendowicz et al., 1996a), and specific receptors for
this peptide have been demonstrated in the rat zona

fasciculata-reticularis and adrenal medulla (Whitcomb

et a!., 1992). Andreis et a!. (1993) reported that pancre-
atic polypeptide raises both basal and submaximally

ACTH-stimulated corticosterone production of dispersed
rat inner adrenocortical cells (minimal effective concen-

tration being in the riM range), without affecting a!dos-

throne secretion of dispersed zona glomerubosa cells. In a

subsequent in vivo study, Mazzocchi et a!. (1995c) dem-

onstrated that pancreatic polypeptide may play an im-
portant role as modulator of rat adrenocortical re-

sponses to insulin-induced hypoglycemic stress.
2. Peptide YY. Peptide YY-ir is contained in the adre-

nab gland of rats and guinea pigs (for review, see Taylor,
1989), and receptors for this peptide are present in the

rat zona fasciculata-reticularis cells (Whitcomb et a!.,
1992). Peptide YY (10_6 M) was reported to depress both

basal and ACTH-stimulated output of 18-hydroxylated
steroids by dispersed rat zona glomerulosa cells (Neri et

a!., 1991a). However, Bernet et a!. (1994b) did not find

any effect of this peptide (from 10’#{176}to 106 M) on
aldosterone and corticosterone yields by rat capsule-

zona gbomerulosa preparations.

3. Neuropeptide Y. Neuropeptide Y-positive nerve fi-

bers are present in the adrenal cortex of cows and rats

(Varndell et a!., 1984; Majane et a!., 1985; Kuramoto et

a!., 1986; Maubert et al., 1990; Oomori et a!., 1994). The

fibers ending in the rat adrenal capsule and zona gb-
merubosa arise, at least in part, from adrenal medulla,

inasmuch as neuropeptide Y-ir content in the zona gb-

merubosa markedly lowers after demedullation (Mau-
bert et a!., 1993). Large amounts of neuropeptide Y-ir

have been shown by RIA in the fresh adrenal medulla of
humans (Lundberg et a!., 1985, 1986c), cows (Allen et
a!., 1984; Majane et a!., 1985; Fischer-Colbrie et a!.,

1986; Bastiaensen et a!., 1988), dogs (Briand et a!.,

1990a, b; Damase-Michel et al., 1993, 1994), cats (Lund-

berg et a!., 1986b) and rats (De Quidt and Emson, 1986;
Higuchi et a!., 1988; Hinson and Kapas, 1996). Neu-

ropeptide Y-ir adrenal content displays a great variabil-

ity according to the species: it is very high in mice and

cats (250-500 pmol/g), moderate in cows and guinea pigs

(60-100 pmol/g) and low in humans and rats (5-20 pmol/
g). These intra-adrenal contents could produce local con-
centrations of neuropeptide Y ranging from 6 x 10_8 to

6 x 106 M (see Section II D). Immunocytochemistry
confirmed the presence of neuropeptide Y-ir in the ad-

renal medulla of rabbits, rats and mice (Majane et a!.,
1985; Schalling et al, 1988; Pelto-Huikko, 1989; Steiner

et a!., 1989; Fernandez-Vivero et a!., 1993; Wolfens-
berger et a!., 1995; Malendowicz et a!., 1996a; Wikstr#{246}m

et a!., 1996). Neuropeptide Y mRNA has been detected
in the rat adrenal medulla (Schalhing et a!., 1988, 1991;
Higuchi et a!., 1990, 1991a). Of interest, in the rat,

medullary neuropeptide Y protein and mRNA display a
marked age-dependent increase that is coupled with

only a minor rise in the plasma level of this peptide
(Higuchi et a!., 1988, 1991b).

a. EFFECTS ON ZONA GLOMERULOSA. i. Direct mecha-
nism. Binding sites for neuropeptide Y have been auto-

radiographically demonstrated in the bovine zona gb-
merulosa (Torda et a!., 1988); this finding, coupled with

the presence of abundant neuropeptide Y-positive nerve
fibers, strongly suggests that the specific anatomical
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and physiological target of this peptide is zona gbomeru-
bosa and mineralocorticoid secretion, respectively. Maz-

zocchi et a!. (1996a) showed that neuropeptide Y dose-

dependently raised aldosterone, but not corticosterone,

plasma concentration in rats with pharmacologically in-

terrupted HPA axis and RAS, an effect reversed by the
neuropeptide Y-receptor antagonists P1K-i and PYX-2.

Furthermore, Hinson et a!. (1994a) observed that neu-
ropeptide Y evokes a moderate increase in aldosterone

release by in situ perfused rat adrenals. However, a
receptor-mediated direct stimulatory action of this pep-

tide on the zona glomerulosa cells is controversial. Neri
et a!. (1990b) demonstrated that 106 M neuropeptide Y
strongly depresses basal 18-hydroxylated steroid output
by dispersed rat zona gbomerulosa cells. By contrast,

Hinson and Kapas (1995) did not find any effect over a

concentration range from 10_Il � 106 M, nor a moder-
ate stimulatory action at higher concentrations; how-

ever, 108 M neuropeptide Y appears to stimulate aldo-
sterone secretion by dispersed zona gbomerulosa cells

from sodium-depleted rats. Interestingly, Hinson et a!.
(1995) showed that neuropeptide Y biphasically modu-
lates aldosterone response to ACTH ofrat zona glomeru-
bosa cells: 106 M neuropeptide Y magnifies the response

to submaximal concentrations ofACTH (less than 10’#{176}

M) and reduces those to maximally effective concentra-

tions of the hormone (greater than 10’#{176}M). It also

moderately enhances the response to supramaxima!

concentrations of ANG-II (107/106 M), but not to K�.
Thus, they hypothesized that neuropeptide Y regulates

the sensitivity of rat zona gbomerubosa cells to their
main peptide agonists. The physiological relevance of
these findings is doubtful, because it is difficult to con-

ceive that in the rat adrenals, neuropeptide Y may reach
a concentration higher than 10_8 M (see above). The

prolonged (7-day) intraperitoneal infusion of neuropep-
tide Y was found to induce a marked stimulation of the

growth and secretory capacity of zona gbomerulosa in
rats with pharmacologically interrupted HPA axis and

RAS (Mazzocchi et a!., 1996a), but not in intact animals
(Lesniewska et al., 1990). Because this peptide inhib-
its renin release, both in vivo and in vitro (see next
paragraph), this discrepancy may be ascribed to the

neuropeptide Y-induced chronic suppression of ANG-Il

production that could have masked its adrenogbomeru-
botropic action. Mazzocchi et a!. (1996a) showed that the

simultaneous infusion ofPYX-2 completely abolishes the
stimulatory effect ofneuropeptide Y on the growth of rat

zona gbomerubosa. However, when administered alone,

PYX-2 did not evoke any apparent effect, a finding that

causes doubts about the involvement ofendogenous neu-

ropeptide Y in the physiological maintenance ofthe zona

gbomerulosa growth in rats.
Ii. Indirect mechanisms. Neuropeptide Y and its Y1

and Y2 receptor agonists (from 10_8 to 106 M) were
found to raise aldosterone secretion by rat capsule-zona
glomerubosa preparations (Bernet et al., 1994b). This is

keeping with the findings of Mazzocchi et al. (1996a) in
rat adrenal slices including medullary tissue, where a!-

dosterone secretagogue action of neuropeptide Y is

blocked by its receptor antagonists. The mechanism un-

derlying the adrenoglomerubotropic action of neuropep-

tide Y may involve the stimulation of catecholamine

release by adrenal medulla, at least in the rat. In fact,

neuropeptide Y elicits catecholamine release by chro-
maffin cells and adrenergic fibers (Bernet et a!., 1994a;
Di Maggio et a!., 1994) and enhances catecholamine

synthesis in the rat (Hong et a!., 1995). In addition,

Bernet et a!. (1994a) showed that i0� M atenolol, a
131-adrenoceptor antagonist, but not the �32-antagonist

ICI-18,551 hydrochloride, hampers i0� M neuropeptide
Y-induced aldosterone release by rat capsule-zona gb-

merulosa preparations. Finally, it is worth recalling that

neuropeptide Y strongly depresses renin release by kid-

ney juxtagbomerular cells (Hackenthal et al., 1987;

Corder et a!., 1989; Aubert et a!., 1992). Hence, the
possibility that the inhibition of intra-adrenal RAS may

counteract the adrenogbomerulotropic action of this pep-
tide awaits exploration.

b. EFFECTS ON ZONA FASCICULATA-RETICULARIS. Scarce
and rather conflicting data are available on the direct
effect of neuropeptide Y on inner adrenocortical cells.

Malendowicz et ab. (1990) described an inhibitory effect

of neuropeptide Y (3 x iO� M) on basal and ACTH-
stimulated corticosterone secretion of dispersed rat zona

fasciculata-reticularis cells, but neither Neri et a!.

(1990b) nor Hinson et a!. (1995) observed any significant

effect. Moreover, no change in corticosterone output by
adrenal slices were observed after exposure to neuropep-
tide Y (Mazzocchi et a!., 1996a). In vivo studies also
failed to detect any acute or chronic action of neuropep-

tide Y on the zona fasciculata and glucocorticoid secre-

tion in rats (Mazzocchi et a!., 1996a). At variance with
these results, Hinson et a!. (1994b, c) reported a small

increase in corticosterone release by in situ perfused rat
adrenal only after the administration of nanomobar
doses of neuropeptide Y, coupled with a sizable rise in
the flow rate of the perfusion medium.

E. Vasoactive Intestinal Peptide and Pituitary

Adenylate Cyclase-Actiuating Polypeptide

VIP and pituitary adenylate cyclase-activating

polypeptide (PACAP) are 28- and 38-amino acid-residue

peptides, originally isolated from the pig intestine and
sheep hypothalamus, respectively, then found in many
other tissues. Because it has been demonstrated that the
N-terminal 28-amino acid sequence ofPACAP has a 68%

identity with VIP, PACAP and VIP are now considered
to belong to a family of structurally related regulatory
peptides that also includes secretin, glucagon, gastric

inhibitory peptide and somatotropin-releasing hormone.
VIP and PACAP share several physiological functions,
including neurotransmission and stimulation of pitu-
itary ACTH release, regulation of vascular tone and
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modulation of the activity of the gastrointestinal tract

(for review, see Fahrenkrug, 1989; Arimura and Shioda,

1995). The structural homology ofVIP and PACAP eas-
iby explains why several subtypes of receptors can inter-

act with both peptides (Harmar and Lutz, 1994).
1. Vasoactive intestinal peptide. VIP-ergic fibers are

present in the zona g!omerubosa of pigs (Kong et a!.,

1989) and rat adrena!s (H#{246}kfebtet al., 1981; Holzwarth,
1984; Maubert et ab., 1990; Oomori et a!., 1994). The

presence of VIP-ir has been detected by RIA in the pig
(Ehrhart-Bornstein et a!., 1991a) and rat adrenal me-

du!!a (Hinson and Kapas, 1996), where its content of

about 4-9 pmol/g could give rise to local concentrations of

10_8/10_7 M (see Section II D). The presence of VIP-ir

has been also demonstrated by RIA in cultures of bovine

adrenomedul!ary cells (Pruss et a!., 1985), and by im-

munocytochemistry in the adrenal medulla of humans

(Linnoila et aL, 1980), sheep (Cheung and Holzwarth,
1986) and rats (Ho!zwarth, 1984; Kondo et a!, 1986;

Oomori et a!., 1994).

a. EFFECTS ON ZONA GLOMERULOSA. i. Direct mecha-
nism. Specific binding ofVIP has been autoradiographi-

cally demonstrated in the rat adrenal capsule and zona
gbomerubosa (Cunningham and Holzwarth, 1989). The

studies dealing with VIP effects on dispersed zona gb-
merubosa cells gave controversial results. Enyedi et a!.

(1983) and Hinson et a!. (1992) reported no significant
aldosterone response. However, a moderate effect of
106 M VIP on basal a!dosterone secretion of dispersed
rat zona gbomerubosa cells was observed by Hinson and

Kapas (1995). They also reported a more potent effect on

cells obtained from sodium-deprived animals (threshold
concentration i0� M). Because sara!asin did not affect

the response to VIP, ANG-II receptors, which are up-
regulated by sodium restriction, are not involved. It was

therefore hypothesized that sodium depletion may up-
regulate VIP receptors in the rat zona gbomeru!osa cells.
A general consensus exists on the marked aldosterone

response to VIP of rat capsule-zona gbomerulosa prepa-
rations, minima! effective concentrations ranging from

108 to i0� M (Cunningham and Ho!zwarth, 1988; Hin-

son et al., 1992; Bernet et a!., 1994a). Mazzocchi et al.
(1993a) showed that VIP enhances basal aldosterone

secretion of rat adrenal slices, its minimal and maximal
effective concentrations being 10_b M and 108 M, re-
spectively. Compelling evidence also indicates that VIP
exerts an acute and chronic stimu!atory action on zona

gbomerubosa secretion both in vivo in rats (Nussdorfer

and Mazzocchi, 1987; Rebuffat et a!., 1994b) and in pig
(Ehrhart-Bornstein et a!., 1991a) and rat adrenals per-

fused in situ (Hinson et a!., 1992, 1994a). Rebuffat et al.
(1994b) showed that the prolonged administration of
VIP specifically enhances the growth and abdosterone
secretory capacity of zona gbomeru!osa in rats with phar-
maco!ogica!ly interrupted HPA axis and RAS. They also
demonstrated that VIP stimulates the growth and secre-
tion of zona gbomerubosa-like cells of rat adrenocortical

autotransp!ants, and that the effect of this peptide on
both adrenals and autotransp!ants are annulled by the

simultaneous administration of the VIP-receptor antag-
onist [4-Cl-D-Phe6, Leu’71-VIP. Moreover, the adminis-

tration of the VIP antagonist alone for 7 days was found

to depress the growth and secretory capacity of the zona
gbomeru!osa, but not of zona gbomerubosa-like cells of

autotransp!ants. By taking into account that intramed-

u!!ary release may allow VIP to achieve local concentra-

tions higher than its minimal effective ones in vitro,

Rebuffat and associates (1994b) suggested that the

source of endogenous VIP involved in the direct regula-

tion of the zona g!omerubosa function in rats is most

likely adrenal medulla.

ii. Indirect mechanisms. Compelling evidence mdi-

cates that an indirect mechanism, involving the release

of catecholamines, plays an important role in the stim-

u!atory action of VIP on the rat zona g!omerubosa. VIP
appears to act as a neurotransmitter in rat adrenal
medulla, being a potent activator of adenylate cyclase
and catecho!amine release (Cheung and Ho!zwarth,

1986; Ma!hotra and Wakade, 1987; Wakade et al., 1991;
Bernet et a!., 1994a). The specific f3-adrenoceptor antag-

onists L-abprenobo! and ateno!o! (10� M) block VIP

(10�/10� M)-induced release of aldosterone by rat cap-

su!e-zona g!omerubosa preparations (Hinson et a!., 1992;

Bernet et a!., 1994a). Moreover, Mazzocchi et a!. (1993a)
reported that i0� M L-abpreno!ol lowers by 70% 108 M

VIP-stimulated abdosterone output by rat adrenal slices,
without affecting corticosterone release. They also ob-

served that the ACTH-receptor antagonist CIP (106 M)

abolishes VIP-induced corticosterone secretion, but only

decreases (by about 50%) aldosterone production; when

added together, CIP and L-alprenobol abrogate both a!-
dosterone and corticosterone responses to VIP. In light

of these findings, Mazzocchi and associates concluded

that a two-fold mechanism underlies the aldosterone
secretagogue action ofVIP in the rat: (a) direct aspecific

and weak stimulation of zona gbomerubosa cells via
ACTH receptors, and (b) specific and potent stimulation

through the enhancement of catecholamine release by
chromaffin cells and adrenergic fibers contained in zona

g!omerubosa.

b. EFFECTS ON ZONA FASCICULATA-RETICULARIS. Li et a!.
(1990) described a weak, but significant, stimulatory

effect of VIP on the bovine inner adrenocortica! cells
(minima! and maxima! effective concentrations, 10 10 M

and 108 M, respectively). A g!ucocorticoid response to
10b0/108 M VIP by rat adrenal-slice preparations was
also found (Mazzocchi et a!., 1993a). VIP raises cortisob
and androstenedione and, respectively, corticosterone
release by in situ perfused pig (Ehrhart-Bornstein et al.,
1991a; Bornstein et a!., 1993) and rat adrenal glands
(Hinson et a!., 1992, 1994b). In vivo studies did not
reveal any acute or chronic effect of VIP on corticoste-
rone secretion and zona fasciculata growth in rats (Re-

buffat et a!., 1994b). However, according to Bloom et a!.
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(1987a), VIP administration increases the blood level

of cortisol in hypophysectomized calves, but not in in-

tact animals. These discrepancies were reconciled by
Mazzocchi et a!. (1994c), who showed that (a) VIP con-

centration-dependently increases basal, but not sub-
maximally ACTH-stimulated, corticosterone yield by

dispersed rat inner adrenocortical cells, and (b) both a

VIP-receptor antagonist and CIP completely block the
secretagogue effect of VIP. Because the VIP-receptor

antagonist partially reduces also the ACTH-enhanced
corticosterone production, these authors hypothesized

that the weak gbucocorticoid secretagogue action of VIP
may be mediated by the ACTH receptors present in zona

fasciculata-reticularis cells. Of interest, Li et a!. (1990)

reported that VIP competes only with a subtype of

ACTh receptors, i.e., those recognizing the ACTH1124

sequence. This could explain why the VIP-receptor an-
tagonist does not abolish the secretagogue effect of the

entire ACTh molecule and also the findings of Bloom et
a!. (1987a). In fact, the tonic activation of ACTH recep-

tors by circulating ACTH may mask in vivo their VIP-
induced aspecific activation, which can manifest itself

only when hypophyseal ACTH release is suppressed by
hypophysectomy. Finally, it must be recalled that VIP

was found to increase the medium flow rate of in situ
perfused rat adrenals (Hinson et a!., 1994c), thereby

suggesting that the rise in adrenal blood flow rate may
contribute to the glucocorticoid secretagogue action of

VIP.
2. Pituitary adenylate cyclase-actiuating polypeptide.

Two PACAP amidated forms exist, with 38- and 27-

amino acid residues (PACAP-38 and PACAP-27), the
latter deriving from the N-terminal 27 of the former.
Both are equipotent in stimulating pituitary adenylate

cyclase (Arimura and Shioda, 1995). Occasional PACAP-

positive nerve fibers have been observed in the rat ad-
rena! medulla (Frodin et a!, 1995). PACAP-ir was de-

tected in rat (Arimura et al., 1991; Ghatei et a!., 1993;
Tabarin et al., 1994; Frodin et a!., 1995), cow, pig, ham-
ster and mouse adrenal medulla (Tabarmn et a!., 1994).
The highest adrenal content of PACAP was observed in
the mouse and hamster (9-12 pmol/g) and the lowest in
the cow and pig (0.7-0.8 pmollg). In the rat, PACAP

adrenal content is about 2-4 pmollg and could produce a
local concentration of about 2-3 x 10_s M. Immunocyto-

chemistry confirmed the presence of PACAP-ir in the
medullary chromaffin cells (Tabarin et a!., 1994; Shio-

tani et a!., 1995). The demonstration of PACAP mRNA
in the rat adrenal medulla (Ghatei et ab., 1993) is con-

sistent with a local synthesis of both peptides.
a. EFFECTS ON ZONA GLOMERULOSA. PACAP-38 does not

affect the secretory activity of dispersed human (Neri et
a!., 1996) and rat zona gbomerulosa cells (Andreis et a!.,
1995). However, this peptide stimulates aldosterone se-
cretion ofhuman and rat adrenal slices, containing chro-
maffin cells, the minimal effective concentration of
PACAP-38 being 10_12 M in rats and 108 M in humans

(Andreis et a!., 1995; Neri et a!., 1996). In the rat, aldo-

sterone response is abolished by 106 M PACAP�38, an

antagonist of PACAP-38 (Andreis et a!., 1995). PACAP
enhances the secretion of catecholamines from human

(Neri et a!., 1996) and rat adrenal medulla (Chowdhury
et a!., 1994; Guo and Wakade, 1994), as well as from

cultured cow (Houchi et a!., 1994; Perrin et a!., 1995), pig
(Isobe et a!., 1993) and rat medullary chromaffin cells
(Watanabe et a!., 1992). The effect of PACAP is equipo-

tent on epinephrine and norepinephrine release and is
not blocked by cholinergic antagonists, thereby suggest-

ing that the action of this peptide is direct and not
mediated by the release of acetylcholine (Watanabe et

a!., 1995). More recently, Isobe et a!. (1996) demon-
strated that PACAP, at nr�i concentrations, coordinately
up-regulates gene expression of the catecholamine-syn-

thesizing enzymes in cultured porcine adrenomedullary
cells, by activating both cAMP and protein kinase C

signalling pathways. L-Alprenobol (106 M) reverses,
partially in the rat and completely in humans, aldoste-

rone response of adrenal slices to i0� M PACAP-38

(Andreis et a!., 1995; Neri et a!., 1996). Quarters of

regenerated rat adrenocortical autotransp!ants, de-
prived of chromaffin cells, although displaying an aldo-

sterone response to isoprenaline (10� M), are insensi-
tive to PACAP-38 (Andreis et a!., 1995). Taken together,

these results indicate that the aldosterone secretagogue
action of PACAP is almost exclusively mediated by in-

direct mechanisms involving medulbary catecholamine
release.

b. EFFECTS ON ZONA FASCICULATA-RETICULARIS.

PACAP-38 does not affect glucocorticoid secretion of dis-

persed human and rat inner adrenocortical cells, but it
enhances corticosterone production when rat adrenal
slices, containing medullary chromaffin cells, are used

(Andreis et al., 1995; Neri et a!., 1996). PACAP was

found to increase cortisob secretion in functionally hy-
pophysectomized calves, an effect that may be due, at
least in part, to an enhancement in blood-flow rate (Ed-

wards and Jones, 1994a), and/or an aspecific activation
ofACTH receptors, attributable to the strict homology of
PACAP and VIP.

Evidence is available that shows that PACAP-38 elic-
its gbucocorticoid secretion in rats by stimulating in-

tramedullary CRH-ACTH system. However, whereas
catechobamine-mediated aldosterone response of adre-
nab slices to PACAP already occurs at p� peptide con-

centrations, corticosterone response requires p.M concen-
trations. Andreis et a!. (1995) showed that CIP (106 M)

completely prevents corticosterone secretion elicited by

106 M PACAP-38. It remains to be settled whether this

mechanism may also account for the glucocorticoid re-
sponse to PACAP of bovine adrenals, but it must be
recalled that this peptide has been found to evoke a
sizable release of CRH by calf adrenal glands (Edwards
and Jones, 1994a). In human adrenal slices, Neri et a!.
(1996) did not observe any cortisol response to PACAP-
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38, but only a relatively bow concentration (10_8 M) of
the peptide has been tested. The requirement of �tM

concentrations of PACAP to evoke a sizable glucocorti-

coid response renders the physiological relevance of

these findings very doubtful.

F. Galanin

Galanin is a 29-amino-acid peptide originally isolated
from pig intestine, that is widely distributed in both

central and peripheral nervous systems. Galanin van-
ousby affects smooth-muscle cells, depending on its bo-
calization in the different organs, acting as a local neu-
romodulator of the pancreatic function (for review, see
Bedecs et al., 1995). The cobocalization of galanin with

CRH in paraventricular-nucleus neurons and with
ACTh in pituitary corticotropes (for review, see Merch-

enthaler et a!., 1993), as well as its ability to increase

ACTH and corticosterone plasma levels (Malendowicz et

a!., 1994c), suggest its involvement in the regulation of

the central branch of the HPA axis.

Gabanin-ir was detected by RIA in the fresh adrenal
medulla of humans (Bauer et a!., 1986b), pigs and cats

(Bauer et a!., 1986a; Hoist et a!., 1991), rabbits (Wik-

strom et a!., 1993) and rats (Zenteb et al, 1990; Fischer-
Colbrie et a!., 1992; Mazzoccbi et a!., 1995c). The adrenal
content of galanin, which vanes from 3 pmol/g in hu-
mans to 90-115 pmol/g in pigs and rats, could give rise to
local concentrations ranging from 10_8 to 106 M (see

Section II D). Immunocytochemistry confirmed the pres-

ence of galanin-ir in the medullary chromaffin cells
(Pelto-Huikko, 1989; Zentel et a!., 1990; Ebfvin et a!.,

1994). Gaianin mRNA has also been demonstrated in
the adrenal medulla of cows (ROkaeus and Carbquist,

1988; Rokaeus et a!., 1990; Anouar et al., 1994) and rats
(Anouar and Eiden, 1995).

Evidence of the presence of specific galanin receptors
in the adrenal cortex is not yet available. However,
galanin raises both basal and submaximaily ACTH-

stimulated corticosterone secretion by dispersed rat in-
ner adrenocortical cells, threshold concentration being

i0-� M (Mazzocchi et a!., 1992b). This effect is sup-
pressed by the specific galanin antagonist galantide, but

not by CIP, thereby ruling out the possibility that gala-
nin interferes with ACTH receptors. Aldosterone secre-

tion of dispersed rat zona gbomerulosa cells is not a!-

fected by galanin, that, however, is abbe to enhance both
aldosterone and corticosterone secretion by rat adrenal
slices containing chromaffin cells (Mazzocchi et a!.,
1992b). Galanin increases the release of both mineralo-
and glucocorticoids by in situ perfused pig adrenals
(Hoist et al., 1991), as well as their plasma concentra-
tions in pharmacologically hypophysectomized ACTh-
replaced rats, without inducing changes in natremia,

kabaemia and plasma renin activity (Mazzocchi et a!.,

1992b).
Mazzocchi et a!. (1995d) reported that, in pharmaco-

logically hypophysectomized rats, a 7-day infusion of

galanin causes a marked increase in corticosterone

plasma level and an evident hypertrophy of the zona

fasciculata and its cells; dispersed zona fascicu!ata cells
from galanin-infused animals also show a significant

increase in both basal and maximally ACTH-stimulated

corticosterone secretion. The simultaneous infusion of
galantide completely reverses all the effects of galanin.
The prolonged administration of galantide alone causes

a clear-cut lowering in the level of circulating corticoste-
rone, along with atrophy of zona fascicubata cells and

reduction in their steroidogenic capacity. Taken to-

gether, these findings indicate that endogenous galanin
plays a physiological role in the regulation of the secre-
tion and growth of inner adrenocortical zones in the rat.

G. Neurotensin

Neurotensin is a 13-amino-acid peptide, which exerts

various central and peripheral effects, including hypo-

tension, hypothermia, analgesia and reduced locomotor

activity (for review, see Ferris, 1989). Neurotensin has

been localized in the CRH-secreting paraventricular-
nucleus neurons and pituitary corticotropes (Miyoshi et

a!., 1985; Merchenthaber and Lennard, 1991), and there
is evidence that this neuropeptide is abbe to stimulate

the hypothalamo-pituitary CRH-ACTH system (Nuss-
dorfer et a!., 1992; Rowe et a!., 1995).

Neurotensin-ir has been detected by RIA in the adre-
nab medulla of cows, cats, rabbits, guinea pigs and rats

(Corder et a!., 1982; Lundberg et a!., 1982; ROkaeus et

a!., 1982; Goedert et a!., 1983; Terenghi et al., 1983;

Ferris et a!., 1986; Fischer-Colbrie et a!., 1992), its con-

centration being very high in cats (more than 60 pmol/g)
and low in rats and guinea pigs (1.5 pmol/g). Cytochem-
istry evidenced neurotensin-ir in the medullary chro-

maffin cells ofcats (Pebto-Huikko et a!., 1987) and ham-
sters (Pe!to-Huikko et a!., 1985b).

Neurotensin-specific binding sites have been demon-

strated in the rat adrenals, especially at the cortico-
medullary junction (Goedert et a!., 1984). Mazzocchi et

a!. (1991) provided evidence that neurotensin concentra-
tion-dependently inhibits abdosterone response of dis-

persed rat zona gbomerulQsa cells to both ANG-II and K�
(threshold concentration, i0� M), but not basal or
ACTH-stimulated aldosterone secretion. This finding

may suggest the interference of neurotensin with the
transduction mechanisms of agonist-evoked secrete-
gogue signals involving the rise in the [Ca2�]1. Neuro-
tensin (6 x 10-8 M) was also reported to lower basal, but
not ACTH-stimulated, corticosterone production by dis-
persed rat zona fasciculata-reticularis cells (Malendo-

wicz et a!., 1991). The physiological relevance of the
direct inhibitory effect of neurotensin on rat adrenocor-

tical cells remains to be addressed, inasmuch as it may

be calculated (see Section II D) that the release of in-
trameduliary stored neurotensin can give rise to local
concentrations of the peptide near its minimal effective

ones in vitro.
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Neurotensin, despite its direct (probably phamaco-

logical) inhibitory effect on adrenocortica! cells, was

found to cause a moderate increase in both a!dosterone

and corticosterone release by in situ perfused rat adre-
nals (Hinson et al., 1994a, b). This was associated with a

sizable rise in the flow rate of the perfusion medium

(Hinson et a!., 1994c), which may, at least in part, ac-
count for the increase in corticosterone, but not aldoste-

rone, release. It seems conceivable that in vivo, when the

architecture of the adrenal gland is preserved, some

indirect mechanisms are operative that overcome the

direct inhibitory action of neurotensin on adrenocortical

cells.

H. Calcitonin Gene-Related Peptide and

Adrenomedullin

Calcitonin gene-related peptide (CGRP) is a 37-amino-

acid peptide widely distributed in the central and pe-

ripheral nervous systems. It has been also identified in

nerve fibers to various peripheral organs, especially of

the gastrointestinal tract (for review, see Owyang and
Louie, 1989). Adrenomedullin is a recently discovered
52-amino-acid peptide, originally isolated from human
pheochromocytomas (Kitamura et a!., 1993a, b); rat ad-

renomedulbin has 50-amino-acid residues, with a 2-ami-

no-acid deletion and 6 substitutions compared with hu-
man peptide (Sakata et a!., 1993). The amino acid

sequences of CGRP and adrenomedullin display a slight

homology (Kitamura et a!., 1993a, b), and the competi-

tion of human adrenomedulhin and CGRP for the same
receptor site has been recently demonstrated in the rat
heart and lungs (Owji et a!., 1995). CGRP is a potent
vasodi!ator involved in cardiovascular regulation (Brain
et a!., 1985). Adrenomedullin also exerts a strong and
long-lasting hypotensive effect in rats (Ishiyama et al.,

1993; Gardiner et a!., 1995) and predominantly in-
creases blood flow rate in organs, where its gene is
highly expressed (He et a!., 1995). There is evidence that

the hypotensive effects of adrenomedulbin are, at beast in

part, mediated by CGRP1 receptors (Nuki et a!., 1993;
Eguchi et a!., 1994; Hall et al., 1995).

1. Calcitonin gene-related . peptide. CGRP-positive

nerve fibers have been found in the adrenal cortex of
pigs (Kong et a!., 1989), rabbits (WilcstrOm et al., 1996),

guinea pigs (Heym et a!., 1995) and rats (Kuramoto et
a!., 1987). CGRP-ir has been detected by immunocyto-
chemistry in medullary chromaffin cells of the rat

(Kuramoto et a!., 1987).

Findings indicate that adrenocorticab cells possess

CGRP receptors (Goltzman and Mitchell, 1985). In vitro

studies have shown that CGRP (from i0� to i0� M)

specifically inhibits basal and ANG-II-stimulated aldo-

sterone secretion ofdispersed dog zona gbomerubosa cells

(Murakami et a!., 1989). In the rat, CGRP does not affect
basal aldosterone secretion by dispersed zona gbomeru-
bosa cells, nor does it change corticosterone production
(either basal or agonist-stimulated) by isolated zona fas-

ciculata-reticularis cells (Hinson and Vinson, 1990; Maz-

zocchi et a!., 1996c). However, Mazzocchi et a!. (1996c)
demonstrated that i0� M CGRP inhibits ANG-Il-stim-

ulated abdosterone secretion by rat zona gbomerulosa

cells and that this effect is blocked by CGRP837, an

antagonist of CGRP1 receptors. In vivo studies gave

controversial results that cannot be accounted for exclu-

sively by interspecific differences. CGRP was found to
raise cortisob secretion in hypophysectomized calves

(Bloom et a!., 1989), but to lower aldosterone plasma
concentration in dogs (Murakami et a!., 1989, 1991) and
rats (Mazzocchi et a!., 1992a).

CGRP enhances both aldosterone and corticosterone

release by the isolated perfused rat adrenal gland in

situ, as well as the perfusion-medium flow rate (Hinson

and Vinson, 1990; Mazzocchi et a!., 1996b). This last

effect may explain the gbucocorticoid response, but not

the aldosterone stimulatory effect that overcomes the in
vitro inhibitory action of CGRP. Mazzocchi et a!. (1996b)

showed that the CGRP-evoked rise in abdosterone, but
not glucocorticoid, release by in situ perfused rat adre-

nals is blocked by the simultaneous administration of
L-alprenobol, thereby suggesting that it is mediated by
locally secreted catechobamines.

2. Adrenornedullin. Adrenomedullin-ir has been dem-

onstrated by RIA in the adrenal medulla of humans
(Ichiki et a!., 1994; Satoh et ab., 1995) and rats (Sakata

et a!., 1993, 1994), where its content, ranging from 12 to
50 pmol/g, could produce local concentrations around

io� M (see Section II D). Adrenomedullin-ir has been

also shown in cultures of bovine chromaffin cells (Katoh

et aL, 1994). Washimine et a!. (1995) and Satoh et a!.
(1996) provided the immunocytochemical demonstration

of the presence of adrenomedullin-ir in medullary chro-
maffin cells of humans, pigs and rats. Specific ad-
renomedullin mRNA has been detected in rat medullary

chromaffin cells (Sakata et a!., 1993).
The investigations dealing with the presence of ad-

renomeduffin receptors in adrenals and adrenomedullin

effects on adrenocortica! cells are still scarce. Iwasak.i et
a!. (1996) showed a relative abundance of specific bind-
ing sites for proadrenomedullin N-terminal 20 peptide
in the rat adrenals. Yamaguchi et a!. (1995) reported

that 10b0 M adrenomedullin inhibits ANG-Il- and K�-
stimulated aldosterone secretion of dispersed rat zona

gbomerubosa cells, without apparently affecting either

basal or ACTH-stimulated one; they also showed that

the inhibitory effect of adrenomedullin on zona giomeru-
bosa-cell response to ANG-II is blocked by the Ca2’

ionophore A23187, a finding indicating that ad-

renomedul!in interferes with the agonist-elicited eleva-

tion of [Ca2’11. Mazzocchi et al. (1996c) confirmed those
findings, but observed that the threshold concentration

of adrenomedullin is rather high (10� M); they also
demonstrated that 106 M CGRP837 blocks the ad-
renomedullin effect, which suggests that this peptide
acts via the CGRP1 receptor subtype. No effect of ad-
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renomedullin was found on basal or ACTH-stimulated

corticosterone secretion of dispersed rat inner adreno-

cortical cells.

Mazzocchi et a!. (1996b) showed that adrenomedu!lin
dose-dependently induces a rise in aldosterone and cor-

ticosterone release by the in situ perfused rat adrenal
gland, along with a net increase in the flow rate of the

perfusion medium. The minimal effective dose of ad-
renomedullin that evokes a significant abdosterone re-

sponse was three orders of magnitude less than those
able to cause the corticosterone response and two orders

of magnitude less than those able to cause the medium

flow rate response. As in the case of CGRP, the ad-

renomedullin-evoked rise in aldosterone release by in

situ perfused rat adrenabs is counteracted by the simub-

taneous administration of L-alpreno!o!, a finding
strongly suggesting that adrenomedullin may indirectly

stimulate rat zona gbomeru!osa cells by eliciting cate-

chobamine release. However, it must be noted that there
are indications that proadrenomedul!in N-terminal 20
peptide inhibits catecho!amine secretion from cultures
of bovine adrenomedullary cells (Katoh et a!., 1995;
Niina et al., 1995).

I. Natriuretic Peptide Family

The first member of natriuretic peptide family was

originally discovered in the late 1970s in the secretory
granules of atria! myocytes and was named atriopeptine

or atrial natnuretic factor. Since then, an impressive

mass of investigations demonstrated that atriopeptine,

in addition to its action on the kidney, also possesses

vasodibatatory effects and a potent inhibitory action on
the remn-angiotensin-aldosterone system (for review,
see Cantin and Genest, 1985). Subsequently, atriopep-

tine-like peptides were also found in extra-atria! tissues,
including heart ventricles, brain, pulmonary veins, lung

and endocrine glands. More recently, other two mem-
bers of natriuretic peptide family were isolated from
porcine brain. Thils, this family of peptides consists of at
least three members: atrial natriuretic peptide (ANP),

brain or B-type natriuretic peptide (BNP) and C-type
natriuretic peptide (CNP), with CNP being far less po-

tent than the other two. Specific receptors for natriuretic

peptide have been isolated and characterized: A subtype

(binding potency, ANP = BNP > CNP) and B subtype
(specific for CNP) are coupled to cGMP production,
whereas C subtype (binding potency, ANP = BNP =

CNP) is not coupled to guany!ate cyclase, probably in-

hibits adenylate cyclase and is considered a clearance
receptor (for review, see Rosenzweig and Seidman, 1991;

Levin, 1993).
ANP-ir has been detected by RIA in the adrenal me-

dulla ofhumans (Lee et a!., 1993), cows (Ong et a!., 1987;
Mukoyama et a!., 1988; Okazaki et al., 1989) and pigs
(Duntas et a!., 1993), where its concentration is 1-3

pmollg. ANP-ir has also been demonstrated by immuno-

cytochemistry in the medullary chromaffin cells of rats

(McKenzie et a!., 1985; Inagaki et a!., 1986; Wo!fens-

berger et al., 1995) and guinea pigs (Wo!fensberger et

a!., 1995). ANP mRNA has been detected in the adrenal

medulla of humans (Lee et al., 1993), cows (Gardner et

al., 1986; Nunez et ab., 1990) and rats (Morel et al.,

1988), as well as in cultures of bovine adrenomedullary

cells (Pruss and Zamir, 1987). In situ hybridization stud-

ies revealed that, at least in the rat, ANP is preferen-

tial!y expressed in norepinephrine-containing cells

(Morel et a!., 1988). BNP-ir has been shown by RIA in
the adrenal medulla of humans (Lee et al., 1994) and

cows (De Lean et a!., 1985), where its concentrations

average 0.2 pmol/g and 0.8 pmol/g, respectively. BNP-ir
was also detected in cultures of bovine adrenomedullary

cells, where it was identified with the so-called aldoste-

rone secretion inhibitory factor (Nguyen et a!., 1989).

BNP mRNA has been found by in situ hybridization and

Northern blot analysis in human adrenal medulla (Lee

et a!., 1994). CNP-ir has been demonstrated by RIA in

the adrenal medulla of humans (Totsune et a!., 1994),
where its concentration is about 0.5 pmollg. It is also

synthesized and secreted by bovine chromaffin cells cub-

tured in vitro (Babinski et a!., 1992). CNP protein and
mRNA have been evidenced by immunocytochemistry

and reverse transcription pobymerase-chain reaction
(RT-PCR) in the zona gbomerubosa of cow (Kawai et al.,

1996) and rat adrenals (Minamino et ab., 1993). These
techniques, however, did not allow us to ascertain

whether CNP is contained in the zona glomeru!osa cells

or in the medulbary chromaffin cells scattered in the
zona gbomerulosa.

1. Effects on zona glomerulosa. Mammalian zona gb-
meru!osa cells possess specific receptors for the three

members of the natriuretic peptide family, and most
evidence indicates that the activation of the A and B
receptor subtypes inhibits both basal and agonist (espe-

cial!y ANG-II)-stimulated a!dosterone secretion with the

threshold concentration being in the n� range (for re-

view, see Hawata et a!., 1991; Ganguly, 1992). Natri-

uretic peptides seem to impair Ca2� influx into the zona
g!omerubosa cells through a selective action on the volt-

age-dependent Ca2� channels (Barret et al., 1991; Lot-
shaw et a!., 1991b; and for review, see Ganguby 1992).

The inhibitory action of natriuretic peptides affects the

early steps of the steroidogenic pathway, the transport
of cholesterol to the mitochondria and/or the intramito-
chondrial conversion of cholesterol to pregnenolone. Ac-
cording to Matsuoka et a!. (1987), the mechanism of

transduction of the inhibitory signal of AMP does not

involve the activation ofthe guanylate cyclase. However,

Kawai et a!. (1996) reported that CNP concentration-

dependently raises basal cGMP release by cultured bo-
vine zona g!omeru!osa cells and inhibits ACTH-induced
increase in cAMP and a!dosterone release, a finding
indicating that this peptide acts by both stimulating

guanylate-cyc!ase and suppressing adeny!ate-cyclase ac-
tivity. The prolonged ANP administration has been also
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shown to specifically inhibit the growth and steroido-

genie capacity of adrenal zona gbomerulosa in RAS-sup-
pressed rats (Rebuffat et a!., 1988). All the aforemen-

tioned findings are compatible with the view that

natriuretic peptides act as true hormones, reaching
their target cells via the systemic circulation. However,
the involvement of intramedullary natriuretic peptides
in the paracrine control of the cortex function seems to
be very probable, based on the following considerations.

The minimal concentrations of natriuretic peptides that
are able to affect in vitro zona gbomerubosa cells are in

the n.M range, whereas their plasma levels are about one

or two orders ofmagnitude less (for review, see Ganguly,
1992). It may be calculated (see Section II D) that the
intra-adrenal release of the three natriuretic peptides

may assure local concentrations of 107/106 M, which

are well above their minimal effective ones in vitro.
Before concluding, it must be recalled that natriuretic

peptide receptors of the A subtype are present in bovine
medullary chromaffin cells (Heisier and Momer 1988;

Niina et a!., 1996) and that natriuretic peptides inhibit
meduliary catecholamine release in cows (Fernandez et

a!., 1992; Babinski et al., 1995), dogs (Holtz et a!., 1987)

and rats (Vatta et a!., 1994). Evidence is also available

showing that natriuretic peptides inhibit kidney renin

release (Obana et a!., 1985; Tagaki et a!., 1988; Ishi-

mitsu et a!., 1992) and endothelin secretion of cultured
endothelia! (Hu et a!., 1992), mesangial (Kohno et a!.,

1993) and smooth-muscle cells (Bokemeyer et a!., 1994).
Hence, the possibility that the inhibition of both intra-

adrenal RAS and endothelin release may concur to the
antiadrenogbomerubotropic action ofnatriuretic peptides
has yet to be explored.

2. Effects on zona fasciculata-reticularis. The possible
effects of natriuretic peptides on the zona fasciculata

and glucocorticoid secretion are more controversia!. Al-
though most studies did not report any effect (for review,

see Cantin and Genest, 1985; Ganguly, 1992), specific
ANP receptors have been demonstrated in the zona fas-
ciculata cells of cows (Higuchi et a!., 1986a) and rats
(Mulay et a!., 1995), and evidence is available that ANP
and BNP depress basal and especially ACTH-stimulated
glucocorticoid secretion of in vitro cultured inner adre-

nocortica! cells ofhumans (Higuchi et a!., 1986b; Naruse
et a!., 1987; Carr and Mason, 1988) and cows (DeL#{233}anet

a!., 1984a; Hashiguchi et a!., 1988; Hawata et a!., 1991).
The threshold concentration, ranging from i0� to i0�

M, is well below that which natriuretic peptide can bo-

cabby attain upon stimulation of their release from chro-

maffin cells.

J. Summary

The main action of intramedubiary CRH appears to be
the paracrine/autocrine stimulation of ACTH release by
chromaffin cells, the intramedullary CRH-ACTH system
being mainly (if not exclusively) involved in the mainte-

nance and stimulation of the secretion and growth of

inner adrenocortical zones. The direct steroidogenic ef-

feet of CRH is doubtful and, in any case, mainly related

to its effect on adrenal blood flow. AVP, acting via phos-
pholipase C-coupled receptors, plays an important and

direct role in the maintenance and stimulation of the

zona gbomerulosa growth and minera!ocorticoid secre-
tion. AVP also stimulates glucocorticoid secretion and

the growth of zona fasciculata, probably by activating
intramedullary CRH-ACTH system; however, the phys-.

iobogica! relevance of this last action ofAVP is question-
able. Oxytocin directly stimulates basal steroid secretion

of adrenocortical cells, but it inhibits ACTH-induced
gbuc#{243}corticoid secretion in rats. SRIH, acting via specffic

receptors that interfere with the intracellular mecha-

nisms transducing ANG-II signals, exerts a direct and

specific inhibitory action on the zona gbomerulosa that

seems to have a notable physiological relevance, inas-
much as the prolonged administration of SRIH antago-

nists enhances zona gbomerulosa growth and secretory
capacity. TRH specifically and directly inhibits the bate
steps of glucocorticoid synthesis in the rat.

Enkepha!ins exert a direct stimulatory action on the
secretion and growth of the adrenal cortex that seems to

be mediated by �t opioid receptors. Whether this effect of
enkepha!ins is modulated by their inhibitory action on
catecholamine release by chromaffin cells and to which

extent their in vivo glucocorticoid secretagogue effect
may be related to the increase in adrenal blood flow

remain to be explored. �-endorphin seems to directly

inhibit giucocorticoid secretion of inner adrenocortical

zones, at least under physiological conditions. Dynor-

phin directly inhibits steroidogenesis of rat adrenocorti-
cal cells by specifically impairing 21-hydroxylase activ-

ity.
The direct effect of tachykinins on adrenocortical cells

is probably pharmacological in nature. Substance P is

likely to play a physiological role in the maintenance

and stimulation of the secretion and growth of zona
gbomerulosa by enhancing catechobamine release from

medu!lary chromaffin cells. Neuropeptide K stimulates
glucocorticoid secretion of inner adrenocortical zones by
activating the intramedullary CRH-ACTH system. Neu-

romedin U-8 seems to indirectly enhance the secretion of

the cortex both by activating the intramedullary CRH-
ACTh system and by eliciting the release by chromaffin

cells of a hypothetical factor specifically stimulating the

late steps of a!dosterone synthesis.
Pancreatic polypeptide, at n.M concentrations, directly

enhances glucocorticoid secretion in rats and probably
plays a major role in the adrenal response to hypoglyce-
nile stress. Peptide YY, at p.M concentrations, directly
depresses aldosterone secretion, but this effect appears
to be pharmacological in nature. Intramedullary neu-
ropeptide Y is involved in the fine-tuning of zona gb-
merulosa secretion under physiological or pathophysio-

logical conditions requiring a rather elevated release of

abdosterone. The mechanisms are both direct and indi-
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rect, the latter involving the stimulation of catechol-

amine release by meduliary chroma.ffin cells or adrener-

gic fibers. Endogenous neuropeptide Y does not play a

prominent role in the physiological maintenance of the

growth and secretory capacity of the zona glomerubosa,

at least in the rat. The effects of neuropeptide Y on the
inner adrenocortical zones are doubtful and pharmaco-

logical in nature, and the in vivo glucocorticoid response

to this peptide appears to be related to its vasodilatory
effect.

Intramedullary VIP is involved in the physiological

regulation of zona gbomerulosa functions. The acute a!-

dosterone secretagogue effect is either direct or indirect

and mediated by the stimulation of medulbary catechol-

amine release, whereas the long-term trophic effect is

only direct via specific receptors on zona gbomerubosa

cells. VIP may a!so aspecifica!ly activate ACTH recep-
tors located on both outer and inner adrenocortical cells;

however, under normal conditions, this action is masked

by circulating ACTH, which tonically activates such re-
ceptors. The glucocorticoid response to VIP, observed in
rat adrenals perfused in situ, is indirect and must prob-

ably be ascribed to its vasodilatory action. PACAP stim-

ulates both minera!ocorticoid and glucocorticoid secre-

tion indirectly, by eliciting catecholamine release by

medul!ary chromaffin cells and by activating the in-
tramedulbary CRH-ACTH system, respectively; the

physiobogica! relevance of this last effect of PACAP is

very doubtful.

Intrameduilary ga!anin seems to be directly involved

in the maintenance and stimulation of the secretion and

growth of inner adrenocortical zones. It also exerts an
indirect a!dosterone secretagogue effect, the mechanism

and physiological relevance of which remain to be ascer-

tamed. Neurotensin directly inhibits aldosterone secre-

tion of zona gbomerubosa cells through its receptor-me-

diated interference with the transduction mechanisms

of agonists raising [Ca2�]�, but this effect is probably

pharmacobogica! in nature. When the integrity of the

adrenal structure is preserved, neurotensin increases

both minerabo- and glucocorticoid secretions, an effect
that may be at beast partly rebated to the increase in the

gland blood flow.
CGRP and adrenomedulhin exert a direct inhibitory

effect on the ANG-II-stimulated aldosterone secretion of
zona gbomerubosa cells that is mediated by a common

receptor of the CGRP1 subtype; the activation of this

receptor interferes with the agonist-stimulated redistri-

bution ofintracellular Ca2�. The physiological relevance

of these effects of CGRP and adrenomedullin is ques-

tionable, because these effects can be observed only at

very high concentrations of the peptides. CGRP and

adrenomedullin enhance both minerabo- and glucocorti-
coid release from in situ perfused rat adrenals, via mech-

anisms overcoming their direct inhibitory effects, prob-
ably involving a release of catecholamine by medullary

chromaffin cells and an increase in adrenal blood flow,
respectively.

Intramedullary natriuretic peptides exert a physiobog-

ically relevant direct receptor-mediated inhibition of the

secretion and growth of zona gbomerulosa that appears

to involve a selective impairment of voltage-dependent
Ca2� channels, as well as the activation of guanylate

cyc!ase and the inhibition of adenylate cyclase. Their

effect on glucocorticoid secretion is rather controversial.
Probably, natriuretic peptides may also indirectly affect
the function of the cortex by inhibiting catecho!amine
release by medullary chromaffin cells and perhaps by
depressing intra-adrenal RAS and endothelin secretion.

VI. Control of the Secretion of Intramedullary

Regulatory Molecules

Sp!anchnic nerves are certainly the main regulators of

the function of adrena! medulla. Their basal or stress-
induced activity has been found to modulate not only

catecholamine release, but also the synthesis and secre-
tion of many intramedullary regulatory peptides. How-
ever, although far less investigated, other regulatory
mechanisms appear to be involved.

A. Splanchnic Nerve Activation

Sp!anchnic-nerve activation elicits the release of cat-

echolamines by medullary chromaffin cells and raises
the rate of corticosteroid secretion in various species,

including calves, sheep, pigs and dogs. Conversely,

splanchnotomy depresses the secretory response of ad-

renal cortex to its main agonist ACTH (Edwards et a!.,
1986; Edwards and Jones 1987a, b; Engeland and Gann

1989; Bornstein et a!., 1990b). Charlton (1995) recently
proposed that noradrenergic innervation and epineph-

rine and norepinephrine are responsible for the control
of basal steroid secretion ofthe adrenal cortex; however,

this hypothesis appears to conflict with most evidence
showing that no relevant alterations in the basal levels

of circulating corticosteroid hormones occur in splanch-

notomized animals. Splanchnic-nerve activation has
been reported to stimulate the release and/or co-release

with catecholamines of many other intramedullary reg-
ulatory molecules, that in turn may directly or indirectly

stimulate or inhibit steroid secretion.
1. Dopamine and serotonin. Indirect evidence suggests

that splanchnic-nerve fibers stimulate dopamine release
by chromaffin cells. Electrical field stimulation of the in
situ perfused rat adrenal gland lowers aldosterone se-
cretion (see Section III B), and this effect is blocked by

the dopamine-receptor antagonist haloperidol (Porter et

al., 1992). Findings are also available indicating that
serotonin is co-released with catecholamines upon
splanchnic-nerve activation in rats (Brownfield et a!.,

1985).
2. Regulatory peptides. Splanchnic-nerve stimulation

elicits the adrenal release of (a) CRH in cows (Edwards

and Jones, 1988) and dogs (Bruhn et a!., 1987b); (b)
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enkepha!ins in cows (Bloom et a!., 1987b) and dogs

(Hexum et al., 1980a; Damase-Michel et a!., 1993); (c)

substance P in rats (Fischer-Co!brie et a!., 1992); (d)

neuropeptide Y in cows (Allen et ab., 1984), dogs (Briand

et a!., 1990a; Damase-Miche! et a!., 1993) and cats (Lun-
dberg et a!., 1986b); (e) VIP in cows (Bloom et a!., 1987b);

(I) galanin in pigs (Ho!st et a!., 1991); (g) neurotensin in

cats (R#{246}kaeus et a!., 1982; Ferris et a!., 1986; Gaumann
et a!., 1989b) and rats (Fischer-Colbrie et a!., 1992); and
(h) ANP in pigs (Duntas et a!., 1993). The innervation

may also modulate gene expression of some intramedub-

lay regulatory peptides. Splanchnotomy was found to

increase adrenal content of enkephalin-ir, substance
P-ir and neuropeptide Y-ir in cows and rats (Lewis et a!.,
1981; Fleminger et a!., 1984; Hinson and Kapas, 1996),

as well as enkephalin and neuropeptide Y mRNAS in
rats (Kilpatrick et a!., 1984; Scha!ling et a!., 1991; He-

nion and Landis, 1992; Dc Cristofaro et a!., 1993). Insu-
lin-induced reflex splanchnic-nerve stimulation evokes a

rapid (4 h) and long-lasting (6 days) increase in galanin
mRNA in rat adrenal medulla (Anouar and Eiden,
1995). Nicotiic activation elicits the co-release of cat-

echolamines and adrenomedulhin (Katoh et a!., 1994) or

neuropeptide Y in rats (Shimoda et a!., 1993); moreover,
it stimulates the release ofANP (Mukoyama et a!., 1988;

Nguyen et a!., 1988, 1990) and BNP by cultured bovine

medullary cells, BNP response being significantly

higher than that of ANP (Nguyen et a!., 1990). Reser-

pine enhances the release by medullary chromaffin cells
of neuropeptide Y in cats (Lundberg et a!., 1986a) and
guinea pigs (Nagata et a!., 1987), as well as gene expres-
sion of this peptide in rat adrenal medulla (Higuchi et
a!., 1990; Schal!ing et al., 1991). -y-Aminobutyric acid
(GABA) and conceivably GABA-ergic fibers raise the
release ofenkephalins by dog adrenal medulla (Fujimoto
et ab., 1987), and GABA antagonists inhibit thyrotropin-
releasing hormone (TRH) secretion of rat chromaffin
cells (Mitsuma et a!., 1987b).

B. Stressful Conditions

Various types of stresses elicit enkephalin release by

adrenabs in dogs (Damase-Michel et a!., 1994) and rats
(Jarry et a!., 1985). Hemorrhage raises adrenomedullary

secretion of CRH in dogs (Bruhn et al., 1987a), of en-
kepha!ins in dogs (Engeland et a!., 1986) and cats (Gau-
mann et al., 1987, 1989a), and ofneuropeptide Y in dogs
(Briand et a!., 1990b). Exercise causes the cosecretion of

catechobamines and neuropeptide Y in humans (Lund-

berg et a!., 1985; Taylor, 1989), and lipopobysaccharide-

evoked inflammatory responses enhance pro-enkepha!in

gene expression in the rat adrenals (Behar et a!., 1994).

C. Other Possible Mechanisms

Dopamine appears to inhibit TRH release by rat ad-
renal glands (Mitsuma et al., 1987a). ANG-Il and potas-
sium raise enkephalin content in the adrenal medulla of

cows (Siegel et a!., 1985; Suh et a!., 1992), and, in this

species, potassium stimulates adrenal release of both
ANP and BNP (Nguyen et a!., 1990). Substance P and

VIP increase adrenal medulla content of enkephabins in

sheep (Wilson, 1987), and substance P infusion inhibits
acetylcholine-induced enkephalin release by the adrenal

glands of pharmacologically hypophysectomized calves
administered maintenance doses of ACTH (Edwards
and Jones, 1994b). Finally, g!ucocorticoids raise the
medullary content of enkephalin in rats (Inturrisi et a!.,

1988; Aboyz et a!., 1992; Henion and Landis, 1992), but

lower the medullary neuropeptide Y mRNA and protein

content in this species (Laborie et a!., 1995). However,
hypophysectomy does not alter neuropeptide Y mRNA

and protein content in the rat adrenal medulla (Fischer-
Colbrie et a!., 1988). Although endothelins are corn-
monby found to stimulate the secretion of natriuretic

peptides (for review, see Rubanyi and Pobokoff, 1994),
low doses of endothe!in-1 inhibit ANP secretion in the

rat (Shirakami et al., 1993). Hence, it is possible that
blockade of the synthesis and release of intramedul!ary
natriuretic peptides may take a part in the adrenogbo-
merulotropic action of endothelins.

D. Summary

The main modulators of the release of intramedullary
regulatory molecules are sp!anchnic nerves: this has

been demonstrated not only for catecho!amines, but also
for serotonin, CRH, enkephalins, neuropeptide Y, VIP,
galanin, neurotensin, natriuretic peptides, and perhaps
adrenomedullin and TRH. Several stressful conditions
also raise the release by medulbary chromaffin cells of
CRH, enkephalins and neuropeptide Y.

Vu. The Possible Involvement of the Cortico.
Medullary Paracrine Interactions in the

Pathophysiobogy of the Adrenal Gland

Some data suggest that the cortico-medullary para-

crine interactions can play a role in the pathogenesis of
some diseases.

Neuropeptide Y potentiates the vasoconstriction in-
duced by several agonists, including catecholamines,

and is thought to be involved in the development of some
forms of human hypertension, where there is not a tight
direct correlation between intramedullary content and
plasma concentration of neuropeptide Y-ir (Michel and
Rascher, 1995). This peptide is co-released with norepi-
nephrine by human pheochromocytomas upon ANG-Il

exposure (Grouzmann et a!., 1994). Because pheochro-
mocytoma patients frequently display high levels of cir-

culating neuropeptide Y-ir (Tabarin et al., 1992), Grouz-
mann et a!. (1994) hypothesized that RAS (also the

intra-adrenal one?) elicits neuropeptide Y secretion by

tumors possessing ANG-Il receptors, thereby contribut-
ing to trigger hypertensive crisis.

Human pheochromocytomas synthesize and secrete,
in addition to catecholamines, several regulatory pep-

tides, which are abbe to affect the secretion and growth of
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the adrenal cortex. RIA and immunocytochemical stud-
ies demonstrated the presence in chromaffin cells of

pheochromocytomas ofPOMC-derived peptides (Oishi et

a!., 1992), SRIH-ir (Osarnura et a!., 1987; Oishi et a!.,

1992), enkepha!in-ir (Osamura et a!., 1987; Parmer
and O’Connor, 1988; Oishi et a!., 1992), tachykinin-ir

(Bucsics et a!., 1981), neuropeptide Y-ir (Lundberg et ab.,
1986c; Osamura et a!., 1987; Grouzmann et a!., 1994),
VIP-ir (Oishi et a!., 1992), PACAP-ir (Takahashi et ab.,
1993), ga!anin-ir (Bauer et al, 1986b), CGRP-ir (Con!on

et a!., 1989), adrenomedublin-ir (Kitamura et a!., 1993a,

b; Kuwasako et al., 1995; Satoh et a!., 1995) and natri-
uretic peptide-ir (Chien et al., 1990; Totsune et a!.,

1994). The presence in pheochromocytomas of the spe-

cific mRNAS ofprepro-CRH (Usui et a!., 1988; Liu et al.,

1994), POMC (Liu et al., 1994), enkephabins (Konoshita

et a!., 1994), f3-endorphin (De Bold et a!., 1988), neu-
ropeptide Y (Higuchi et a!., 1994; Senanayake et ab,
1995), CGRP (Conlon et a!., 1989) and adrenomedullin

(Kitamura et a!., 1993b) has also been detected by both
biochemical and in situ hybridization techniques. Most

of the regulatory molecules expressed by human pheo-
chromocytomas are able to stimulate the secretion and

growth of the cortex and especially of the zona g!omeru-

bosa (see Section V). Hence, these findings may explain

the pathophysiobogica! basis of some cases of Conn’s

adenomas or idiopathic primary aldosteronism associ-

ated with secreting pheochromocytomas (Wajiki et aL,
1985; Inoue et a!., 1986; Gordon et a!., 1994; Tan et a!.,
1996).

VIII. Conclusions and Perspectives

Since the discovery in the early 1980s that adrenal
medulla contains and releases, in addition to cat-

echolamines, many other regulatory molecules, a huge
mass of data has been accumulated indicating that med-

ullary chromaffin cells exert a paracrine control on the

function and growth of the adrenal cortex. These regu-
latory molecules may exert stimulatory or inhibitory
effects, act directly or indirectly on the cortex, and spe-

cificably affect the function of the zona gbomerubosa or

zona fasciculata-reticularis. Stimulatory molecules in-
dude epinephrmne and norepinephrine, serotonin, CRH-
ACTH, AVP, oxytocin, enkephalins, some tachykinins,
neuropeptide Y, pancreatic polypeptide, VIP, PACAP
and gabanin. Inhibitory molecules include dopamine,
SRIH, TRH, fJ-endorphin, dynorphin, peptide YY and
natriuretic peptides. Neurotensin, CGRP and ad-

renomedulbin appear to exert direct iibitory and mdi-

rect stimulatory effects.
Despite these extensive experimental investigations,

the physiological and pathophysio!ogical relevance of

the paracrine control of the cortex by adrenal medulla
largely remains to be established. Available findings
cast doubts about the possibility that rnedullary chro-
maffin cells play a major role in the fine-tuning of the

cortex function under basal conditions, at least in the

rat. Animals bearing adrenocortical autotranspbants,

deprived of chromaffin cells, respond normally to ACTH

and ANG-II and exhibit only moderately reduced basal
levels of circulating minerabo- and glucocorticoids; these

levels may be accounted for, at least in part, by the
reduced, moderately low adrenocortical tissue mass.

These findings are consistent with those obtained in the
rat (Okamoto et al., 1992), in patients bilaterally adre-
nalectomized for Cushing’s disease (Demeter et ab.,

1990) and with Addison’s disease transplanted with em-

bryonic adrenal tissue (Patnio and Fenn, 1993). It is
conceivable that, under basal conditions, the stimula-

tory and inhibitory paracrine effects exerted by adrenal

medulla on the cortex are in balance and annul each

other. This contention entails that each experimental
procedure altering such a balance should be able to

evoke sizable effect on the cortex function. In fact, the
physiological involvement of regulatory peptides in the
maintenance of the cortex function appears to be sug-

gested by experiments demonstrating that the pro-
longed administration of specific antagonists of such

peptides induces marked alteration in the secretion and
growth of the cortex. At present, this has been shown for

the intramedullary CRH-ACTH system and galanin, as
far as zona fasciculata-reticularis is concerned, and for

AVP, SRIH, substance P and VIP, as to the zona gb-

merulosa.

The paracrine control ofthe cortex by adrenal medulla

may become fully evident under various paraphysio!ogi-

cab or pathological conditions, such as the following:

. Severe impairment of normal extra-adrenal mech-

anisms controlling the cortex function. A good ex-
ample of this possibility stems from the experi-
ments showing that in hypophysectomized rats, the

intramedullary CRH-ACTH system undergoes a po-

tent activation (see Section N).

. Increased need of steroid production (e.g., during
inflammatory, physical or emotional stresses). Evi-

dence indicates that the adrenal gland synthesizes

and releases interbeukins (Murakami et a!., 1993;
Gadient et a!., 1995; Gonzales-Hernandez et a!.,
1994, 1995; Judd and Ritchie, 1995), as well as

expresses interleukin receptors and their endoge-
nous antagonists (Gadient et a!., 1995; Schultzberg
et a!., 1995). Hence, it is very tempting to hypoth-
esize that inter!eukins, locally produced during in-
flammatory or immune responses, may directly

stimulate glucocorticoid secretion by activating cat-

echolamine release (see Section III A) and/or the

intramedullary CRH-ACTH system (see Section

N). This contention received support by a recent

study of You-Ten et a!. (1995), who showed a 5ev-
erab-fo!d increase in POMC mRNA by RT-PCR and
detected high mRNA levels for murine prohormone
convertase 1 (the enzyme that cleaves POMC into
ACTH) in the adrenal gland of mice undergoing
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graft-versus-host disease; accordingly, plasma cor-

ticosterone concentration remains elevated in dis-

eased mice compared with syngenic controls, de-

spite the decreased level of circulating ACTH.
Intrameduliary galanin appears to play a crucial

robe in mediating glucocorticoid response to the in-
sum-induced hypoglycemic stress (Fischer-Cobbne
et a!., 1992; Anouar and Eiden, 1995), and the same
seems to be true for pancreatic polypeptide (Maz-
zocchi et a!., 1995c), substance P and neurotensin
(Fischer-Colbrie et a!., 1992). There is indirect evi-

dence that intramedulbary neuropeptide Y may be

somehow involved in the maintenance ofbbood pres-

sure, not only by acting on systemic blood vessels,

but also by stimulating mineralocorticoid secretion.

Conversely, Higuchi et al. (1993) demonstrated a
marked decrease in neuropeptide Y mRNA in spon-

taneously hypertensive rats during the early stage

of development of the hypertension, as compared
with age-matched Wistar-Kyoto controls. They hy-

pothesized the existence of a compensatory mecha-
nism, aimed at reducing the stimulatory action of
neuropeptide Y on the zona giomerulosa. Glucocor-

ticoids decrease intramedullary neuropeptide Y
mRNA, whereas metyrapone (an inhibitor of 11/3-
hydroxylase) increases it (Laborie et a!., 1995), a

finding suggesting the existence ofan intra-adrena!

feedback mechanism regulating neuropeptide Y
synthesis and release.

. When an excess of steroid production has to be

counteracted. A good demonstration ofthis possibil-

ity stems from the investigations ofLee et a!. (1993,
1994) showing that in the adrenal medulla of hu-
man patients with primary aldosteronism, ANP

and BNP protein and mRNA content is higher than
in the medulla of glands obtained from kidney do-
nors.

In bight ofthese considerations, it is my beliefthat one

of the most exciting challenges for the investigators of
the physiology of the adrenal gland will be the full un-
derstanding of the mechanisms whereby the synthesis
and release of the intrameduliary regulatory molecules

are differentially regulated to face the various physio-
logical and physiopathobogical conditions of increased or

decreased demand of steroid hormones. Many formida-

ble problems must be addressed in the next years,

among which I wish to mention the following:

S Are there intraglandular negative feedback mecha-

nisms allowing, under normal conditions, the main-
tenance of the balance between the cortical effects
of intramedulbary stimulatory and inhibitory mole-
cubes?

. Can adrenal medulla selectively tune the release of
the different cortical hormones (eg., is it able to
enhance mineralocorticoid secretion and simulta-

neously depress glucocorticoid release)?

I Are splanchnic-nerve fibers specifically sorted to

stimulate or inhibit discrete pools of medullary

chromaffin cells, each of which secretes one or more

regulatory molecules?

I How does the central nervous system selectively
control splanchnic-nerve fiber outflow to evoke the
release by chromaffin cells of specific regulatory
molecules?

The answer to these and many other basic questions,
along with the continuous development of new potent

and selective agonists and antagonists of intramedul-
lary regulatory molecules, will not only open new fron-

tiers in our knowledge of adrenal cytophysiology, but,

more importantly, will shed bight on new perspectives in

the therapy of adrenal diseases.

REFERENCES

ADAMS, M., AND BOARDER, M. It: Secretion of [metjenkephalyl-Arg�-Phe7-
related peptides and catecholamines from bovine adrenal chromaflin cells:
modification by changes in cyclic AMP and by treatment with reserpine.
J. Neurochem. 49i 208-215, 1957.

AGUILERA, G., HARWOOD, J. P., AND CArr, K. J.: Somatostatin modulates the
effects of angiotensin II in adrenal glomenilosa zone. Nature (Lond.) 292:
262-263, 1981.

AGUILERA, G., MiLL4�N, M. A., HAUGER, R. L, 4�w CATF, K. J.: Corticotropin-
releasing factor receptors: distribution and regulation in brain, pituitary

and peripheral tissues. Ann. NY Acad. Sd. 512: 48-66, 1987.
AGUILERA, G., PARKER, D. S., �trm CATr, K J.: Characterization of somatostatin

receptors in the rat adrenal glomerulosa zone. Endocrinology 111: 1376-
1384, 1982.

AKIL, H., WATSON, S. J., YoUNG, E., LEwIs, M. E., Kn�crr�Tum�N, H., �wn
W�.LKER, J. M.: Endogenous opioids: biology and function. Annu. Rev. Neu-
maci. 7: 223-255, 1984.

ALLEN, J. M., Binciw.t, P. M. M., BLooM, S. R., � EDWARDS, A. v.: Release
of neuropeptide Y in response to splanchnic nerve stimulation in the con-
scious calf. J. Physiol. (Lond.) 354: 401-406, 1984.

AL0Y1, R., VINDROLA, 0., VmA, M. I. R., KLEin, M. C., FINKIELMAN, S., �m
NAHMOD, V. E.: Early complete maturation of proenkephalin processing
induced by dexamethasone in the adrenal gland of neonatal rats. Neuroen-
docrinology 56: 758-796, 1992.

AMENTA, F., Cm�r’mussI, L, MANcmn, M., P.1cc:, A., 5cHENA, M., �ND VEOLIO,
F.: Pharmacological characterization and autoradiographic localization of
dopamine receptors in the human adrenal cortex. Eur. J. Endocrinol. 131:
91-96, 1994.

AMENTA, F., AND Ricci, A: Autoradiographic localization ofdopamine D2-like
receptors in the rat adrenal gland. Cliii. Exp. Hypertens. Part A Theory
Pract. 17: 669-688, 1995.

ANDREIS, P. G., BELL0NI, A. S., CAVALLINI, L., MAzzoccm, 0., 4�m NussnoR-
PER, G. G.: Evidence that long-term administration of a methionine-en-
kephalin analogue 8tlmulates the growth and 8teroidogernc capacity of rat
inner adrenocortical cells. Neuropeptides 12: 165-170, 1988.

ANDREIS, P. G., MALENDowIcz, L K, BELL0NI, A S., �u�w NussDosnn, G. G.:
Effects ofpituitary adenylate cyclase-activating peptide (PACAP)on the rat
adrenal secretory activity-� preliminaryin vitro studies. Life Sd. 56: 135-142,
1995.

ANDREI5, P. G., NEiu, G., BELL0NI, A. S., M�zzoccm, G., �m NussnosnR, G.
G.: Interleukin-1� enhances corticosterone secretion by acting directly on
the rat adrenal gland. Endothnolo� 1291 53-57, 1991a.

ANDREIS, P. G., NEIU, G., M�zzoccm, G., MusA.,o, F. G., �r�m NussDosna, G.
G.: Direct aecretagogue effect of corticotropin-releasing factor on the rat
adrenal corteL the involvement ofthe zona medullaris. Endocrinology 131:
69-72, 1992.

ANDREIS, P. G., NEIu, G., �iw NussuoRraR, G. G.: Corticotropin-releasing
hormone (CRH) directly stimulates corticosterone secretion by the rat ad-
renal gland. Endocrinology 125: 1198-1200, 1991b.

ANDREIS, P. G., TowroRzLL�, C, AND NUSSDORFER, G. G.: Pancreatic polypep-
tide stimulates corticosterone secretion by isolated rat adrenocortical cells.
Life Sd. 53: 1353-1356, 1993.

ANG, v. T. Y., �Ni JENKINs, J. S.: Neurohypophysial hormones in the adrensi
medulla. J. Cliii. Endocrinol. Metab. 58: 688-691, 1984.

AN0uAR, Y., �tND EmaN, L E.: Rapid and long-lasting increase in galanin
mRNA levels in rat adrenal medulla following insulin-induced reflex
splanchnic nerve stimulation. Neuroendocrinology 62: 611-618, 1995.

AN0uAR, Y., M�cAnmuR, L., CoHEN, J., IACANGELO, A. L, �ND EIDEN, L E.:
Identification of a TPA-responsive element mediating preferential transac-

 at T
ham

m
asart U

niversity on D
ecem

ber 2, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


CORTICO-MEDULLARY INTERACTIONS IN ADRENALS 521

tivation ofthe galanin gene promoter in chromaffin cells. J. Biol. Chem. 289
6823-6831, 1994.

AREFoI�ov, V. A�, DMmuEv, A. D., TENN0v, A. V., �ND VAL�DMAN, A. v.
Immunochemical demonstration ofpro-opiomelanocortin peptide fragmenta
(7-beta, endorphin and ACTH) in rat and mouse adrenals. Bull. Exp. Biol.
Med. 101: 474-477, 1986.

ARIMURA, A., �ND Sm0DA, S.: Pituitary adenylate cyclase-activating polypep-
tide (PACAP) and ito receptors: neuroendocrine and endocrine interactions.
Front. Neuroendocrinol. 16, 53-88, 1995.

ARIMURA, A., SOMOGYVARI-VIGH, A., M1YATA, A., MIzuNo, K, Coy, D. H., �r’m
KITADA, C.: Tissue distribution of PACAP as determined by RIA: highly
abundant in the rat brain and testes. Endocrinology 129: 2787-2789, 1991.

AuBER’r, J. F., WALKER, P., Gn0uzMANN, E., NUSSBERGER, J., BRUNNER, H. R.,
AND WAEBER, B.: Inhibitory effect of neuropeptide Y on stimulated renin
secretion of awake rats. Clin. Exp. Pharmacol. Physiol. 19: 223-228, 1992.

BAmNsIU, K, FETHIERE, M., DE LEAN, A., �ND ONG, H.: C-Type natriuretic
peptide in bovine chromaffin cells: the regulation of its biosynthesis and
secretion. FEBS Lett. 313: 300-302, 1992.

BABINSIa, K, HADDAD, P., VALLERAND, D., McN:coLL, N., DE L�AN, A., �ND

ONG, H.: Natriuretic peptides inhibit nicotine-induced whole-cell currents
and catecholamine secretion in bovine chromaffin cells: evidence for the
involvement ofthe atrial natriuretic factor R(2) receptors. J. Neurochem. 64:
1080-1957, 1995.

BACHER, B., WANG, X, �n HOLLT, V.: Regulation of proenkephalin gene
expression in cultured bovine chromaflin cells. Regul. Pept. Suppl. 1: S171-
S172, 1994.

BAGDy, G., CALOGERO, A E., SzEMEREDI, K, Csaousos, G. P., �n GoLD, P. W.:

Effect of cortisol treatment on brain and adrenal corticotropin-releasing
hormone (CRH) content and other parameters regulated by CRH. Regal.
Pept. 31: 83-92, 1990.

� T., ENYsDI, P., SPAT, A., �ND ANTONI, F. A.: Presser-type vasopressin

receptors in the adrenal cortex: properties ofbinding effects on phosphoino-
aitide metabolism and aldoeterone secretion. Endocrinology 117: 421-423,
1985.

B�ana’rr, P. Q., Is.�zs, C. M., BOLLAG, W. B., 4�m McC�Rmy, R. T.: Modula-
tion of Ca2� channel by atrial natriuretic peptide in the bovine adrenal

glomerulosa cell. Can. J. Physiol. Pharmacol. 69 1553-1560, 1991.
B�sILa, S., CHEuNG N. S., �n Liva’rr, B. G.: Chromatographic evidence for the

presence of multiple tachykinins in the bovine adrenal medulla. J. Neuro-
chem. 55: 1584-1586, 1992.

BASTIAENSEN, E., DE Bioc#{231} J., �n DE POTrER, W. P.: Neuropeptide Y is
localized together with enkephalins in adrenergic granules of bovine adre-
nal medulla. Neuroscience 25: 679-686, 1988.

BAUER, F. E., ADRiAN, T. E., YAN�wiAR�, N., PoL�i#{231}J. M., �m BLooM, S. It:
Chromatogi-aphic evidence for high-molecular-mass galanin immunoreac-

tivity in pig and cat adrenal glands. FEBS Lett. 201: 327-331, 1986a.
BAuaR, F. E., H�cicER, G. W., TERZNGHI, G., ADRIAN, T. E., PoL�x. J. M., �

BLooM, S. It: Localization and molecular forms ofgalanin in human adre-
nals: elevated levels in pheochromocytomas. J. Clin. Endocrinol. Metab. 63:
1372-1378, 1986b.

BAyus, P. H.: Vasopressin and its neurophysin. In Endocrinology, ed. by L. I.
De Groot, vol. 1, let ed., pp. 213-219, W. B. Saunders Company, Philadel-
phia, 1989.

BEDEcS, K, BERmow, M., �n BAwrFAi, T.: Galanin: 10 Years with a neu-
roendocrine peptide. Int. J. Biochem. Cell Biol. 27: 337-349, 1995.

BEa�R, 0., OvADIA, H., PoLaucmwicz, It D., �rw RosEN, H.: Lipopolysaccharide
induces proenkephalin gene expression in rat lymph nodes and adrenal
glands. Endocrinology 134: 475-481, 1994.

BEU.oNi, A. S., Narn, G., Mu&uo, F. G., ANDREi5, P. G., Bosc�Ro, M.,
D’AcosTiNo, D., REBUFFAT, P., BOSSIER, D. P., Goi’rAiwo, G., M�zzoccm,
G., �D NussDoRna, G. G.: Investigations on the morphology and function
of adrenocortical tissue regenerated from gland capsular fragments auto-
transplanted in the musculus gracilis of the rat. Endocrinology 126: 3251-
3262, 1990.

BERNET, F., BERN�iw, J., L�BomE, C., MONTEL, V., MAUBERT, E., �n Dupouy
J. P.: Neuropeptide Y (NPY)- and vasoactive intestinal peptide (VIP)-in-
duced aldosterone secretion by rat capsule/glomerulosa zone could be medi-

ated by catecholainines via �1 adrenergic receptors. Neuroaci. Lett. 166:
109-112, 1994a.

BERNrF, F., MAUBERT, E., BERNARD,J., MONTEL, V., AND Dupouy, J. P.: In vitro

steroidogenic effects of neuropeptide Y (NPY�), Yl and Y2 receptor ago-

nists (Leu3, Pro34NPY, NPY�) and peptide TI (PYY) on rat adrenal
capeule/zona glomerulosa. Regal. Pept. 52: 187-194, 1994b.

BEVUACQUA, M., VAG0, T., R&aci, U., ScoazA, D., PRovanmo, M., MALAcc0,
E., �ND NoRBi�To, G.: In vitro steroidogemc properties ofFK 33824, a stable
analog ofmethionine-enkephalin: opiate dopamine interaction in the control
of aldoeterone production. J. Endocrinol. Invest. 5: 277-280, 1982.

BHAROAVA, H. N., M�TwyssyN, G. A., H�Nissi�N, 5., �n TEjw�Ni, G. A.:
Opioid peptides in pituitary gland, brain regions and peripheral tissues of
spontaneously hypertensive and Wistar Kyoto normotenaive rats. Brain
Res. 440: 333-340, 1988.

BiRD, I. M., NIcoL, M., Wn�u�s, B. C., �ND WALKER, S. W.: Vasopressin
stimulates cortisol secretion and phosphoinositide catabolism in cultured
bovine adrenal fasciculata/reticularis cells. J. Mol. Endocrinol. 5: 109-116,
1990.

BwoM, S. It, EDWARDS, A. V., �iw Joi�iss, C. T.: Adrenal cortical responses to

vasoactive intestinal peptide in conscious hypophysectomized calves.

J. Physiol. (Lond.) 391: 441450, 1987a.
BLooM, S. R, EDWARDS, A. V., �r�m JoNEs, C. T.: The adrenal contribution to the

neuroendocrine responses to splanchnic nerve stimulation in conscious
calves. J. Physiol. (Lond.) 397: 513-526, 198Th.

BLooM, S. It, EDWARDS, A. V., A�m JoNES, C. T.: Adrenal responses to calci-
tonin gene-related peptide in conscious hypophysectomized calves.
J. Physiol. (Lond.) 409: 29-41, 1989.

BOARDER, M. R., �Nn McARDi�E, W.: Opioid peptides in human adrenal: partial
characterization and presence of adrenal peptide E. J. Clin. Endocrinol.
Metab. 61: 688-665, 1985.

BOKEMEYER, D., FmEDRIcHs, U., BACKER, A., DRECHSLER, S., KRAMER, H. J.,
AND MEYER-LEHNERT, H.: Atrial natriuretic peptide inhibits cyclosporine
A-induced endothelin production and calcium accumulation in rat vascular
smooth muscle cells. Clin. Sd. 57: 353-387, 1994.

B0RN8TEIN, S. It, EmuiAlrr, M., ScHERBAUM, W. A., �ND PFEImR, E. F.:
Adrenocortical atrophy of hypophysectomized rats can be reduced by corti-
cotropin-releasing hormone (CRH). Cell Tissue Res. 260: 161-166, 1990a.

B0RNs’rEiN, S. It, �r�m EuruiAirr-B0RNs’rEiN, M.: Ultrastructural evidence for a
paracrine regulation of the rat adrenal cortex by the local release of cat-
echolamines from chromaffin cells. Endocrinology 131: 3126-3128, 1992.

BoRNs’rEn�i, S. It, EaRiiAirr-BoRr�sTEiN, M., ScHzRB�uM, W. A., PFEIFTER, E.
F., �r�m Hoisr, J. J.: Effects of splanchnic nerve stimulation on the adrenal
cortex may be mediated by chromaffin cells in a paracrine manner. Endo-
crinology 127: 900-906, 1990b.

BoRNs’rEiN, S. It, ERRHART-B0RN3TEIN, M., STROMEYER, H. G., ADLER, G.,
SCHERBAUM, W. A., AND Hoisr, J. J.: Vasoactive intestinal peptide (VIP)
stimulates androstenedione release in isolated perfused pig adrenals. Life

Sci. 52: 135-140, 1993.
B0RN8TEIN, S. It, EmurAirr-B0RNSTEIN, M., USADEL, H., BocKM�NN, M., �ND

SCHERBAUM, W. A.: Morphological evidence for a close interaction of chro-
maffin cells with cortical cells within the adrenal gland. Cell Tissue Re..
265: 1-9, 1991.

B0RNsTEIN, S. It, GoNzALEz-HERN�NDEz, J. A., EHRHArr-B0RN8TEIN, M.,
ADLER, G., AND SCHERBAUM, W. A.: Intimate contact of chromaffin and
cortical cells within the human adrenal gland forms the cellular basis for
important intradrenal interactions. J. Clin. Endocrinol. Metab. 78: 225-232,
1994.

BRADLEy, P. B., ENGEL, G., FENIUK, W., Foww, J. It, HUMPHREY, P. P. A.,
MIDDLEMISS, D. N., MyucHAz�NE, E. J., RICHARDSON, B. P., �Nn SAXENA, P.
R.: Proposals for the classification and nomenclature of functional receptors
for 5-hydroxytryptamine. Neuropharmacology 25: 563-576, 1986.

BR�zN, S. D., WiLu�Ms, T. J., Trppn’is, J. It, MoRRIs, H. It, �m MAcINTYRE, I.:
Calcitonin gene-related peptide is a potent vasodilator. Nature (Lond.) 313:
54-55, 1985.

BR�iz�, L M., MENAcHERy, A. I., �ND WILLIAMS, G. H.: Specificity of metoclo-

pramide in assessing the role of dopamine in regulating aldosterone secre-
tion. Endocrinology 112: 1352-1357, 1983.

BRL�Nn, It, YAr.t�oucm, N., GAGNE, J., KIMURA, T., FARLEY, L., FoucAR’r, S.,
N�DEAu, It, AND DE CHAMPLAIN, J.: Corelease of neuropeptide Y-like im-
munoreactivity with catecholaminea from the adrenal gland during splanch-
mc nerve stimulation in anesthetized dogs. Can. J. Physiol. Pharmacol. 68:
363-369, 1990a.

BmAlw, It, YAMAGUcHI, M., GAGNE, J., NADEAu, It, �Nn Da Ca�.MPL�uN, J.:
a2-Adrenoceptor modulation of catecholamine and neuropeptide Y re-
spouses during haemorrhagic hypotension in anesthetized dogs. Can.
J. Physiol. Pharmacol. 68: 363-369, 1990b.

BRmw0IN, S., DAGERLIND, A., Rho, It, McKINzIE, S., AND HAMMOND, P.:
Accumulation of enkephalin, proenkephalin mRNA, and neuropeptide Y in
immunologically denervated rat adrenal glands: evidence for divergent pep-
tide regulation. J. Neurochem. 64: 1251-1287, 1995.

BRowr�wiEw, M. F., PoFF, B. C., �ND H0LZwARm, M. A.: Ultrastructural
immunochemical co-localization of serotonin and PNMT in adrenal medal-
lary vesicles. Histochemistry 83: 41-46, 1985.

BRUHN, T. 0., ENGELAND, W. C., ANTHoNY, E. L P., G�NN, D. S., �Nn JACKSON,
I. M. D.: Corticotropin-releasing factor in the dog adrenal medulla is se-
crated in response to hemorrhage. Endocrinology 12O’� 25-33, 1987a.

BRuHN, T. 0., ENOELAND, W. C., ANTHONY, E. L P., G�NN, D. S., �r’in JACKSON,
I. M. D.: Corticotropin-releasing factor in the adrenal medulla. Ann. NY
Aced. Sd. 512: 115-128, 195Th.

BRuNI, G., D�i PitA, P., FIASCHI, A. I., �Nn SaGan, G.: Effect of ACTH, beta-
endorphin, morphine and naloxone on the release of cortisol by isolated

adrenal glands. Pharmacol. Res. Commun. 17: 847-854, 1985.
BRuzzoNs, M. E., �n M.*.Rusic, E. T.: Effects ofopioid peptides on aldosterone

production: stimulatory effect of leu-enkephalin. Endocrinology 122: 402-
406, 1988.

Bucsics, A., SAm�, A., AND LEMBECK, F.: Substance P in the adrenal gland:
origin and species distribution. Neuropeptides 1: 329-341, 1981.

Buu, N. T., AND LUSSIER, C.: Origin of dopamine in the rat adrenal cortex.
Am. J. Physiol. 258: F287-F291, 1990.

C�N’riN, M., AND Gar’�nsT, J.: The heart and atrial natriuretic factor. Endocr.
Rev. 6: 107-127, 1985.

CARR, B. It, AND MASON, J. I.: The effects of alpha-human atrial natriuretic

 at T
ham

m
asart U

niversity on D
ecem

ber 2, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


522 NUSSDORFER

polypeptide on steroidogenesis by fetal zone cells ofthe human fetal adrenal
gland. Am. J. Obstet. Gynecol. 159: 1361-1364, 1988.

CARRAWAY, R. E., AND MImA, S. P.: The use of radioimmunoassay to compare
the tissue and subcellular distributions of neurotensin and neuromedin N in
the cat. Endocrinology 120: 2092-2100, 1987.

CsARLT0N, B. G.: Noradrenergic innervation to the adrenal cortex is respon-
sible for control of basal glucocorticoid secretion: a model. Med. Hypotheses

44: 214-216, 1995.
CHARLTON, B. G., MCGADEY, J., RUSSEL, D., .�im N&�L, D. E.: Noradrenergic

innervation of the human adrenal cortex as revealed by dopamine-beta-
hydroxylase immunohistochemistry. J. Anat. 180: 501-506, 1992.

CHARLTON, B. G., NKOMAZANA, 0. F., MCGADEY, J., AND NEAL, D. E.: A pre-
liminary study of acetylcholinesterase-positive innervation of the human
adrenal cortex. J. Anat. 176: 99-104, 1991.

CHERDCHU, C., AND HExuM, T. D.: Differential secretion of enkephalin-like
peptides from bovine adrenal chromaffin cells. Neuropeptides 19: 237-242,
1991.

CHEUNG, C. Y., AND HoLzwARm, M. A.: Fetal adrenal VIP: distribution and
effect on medullary catecholamine secretion. Peptides (Elmsford) 7: 413-
418, 1986.

CHEuNG, N. S., BASILE, S., AND Lrvsrr, B. G.: Identification of multiple tachy-
kinins in bovine adrenal medulla using an improved chromatographic pro-
cedure. Neuropeptides 24: 91-97, 1993.

CHIEN, C., Ts.�i, J., �um LEE, Y.: Atrial natriuretic polypeptide in human
adrenal pheochromocytoma: imniunohistochemical and iminunoelectron mi-
croscopical localization. Endocrinol. Jpn. 37: 121-130, 1990.

CHI0DINI, P. G., ArrANAslo, It, ORLANDI, P., AND Cozzi, It: Growth hormone
release inhibiting hormone: basic and clinical aspects. In Brain Endocrinol-
ogy, ed. by M. Motta, pp. 301-313, Raven Press, New York, 1991.

CHOWDHURY, P. S., Guo, X., WAKADE, T. D., PRYzwARA, D. A., �m WAXADE, A.

R.: Exocytosis from a single rat chromaffin cell by cholinergic and peptider-
gic neurotransmitters. Neuroscience 59: 1-5, 1994.

CONLON, J. M., McGREGoR, G. P., GRONDAL, 5., AN� GRIMELIUS, L.: Synthesis
of a- and 3-calcitonin gene-related peptide by a human pheochromocytoma.
Peptides (Elmsford) 10: 327-331, 1989.

C0NN, P. J., SANDERS-BUSCH, E., HOFFMANN, B., �i�D HARTIG, P. R.: An unique
serotonin receptor in choroid plexus is linked th phosphatidylinositol turn-
over. Proc. Natl. Acad. Sci. USA 83: 4086-4088, 1986.

CORDER, R., MASON, D. F. J., FERRET, D., LowRy, P. J., CLEMENT-JONES, V.,

LINTON, E. A., BESSER, G. M., AND REES, L. M.: Simultaneous release of
neurotensin, somatostatin, enkephalins and catecholamines from perfused
cat adrenal glands. Neuropeptides 3: 9-17, 1982.

CORDER, R., VALLOrF0N, M. B., LowRy, P. J., �m RAMAGE, A. G.: Neuropeptide
Y lowers plasma renin activity in the anaesthetised cat. Neuropeptides 14:

111-114, 1989.
CO�JLTER, C. L., MULVOGUE, H. M., YOUNG, I. R., BROWNE, C. A., AND Mc-

MILLEN, I. C.: Effect of fetal hypophysectomy on the localization of the
catecholamine biosynthetic enzymes and enkephalins in the adrenal me-
dulla of the fetal sheep. J. Endocrinol. 121: 425-430, 1989.

CRYER, P. E.: The adrenal medulla. In The Adrenal Gland, ed. by V. T. H.
James, 2nd ed., pp. 465-489, Raven Press, New York, 1992.

CUCHE, J. I.: Dopaminergic control of aldosterone secretion, state of the art
review. Fundam. Clin. Pharmacol. 2: 327-339, 1988.

CuNl’�iNGHAM, L. A., �tND HoLzwARm, M. A.: Vasoactive intestinal peptide
stimulates adrenal aldosterone and corticosterone secretion. Endocrinology
122: 2090-2097, 1988.

CUNNINGHAM, L. A., �Nn HoLzwAwru, M. A.: Autoradiographic distribution of
1251-vIP binding in the rat adrenal cortex. Peptides (Elmsford) 10: 1105-
1108, 1989.

DAMASE-MICHEL, M. C., GIR,�uD, P., P0R’FoLAN, G., M0N’rAsmuc, J. L., M0N-
TASTRUC, P., AND Ta�N, M. A.: Effects of insulin on the release of neuropep-
tide Y, [met(5)Jenkephalin and catecholamines from dog adrenal medulla.

Eur. J. Pharmacol. 258: 277-279, 1994.
DAMASE-MICHEL, M. C., TAVERMER, G., GIRAuD, P., MONTASTRUC, J. L., M0N-

TASTRUC, P., AND TRAN, M. A.: Effect of clonidine, dihydralazine and

splanchnic nerve stimulation on the release of neuropeptide Y, Met-en-
kephalin and catecholamines from dog adrenal medulla. Naunyn Schmiede-
bergs Arch. Pharmacol. 340: 379-384, 1993.

DAvE, J. R., EIDEN, L. E., �ND EsKAY, R. L.: Corticotropin-releasmg factor
binding to peripheral tissue and activation of the adenylate cyclase-ade-
nosine 3,5-monophosphate system. Endocrinology 116: 2152-2159, 1985a.

DAvE, J. R., RUBINSTEIN, N., AND EsKAY, R. L.: Evidence that �3-endorphin
binds to specific receptors in rat peripheral tissues and stimulates the

adenylate cyclase-adenosine 3’, 5-monophosphate system. Endocrinology
117: 1389-1396, 1985b.

DAvIEs, E., EDWARDS, C. R. W., �u�n WILLIAMS, B. C.: Serotonin stimulates
calcium influx in isolated rat adrenal zona glomerulosa cells. Biochem.
Biophys. Res. Commun. 179: 979-984, 1991.

DAY, It, SHAFER, M. K H., CoLLARD, M. W., WATSON, S. J., AND AJUL, H.:

Atypical prodynorphin gene expression in corticosteroid-producing cells of

the rat adrenal gland. Proc. Natl. Acad. Sci. USA 88: 1320-1324, 1991.
DE BOLD, R. C., MENEFEE, J. K., NIcHoLSoN, W. E., Ar�rn ORTH, D. N.: Pro-

opiomelanocortin gene is expressed in many normal human tissues and in
tumors not associated with ectopic adrenocorticotropin syndrome. Mol. En-
docrinol. 2: 862-870, 1988.

DE CRISTOFARO, J. D., WEISINGER, G., �r Li G�an�, E. F.: Cholinergic
regulation of rat preproenkephalin mRNA in the adrenal medulla. Mo!.
Brain Res. 18: 133-140, 1993.

DE LEAN, A., ONG, H., McNIc0LL, M., RAcz, K, Gu’rKowsKA, J., AND C�’ru�,

M.: Identification ofaldosterone secretion inhibitory factor in bovine adrenal
medulla. Life Sci. 36: 2375-2382, 1985.

DE L�AN, A., RAcz, K, GuTicowsicA, J., NGUYEN, T. T., C�mr�, M., �r�m

GENEsT, J.: Specific receptor-mediated inhibition by synthetic atrial natri-
uretic factor of hormone-stimulated steroidogenesis in cultured bovine ad-
renal cells. Endocrinology 115: 1636-1638, 1984a.

DE LEAN, A., RAcz, K, McNIc0LL, N., �ND DESROSIER, M. L.: Direct (3-adren-
ergic stimulation of aldosterone secretion in cultured bovine adrenal sub-
capsular cells. Endocrinology 115: 485-492, 19Mb.

DEMETER, J. G., DE JONG, S. A., BRooKs, M. H., LAWRENCE, A. M., �rw

PAL0YAN, E.: Long-term results ofadrenal autotransplantation in Cushing’s
disease. Surgery 108: 1117-1123, 1990.

DE QuinT, M. E., �i�m EMSON, P. C.: Neuropeptide Y in the adrenal gland:
characterization, distribution and drug effects. Neuroscience 19: 1011-1022,
1986.

DEWALD, D., .�r.m LEWIS, R. V.: Enkephalin-containing polypeptide levels in
normal tensive and SHR rat adrenal glands. Peptides (Elmsford)4: 121-124,
1983.

Di MAGalo, D. A., FARAH, J. M. JR., AND WESTFALL, T. C.: Effects of differen-
tiation on neuropeptide Y receptors and responses in rat pheochromocytoma

cells. Endocrinology 134: 719-727, 1994.
DOMIN, J., P0LAx, J. M., � BLOOM, S. It: The distribution and biological

effects of neuromedins B and U. Ann. NY Acad. Sci. 547: 391-403, 1989.
DuMuis, A., B0uHELAL, R., SEBBEN, M., CORY, R., �Ni BocK�Ewr, J.: A non-

classical 5-hydroxytryptamine receptor positively coupled with adenylate
cyclase in the central nervous system. Mol. Pharmacol. 34: 880-887, 1988.

DuNms, L., BORNSTEIN, S. It, SCHERBAUM, W. A., �ir HoLs’r, J. J.: Atrial
natriuretic peptide-like immunoreactive material (ANP-LI) is released from
the adrenal gland by splanchnic nerve stimulation. Exp. Clin. Endocrinol.

101: 371-373, 1993.
EDwARDS, A. V., �n JoNEs, C. T.: The effect of splanchnic nerve stimulation

on adrenocortical activity in conscious calves. J. Physiol. (Lond.) 382: 385-
396, 1987a.

EDwARDS, A. V., �m JoNEs, C. T.: The effect ofsplanchnic nerve section on the
sensitivity of the adrenal cortex to adrenocorticotrophin in the calf.

J. Physiol. (Lond.) 390: 23-31, 1987b.
EDWARDS, A. W., AND JONES, C. T.: Secretion ofcorticotrophin-releasing factor

from the adrenal during splanchnic nerve stimulation in conscious calves.
J. Physiol. (Lond.) 400: 89-100, 1988.

EDWARDS, A. V., AND JONES, C. T.: Adrenal responses to the peptide PACAP in
conscious functionally hypophysectomized calves. Am. J. Physiol. 266:
E870-.E876, 1994a.

EDWARDS, A. V., Ar�m JoNEs, C. T.: Effects ofsubstance P on adrenal responses

to acetylcholine in conscious calves. Am. J. Physiol. 267: E447-E453, 1994b.
EDwARDS, A. V., JoNEs, C. T., �Nn BLOOM, S. R.: Reduced adrenal cortical

sensitivity to adrenocorticotrophin in lambs with cut splanchnic nerves. J.
Endocrinol. 110: 81-85, 1986.

EGGENS, U., Baum, V., OELKERS, W., Ar� Li, C. H.: Effects of beta-lipotropin,
beta-endorphins, alfa2-melanotropin and corticotropin on steroid production
by isolated human adrenocortical cells. J. Chin. Chem. Biochem. 25: 779-783,
1987.

EGUCHI, S., HIRATA, Y., KANO, H., SAT0, K, WATANABE, Y., WATANABE, T. X,
NiucA�jiMi�, K, S�ucAuB�a�, S., AND MARUMO, F.: Specific receptors for ad-
renomedullin in cultured rat vascular smooth cells. FEBS Lett. 340 226-
230, 1994.

EHRHART-BORNSTEIN, M., B0RNsTEIN, S. R., G0NzALEs-HERNANDEz, J., HoLs’r,

J. J., WATERMAN, M. It, �m SCHERBAUM, W. A.: Sympathoadrenal regula-
tion of adrenocortical steroidogenesis. Endocr. Res. 21: 13-24, 1995.

EmuiART-B0RN5’FEIN, M., B0RNsTEIN, S. It, GUSE-BEHLING, H., STR0MEYER, H.
G., RASMUSSEN, T. N., ScHERBAUM, W. A., ADLER, G., �r�m Hoi�, J. J.:
Sympathoadrenal regulation of adrenal androstenedione release. Neuroen-
docrinology 59: 406-412, 1994.

EHRHART-B0RNsTEIN, M., BoRNs’FEIN, S. It, SCHERBAUM, W. A., PFEJFFER, E.
F., �i Hoisr, J. J.: Role of the vasoactive intestinal peptide in a neuroen-
docrine regulation of the adrenal cortex. Neuroendocrinology 54: 623-628,

1991a.
EmuiART-BoRNs’rErN, M., B0RNS’rEiN, S. It, Tnzsci�i#{231} W. H., USADEL, H.,

GUSE-BEHLING, H., WATERMAN, M. It, �Nn SCHERBAUM, W. A.: Adrenaline
stimulates cholesterol side-chain cleavage cytochrome P450 mENA accumu-
lation in bovine adrenocortical cells. J. Endocrinol. 131: R5-R8, 1991b.

Ei�vm�, L. G., HOKFELT, T., BARTFAJ, T., AND BEDECS, K: Immunohistochem-

ical demonstration ofgalanin- and galanin message-associated peptide-like
immunoreactivities in sympathetic ganglia and adrenal gland of the guinea
pig. Microsc. Res. Tech. 29: 131-142, 1994.

ENGELAND, W. C., BEREITER, D. F., �.am GANN, D. S.: Sympathetic control of
adrenal secretion of enkephalins after hemorrhage in awake dogs. Am. J.
Physiol. 251: R341-R348, 1986.

ENGELAND, W. C., �Nn � D. S.: Splanchnic nerve stimulation modulates
steroid secretion in hypophysectomized dogs. Neuroendocrinology 50 124-
131, 1989.

ENYEDI, P., � T., AN’roNi, F. A., �u�D SPAT, A.: Effect ofangiotensin II and

 at T
ham

m
asart U

niversity on D
ecem

ber 2, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


CORTICO-MEDULLARY INTERACTIONS IN ADRENALS 523

arginine vasopressin on aldosterone production and phosphoinositide turn-

over in rat adrenal glomerulosa cells: a comparative study. J. Mol. Endocri-
nol. 1: 117-124, 1988.

ENYEDI, P., Szi�no, B., �n SPAT, A.: Failure ofvasoactive intestinal peptide to
stimulate aldosterone production. Acta Physiol. Hung. 61: 77-80, 1983.

EPELBAUM, J., BERTHERAT, J., PREVOST, G., K0RD0N, C., MEYERHOF, W., WutF-

SEN, I., RICHTER, D., 4�m PLOUIN, P. F.: Molecular and pharmacological
characterization of somatostatin receptor subtypes in adrenal, extradrenal,
and malignant pheochromocytomas. J. Clin. Endocrinol. Metab. 80: 1837-
1844, 1995.

EVANS, C. J., ERDELYI, E., AN� BARcnAs, J. D.: Opioid peptides in the adrenal-
pituitary axis. Psychopharmacol. Bull. 21: 466-471, 1985a.

EvANs, C. J., ERDELYI, E., HUNTER, J., AND BARcnAs, J. D.: Co-localization and
characterization of immunoreactive peptides derived from two opioid pre-
cursors in guinea pig adrenal glands. J. Neurosci. 5: 3423-3427, 1985b.

FAHRENKRUG, G.: Vasoactive intestinal peptide. Handb. Physiol., Sect. 6: Gas-
trointest. Syst. 2: 691-702, 1989.

FERNANDEZ, B. E., DOMINGUEZ, A. E., GONZALEZ, M. A., �r�m OK0B0RI, R.: Role
of atrial natriuretic peptide on calcium channel mechanisms involved in
catecholamine release from bovine adrenal medulla. Arch. mt. Pharinaco-
dyn. Ther. 316: 105-113, 1992.

FERNANDEZ-VWERO, J., RODRIGUEZ-SANCHEZ, F., VERASTEGIJI, C., CoiwoBA-
MoiuANo, F., ROMERO, A., AND DE CAsTRo, J. M.: Immunocytochemical
distribution of serotornn and neuropeptide Y (NPY) in mouse adrenal gland.
Hl8tol. Histopathol. 8: 509-520, 1993.

FERRIS, C. F.: Neurotensin. Handb. Physiol., Sect. 6: Gastrointest. Syst. 2:
559-586, 1989.

FERRIS, C. F., CARRAWAY, It E., Bi�wr, K, �ND LEEMAN, S. E.: Chromato-
graphic and immunochemical characterization ofneurotensin in cat adrenal
gland and its release during splanchnic nerve stimulation. Neuroendocri-
nology 43: 352-358, 1986.

FISCHER-COLBRIE, It, DIEz-GuERRA, J., EMSON, P. C., Aiw WmaCLER, H.:. Bo-
vine chromaflin granules: immunological studies with antisera against neu-
ropeptide Y, (met)enkephalin and bombesin. Neuroscience 15: 167-174,
1986.

FIscHER-C0LBRJx, It, EsKAY, It L., EIDEN, L. E., �D MAAS, D.: Transsynaptic
regulation ofgalanin, neurotensin, and substance P in the adrenal medulla:
combinatorial control by second-messenger signalling pathways. J. Neuro-
chem. 59: 780-783, 1992.

FISCHER-COLBRIE, It, IACANGELO, A., �Ni EIDEN, L. E.: Neural and humoral
factors separately regulate neuropeptide Y, enkephalin and chromogranin A
and B mRNA levels in rat adrenal medulla. Proc. Nat!. Acad. Sci. USA 85:
3240-3244, 1988.

FLEMINGER, G., H0wELLS, It D., KILPATRICK, D. L., �m UDENFRIEND, S.: Intact
proenkephalin is the major enkephalin-contairnng peptide produced in rat
adrenal gland after denervation. Proc. Nat!. Acad. Sci. USA 81: 7985-7988,
1984.

FRISINA, N., S�&wA, A., PAD0vAN0, I., SAUTA, G., BuEMI, M., Ar�w COSTA, G.:
Opioid peptides and aldosterone secretion: effect of met-enkephalin in vitro.
In The Adrenal Gland and Hypertension, ed. by F. Mantero, E. G. Biglieri,
J. w. Funder, and B. A. Scoggins, pp. 79-81, Raven Press, New York, 1985.

FRODIN, M., HANNIBAL, J., WULFF, B. S., GAMMELT0rr, S., AND FAHRENKRUG,
J.: Neuronal localization of pituitary adenylate cyclase-activating polypep-

tide 38 in the adrenal medulla and growth-inhibitory effect on chromaffin
cells. Neuroscience 65: 599-608, 1995.

FUJIMOTO, M., KATAOKA, Y., Gurnorri, A., �n HANBAUER, I.: Effect of gamma-
aminobutyric acid receptor agonists and antagonists on the release of en-
kephalin-containing peptides from dog adrenal gland. J. Pharmacol. Exp.
Ther. 243: 195-199, 1987.

GADLENT, It A., Lic�, A., UNSICKER, K, �n OTTEN, U.: Expression of
interleukin-6 (IL-6) and IL-6 receptor mRNAs in rat adrenal medulla. Neu-
rosci. Lett. 194: 17-20, 1995.

GAiLLA1w, R. C.: Neuroendocrine-iminune system interactions: the immune-
hypothalamo-pituitary-adrenal axis. Trends Endocrinol. Metab. 5: 303-309,
1994.

GAu,o-PAYET, N., CHOUINARD, L, BALEsmE, M. N., 4�r�m GuiLL0N, G.: Dual
effects ofdopamine in rat adrenal glomerulosa cells. Biochem. Biophys. Res.
Cominun. 172: 1100-1108, 1990.

GAu�o-PAYET, N., CHOUINARD, L., B�s.tssm, M. N., �r�w GUILLON, G.: Mech-

anisms involved in the interaction of dopamine with angiotensm II on
aldosterone secretion in isolated and cultured rat adrenal glomerulosa cells.
Mo!. Cell. Endocrinol. 81: 11-23, 1991a.

GALL0-PAYET, N., CHOUTNARD, L., BALEsmE, M. N., �m GUILL0N, G.: Involve-
ment of protein kinase C in the coupling between the Vi vasopressin
receptor and phospholipase C in rat glomerulosa cells: effects on aldosterone
secretion. Endocrinology 129� 623-634, 1991b.

G�.u.o-PAYrr, N., GuLL0N, G., B�u�rna, M. N., �D J�iw, S.: Vasopressin
induces breakdown of membrane phosphoinositides in adrenal glomerulosa
and fasciculata cells. Endocrinology 119: 1042-1047, 1986.

GAu.o-PAYE’r, N., Po’riimR, P., �am IsLER, H.: On the presence of chromaffin
cells in the adrenal cortex: their possible role in adrenocortical function.
Biochem. Cell Biol. 65: 558-592, 1957.

GANGULY, A.: Atrial natriuretic peptide-induced inhibition of aldosterone se-
cretion: a quest for mediator(s). Am. J. PhysioL 263: E181-E194, 1992.

G�iwn�ina, S. M., KEMP, P. A., MARCH, J. E., �rw BENNETT, T.: Regional

haemodynamic effects of human and rat adrenomedullin in conscious rats.
Br. J. Pharmacol. 114: 584-591, 1995.

GARDNER, D. G., DESCHEPPER, C. F., GANONG, W. F., HANE, S., FIDDES, J.,

BAXTER, J. D., �u�D LEWICKI, J.: Extra-atrial expression ofthe gene for atrial
natriuretic factor. Proc. Natl. Acad. Sci. USA 83: 6697-6701, 1986.

GAUMANN, D. M., YAKsH, T. L., DousA, M. K, ��r’m TYCE, G. M.: Adrenal vein
catecholamines and met-enkephalin during staged hemorrhage and naltrex-
one administration in cats. Circ. Shock 27: 139-154, 1989a.

GAuMANN, D. M., YAKsH, T. L., DousA, M. K, TYCE, G. M., LucAs, D. L., AND

HENCH, V. S.: Effects of hemorrhage and naloxone on adrenal release of
methiomne-enkephalin and catecholamines in halothane anesthetized dogs.
J. Auton. Nerv. Syst. 21: 29-42, 1987.

GAUMANN, D. M., YAKSH, T. L., TYCE, G. M., AND STODDARD, S. L.: Adrenal vein
catecholamines and neuropeptides during splanchnic nerve stimulation in
cats. Peptides (Elmsford) 10: 587-592, 1989b.

GELFAND, It A., BOBROW, A., PHAM, L., YOUNG, C., AND PARKER, L.: (3-endor-
phiri binding in cultured adrenal cortical cells. Endocrine 3: 201-207, 1995.

GERAGHTY, D. P., LivE�rr, B. G., ROGERSON, F. M., ium BURCHER, E.: A novel

substance P binding site in bovine adrenal medulla. Neurosci. Lett. 112:
276-281, 1990.

GHxrEI, M. A., TAKAHASHI, K, SuzuKi, Y., GARDINER, J., JONES, P. M., AND

BLooM, S. R.: Distribution and molecular characterization of pituitary ad-
enylate cyclase-activating polypeptide and its precursor encoding messen-
ger RNA in human and rat tissues. J. Endocrinol. 136: 159-166, 1993.

GOEDERT, M., MAN’rm, P. W., HuNT, S. P., �r�m EMSON, P. C.: Localization of

specific neurotensin binding sites in the rat adrenal gland. Brain Res. 299:
389-392, 1984.

GOEDERT, M., REYNOLDS, G. P., �Ni EMSON, P. C.: Neurotensin in the adrenal
medulla. Neurosci. Lett. 35: 155-160, 1983.

GOLTZMAN, D., �D MrrcsELL, J.: Interaction of calcitomn and calcitonin
gene-related peptide at receptor sites in target tissues. Science (Wash. DC)
227: 1343-1344, 1985.

GONZALEZ-HERNANDEZ, J. A., BORNsTEIN, S. R., EHRHART-BORNSTEIN, M.,
GscHwENn, J. E., GwosDow, W. A., JmrKowsKi, G., �r SCHERBAIJM, W. A.:
IL-i is expressed in human adrenal gland in vivo: possible role in a local
immune adrenal axis. Clin. Exp. Inimunol. 99: 137-141, 1995.

GONZALEZ-HERNANDEZ, J. A., BORNs’FEIN, S. R., EHRHAR’r-BORNsTEIN, M.,
SPATH-SCHWALBE, E., JIRIKOWSKI, G., 4tr�m SCRERBAUM, W. A.: Interleukin-6
messenger ribonucleic acid expression in human adrenal gland in vivo: new
clue to a paracrine or autocrine regulation of the adrenal function. J. Clin.
Endocrinol. Metab. 79: 1492-1497, 1994.

GORDON, R. D., BACHMANN, A. W., KLEM, S. A., TuNNY, T. J., STOWASSER, M.,
S�romE, W. J., AND RuTHERFoRD, J. G.: An association of primary aldoste-
ronism and adrenaline-secreting phaeochromocytoma. Clin. Exp. Pharma-
col. Physiol. 21: 219-222, 1994.

GOVERDE, H. J. M., PEsMAN, G. J., �n SMALs, A. G. H.: The melanotropin
potentiating factor and beta-endorphin do not modulate the aipha-mela-
notropin or adrenocorticotropin-induced corticosteroidogenesis in purified
isolated rat adrenal cells. Neuropeptides 12: 125-130, 1988.

GROUZMANN, E., WERFFELI-GEORGE, P., FArm, M., BIJRNIER, M., WAEBER, B.,
AND WAEBER, G.: Angiotensin-Il mediates norepinephrine and neuropep-

tide-Y secretion in a human pheochromocytoma. J. Clin. Endocrinol. Metab.
79: 1852-1856, 1994.

GuAzA, C., AND B0RRELL, J.: The met-enkephalin analog D-ala2-met-enkeph-
alinamide decreases the adrenocortical response to ACTH in dispersed rat
adrenal cells. Peptides (Elmsford) 5: 895-898, 1984.

GuAzA, C., Zuni.AirR, M., �xt BORRELL, J.: Corticosteroidogenesis modulation
by (3-endorphin and dynorphin1.17 in isolated rat adrenocortical cells. Pep-
tides (Elmsford) 7: 237-240, 1986.

GUILLON, G., Bi�LnsmE, M. N., CHOUINARD, L, AND G4�.LLO-PAYET, N.: Involve-

ment of distinct G-proteins in the action of vasopressin on rat glomerulosa
cells. Endocrinology 126: 1699-1708, 1990.

GUiLLON, G., �Nt GAu,o-PAYET, N.: Specific vasopressin binding to rat adrenal
glomerulosa cells: relationship to inositol lipid breakdown. Biochem. J. 235:
209-214, 1986.

GUILLON, G., TRUEBA, M., JOUBERT, D., GR.�zziNi, E., CHOULNARD, L., Co’rE, M.,
PAYET, M. D., MANz0NI, 0., BARBERIS, C., ROBERT, M., AND Giu�Lo-PAYET,
N.: Vasopressin stimulates steroid secretion in human adrenal glands: com-
parison with angiotensin-Il effect. Endocrinology 136: 1285-1295, 1995.

Guo, X, AND WAXADE, A. R.: Differential secretion of catecholamines in re-
sponse to peptidergic and cholinergic transmitters in rat adrenals.
J. Physiol. (Lond.) 475: 539-545, 1994.

GUSE-BEHLING, H., Emui�irr-BoRNsTEiN, M., BORNSTEIN, S. R., WATERMAN, M.
R., ScHERBAuM, W. A., �r�m ADLER, G: Regulation of adrenal steroidogenesis
by adrenaline: expression of cytochrome P450 genes. J. Endocrinol. 135:

229-237, 1992.
GwosDow, A. It, O’CONNELL, N. A., SPENCER, J. A., KuM�n, M. S. A., AGARWAL,

R. K, BODE, H. H., AND ABou-S�u,rnA, A. B.: Interleukin 1-induced cortico-

sterone release occurs by an adrenergic mechanism from the rat adrenal
gland. Am. J. Physiol. 263: E461-E466, 1992.

HACKENTHAL, E., AKTORIES, K., JAK0BS, K H., AND LANG, R. E.: Neuropeptide

Y inhibits ream release by a pertussis toxin-sensitive mechanism. Am. J.
Physiol. 252: F543-F550, 1987.

HALL, J. M., SINEY, L., LIPPTON, H., HYMAN, A., KANG-CHANG, J., AND BRAIN,

S. D.: Interaction of human adrenomedullin 13-52 with calcitonin gene-

 at T
ham

m
asart U

niversity on D
ecem

ber 2, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


524 NUSSDORFER

related peptide receptors in the microvasculature of the rat and hamster.
Br. J. Pharmacol. 114: 592-597, 1995.

HARMAR, T., �D Lu’rz, E.: Multiple receptors for PACAP and VIP. Trends

Pharznacol. Sd. 15: 97-99, 1994.
HASHIGUCHI, T., Hioucm, K, Oit�sm, M., MINAMIN0, N., KANGAWA, K,

MESuo, H., AND NAWATA, H.: Porcine brain natriuretic peptide: another
modulator of bovine adrenocortical steroidogenesis. FEBS Lett 236: 455-
461, 1988.

HASHIM0’ro, K, MuiwcAMI, K, HArrom, T., NIzMI, M., FujIMo, K, � Gm,
Z.: Corticotropin-releasing factor (CRF)-like immunoreactivity in the adre-
nal medulla. Peptides (Elmsford) 5: 707-712, 1984.

HAuSDORFF, W. P., AGuILERA, G., �r CArr, K J.: Inhibitory actions of some-
tostatin on cyclic AMP and aldosterone production in agonist-stimulated
adrenal glomerulosa cells. Cell. Signalling 1: 377-386, 1959.

HAWATA, H., Os�.Sm, M., HA.n, M., TAKAYANAGI, It, HIGUCHI, K, FuJIo, N.,
HASHIGUCHI, T., 000, A., NAKA0, It, OHNAKA, K, 4�i�ir Nism, Y.: Atrial and
brain natriuretic peptide in adrenal steroidogenesis. J. Steroid Biochem.
Mol. Biol. 40: 367-379, 1991.

HAWTHORN, J., Nusszy, S. S., HENDERSON, J. It, �Nt JENKINS, J. S.: Immu-
nohistochemical localization of oxytocin and vasopressin in the adrenal
glands ofrat, cow, hamster and guinea pig. Cell Tissue Re.. 25(h 1-6, 1987.

HE, H., BES8HO, H., FUJISAWA, Y., HoRiucm, K, ToMomRo, A., IOTA, T., Mu,
Y., KIMURA, S., T�w�ia, T., �ND ABE, Y.: Effects of synthetic rat ad-
renomedullin on regional hemodynamics in rats. Eur. J. Pharmacol. 273:
209-214, 1995.

H�isLn�, S., AND M0RIuER, E.: Bovine adrenal medullary cells contain func-
tional atrial natriuretic peptide receptor. Biochem. Biophys. Res. Commun.
150: 781-787, 1988.

HENION, P. D., hair LANDIS, S. C.: Developmental regulation of leucine-en-
kephalin expression in adrenal chromaflin cells by glucocorticoids and in-
nervation. J. Neurosci. 12: 3818-3827, 1992.

HERVONEN, A., LINN0IL*. I., V�L*.sTi, A., ALso, H., �.Ni PELTO-HUIKKO, M.:
Electron microecopiclocalization ofenkephalin-like immunoreactivity in the
human adrenal medulla. J. Electron Microec. Tech. 12: 380-385, 1989.

HEXUM, T. D., HANBAUER, I., GOVONI, 5., YANG, H. Y. T., 4�z’m COSTA, E.:
Secretion of enkephalin-like peptides from canine adrenal gland following
splanchnic nerve stimulation. Neuropeptides 1: 137-142, 1980a.

HaxuM, T. D., YANG, H. Y. T., �r�m Cos�rA, E.: Biochemical characterization of
enkephalin-like immunoreactive peptides of adrenal glands. Life Sci. 27:

1211-1216, 1980b.
HEYt�, C., BRAuN, B., KuMAscHswsiu, L, �ND KuMMER, W.: Chemical codes of

sensory neurons innervating the guinea-pig adrenal gland. Cell Tissue Re..
279: 169-181, 1995.

Hioucm, H., IwAsA, A., �ND Mnu, N.: Rapid decrease in neuropeptide Y gene
expression in rat adrenal gland induced by the a2-adrenoceptor agonist,
clonidine. Br. J. Pharinacol. 103: 1136-1140, 1991a.

HIOUCHI, H., IwASA, A., AND YOKOKAWA, K: High levels of expression of
neuropeptide Y mRNA in human pheochromocytomas. Clin. Exp. Pharma-
col. Physiol. 21: 359-365, 1994.

Hioucm, H., IwASA, A., YosHmA, H., �ND Mnu, N.: Long lasting increase in
neuropeptide Y gene expression in rat adrenal gland with reserpine treat-
ment: positive regulation of tranasynaptic activation and membrane depo-
larization. Mol. Pharmacol. 38: 614-623, 1990.

HIouCm, H., NAx�No, K, �n IwAs�, A.: Decrease in prepro-neuropeptide Y
gene expression in the rat adrenal gland and cerebral cortex of spontane-
ously hypertensive rats. Neuropeptides 25: 343-349, 1993.

HIGUCHI, H., YANG, H. Y. T., � CosTA, E.: Age-related bidirectional changes
in neuropeptide Y peptides in rat adrenal glands, brain, and blood. J. Neu-
rochem. 50: 1579-1886, 1988.

Hioucm, H., YOKOKAWA, K, IwAs�, A., YosmDA, H., �Nn Mnu, N.: Age-
dependent increase in neuropeptide Y gene expression in rat adrenal gland
and specific brain areas. J. Neurochem. 57: 1840-1847, 1991b.

HIGUCHI, K, NAWATA, H., KAT0, K I., IMmsm, H., �rw MATsuo, H.: Alpha-
human atrial natriuretic polypeptide (alfa-hANP) specific binding sites in
bovine adrenal gland. Biochem. Biophys. Res. Commun. 137: 649-656,
19864.

HIGUCRI, K, NAWATA, H., KA’ro, K I., IBAmsm, H., �n MA’rsuo, H.: Alfa-
human atrial natriuretic polypeptide inhibit. steroidogenesis in cultured
human adrenal cells. J. Chin. Endocrinol. Metab. 62: 941-944, 1986b.

HINSON, J. P., CAMERoN, L A., �Nn KAPAS, S.: Neuropeptide Y modulates the
sensitivity ofthe rat adrenal cortex to stimulation by ACTH. J. Endocrinol.
145: 283-289, 1995.

HINS0N, J. P., CAi�1ESON, L A., PuRsRici#{231} A., AND KAPAS, S.: The role of
neuropeptidea in the regulation of adrenal zone glomenilosa function: ef-
feet. of substance P, neuropeptide Y, neurotensin, met-enkephalin, leu-
enkephalin and corticotrophin-releasing hormone on aldoeterone secretion
in the intact perfused rat adrenal. J. Endocrinol. 140 91-96, 1994a.

HINSON, J. P., �n KAPAS, 5.: EffeCts ofsodium depletion on the response of rat
adrenal sons glomerulosa cells to stimulation by neuropeptides: actions of
vasoactive intestinal peptide, enkephalin, substance P, neuropeptide Y and
corticotrophin-releasing hormone. J. Endocrinol. 146: 209-214, 1995.

HINS0N, J. P., �ND KAPAS, S.: Effect of splanchnic nerve section and compen-
satory adrenal hypertrophy on rat adrenal neuropeptide content. Regal.
Pept. 61: 106-109, 1996.

HIN8ON, J. P., KAPAS, S., Osroiw, C. D., �an VINSON, G. P.: Vasoactive

intestinal peptide stimulation of aldosterone secretion by the rat adrenal

cortex may be mediated by the local release of catecholainines. J. Endocri-
nol. 133: 253-258, 1992.

HINSON, J. P., PURBRICK, A., CAMERoN, L. A., �n KAPAS, S.: The role of
neuropeptides in the regulation ofadrenal sons fasciculata-reticularis func-
tion: effects of vasoactive intestinal polypeptide, substance P. neuropeptide
Y, met- and leu-enkephalin and neurotensin on corticosterone secretion in
the intact perfused rat adrenal gland in situ. Neuropeptides 26: 391-398,
19Mb.

HiNsoN, J. P., PURBRICK� A., CAMERoN, L A., �am KAPAS, S.: The role of
neuropeptides in the regulation of adrenal vascular tone: effects of vasoac-
tive intestinal polypeptide, substance P. neuropeptide Y, neurotensin, met-
enkephalin and leu-enkephalin on perfusion medium flow rate in the intact
perfused rat adrenal. Regal. Pept. 51: 55-61, 1994c.

HIN80N, J. P., AND VINS0N, G. P.: Calcitonin gene-related peptide stimulates
adrenocortical function in the isolated perfused rat adrenal gland in situ.
Neuropeptides 16: 129-133, 1990.

HINSON, J. P., Vn�isoN, G. P., P0R’rna, I. D., �Ni WRITEHOUSE, B. J.: Oxytocin
and arginine vaaopressin stimulate steroid secretion by the isOlated per-
fused rat adrenal gland. Neuropeptides 1O’� 1-7,1987.

HINS0N, J. P., VINs0N, G. P., PuDNEY, J., AND WmTEH0uSE, B. J: Adrenal mast
cells modulate vascular and secretory responses in the intact adrenal gland
of the rat. J. Endocrinol. 121: 253-260, 1989.

HOKFELT, T., LUNDBERG, J. M., ScHuLzBERG, M., ai�w FAHRENKRuG, J.: Immu-
nohistochemical evidence for alocal VIP-ergic neuron system in the adrenal
gland ofthe rat. Acta Physiol. Scand. 113: 575-576, 1981.

Hoisr, J. J., Emui�ar-BonJ�si’EiN, M., MEsSEu,�, T., Poui.SEN, S. S., �D
MARLING, H.: Release of galanin from isolated perfused porcine adrenal
glands: role of splanchnic nerves. Am. J. Physiol. 261: E31-E40, 1991.

HOLVZ, J., SOMMER, 0., �ND BASSENGE, E.: Inhibition of sympathoadrenal

activity by atrial natriuretic factor in dogs. Hypertension 81 350-354, 1987.
HoLzwARm, M. A.: The distribution ofvasoactive intestinal peptide in the rat

adrenal cortex and medulla. J. Auton. Nerv. Syst. 11: 269-283, 1984.
HoLzwARm, M. A., �Nn BROWNFIELD, M. S.: Serotonin coexists with epineph-

rine in rat adrenal medulla. Neuroendocrinologj 41: 230-236, 1985.
HoLzwARm, M. A., CuNNiNGn�, L A., �n KiiiTM�N, N.: The role of adrenal

nerves in the regulation ofadrenocortical functions. Ann. NYAcad. Sd. 512:
449-464, 1987.

HoLzwAirrH, M. A., SAwrrAN, C., AND BR0wNFIELD, M. S.: Serotonin-imniuno-
reactivity in the adrenal medulla: distribution and response to pharmaco-
logical manipulation. Brain Re.. Bull. 13: 299-308, 1984.

HONG, N., Li, S., FOURNIER, A., SAINT-PIERnE, S., �w PELLETIER, G.: Role of
neuropeptide Y in the regulation oftyrosine hydroxylase gene expression in
rat adrenal glands. Neuroendocrinology 61: 85-88, 1995.

HooK, V., �Nt LISTON, D.: Distribution of enkephalin-containing peptides
within bovine chromaffin granules. Neuropeptides 9 263-268,1987.

HoluuCm, T., � K, �Nt Sim.flzu, N.: Effect ofcatecholamines on aldo-
sterone release in isolated rat glomerulosa cell suspension. Life Sd. 4O’�
2421-2428, 1987.

Houcm, H., H�M�o, S., MASuDA, Y., IsmMuRA, Y., AzuM�, M., OHucm, T.,
AND OKA, M.: Stimulatory effect of pituitary adenylate cyclase-activating
polypeptide on catecholamine synthesis in cultured bovine adrenal chroms$
fin cells: involvements of tyrosine hydroxylase phosphorylation caused by
Ca2� j�fl� and cAMP. Jpn. J. Pharmacol. 66: 323-330, 1994.

Hu, It M., LawN, E. R., PEDRAM, A., �ND FRANK, H. J. L: Atrial natriuretic

peptide inhibits the production and secretion of endothelin from cultured
endothelial cells: mediation through the C-receptor. J. Biol. Chem. 267:
17384-17389, 1992.

HuNG, T. T., �n LE M�iRe, W. J.: The effects ofcorticotropin, opioid peptides
and crude pituitary extract on the production of dehydroepiandro.terone
and corticosterone by mature rat adrenal cells in tissue culture. J. Steroid
Biochem. 2� 721-726, 1988.

Icmxi, Y., KITAMURA, K, KANGAWA, K, K�w�swm, M., MATsuo, H., �Nn ETO,
T.: Distribution and characterization ofimmunoreactive adrenomedullin in
human tissue and plasma. FEBS Lett. 338: 6-10, 1994.

INAGAIG, S., Kunom, Y., Krro, S., KANGAWA, I. L, �D MAi�uo, H.: Immuno-
reactive atrial natriuretic polypeptides in the adrenal medulla and sympa-
thetic ganglia. Regal. Pept. 15: 249-260, 1986.

IN0UE, J., Olsen, S., NAOMI, S., UMEDA, T., �n Sxro, T.: Pheochromocytoma

associated with adrenocortical adenoma: case report and literature review.
Endocrinol. Jpn. 33: 67-74, 1986.

INTURRISI, C. A., BRANCH, A. D., ROBEM’SON, M. D., Howalia, It D., Fw�KuN,
S. 0., SHAPIRo, J. It, CALv�No, 5. E., 4�m Y0BURN, B. C.: Glucocorticoid
regulation ofenkephalins in cultured rat adrenal medulla. Mo!. Endocrinol.
2: 633-640, 1988.

ISmMITSu, T., HIRATA, Y., MAT8u0KA, H., Isim, M., Suon4ioTo, T., �
K, �z�m MATsuo, H.: In vivo and in vitro effects ofatrial natriuretic peptide
on renin release. Clin. Exp. Pharmacol. PhysioL W� 711-716, 1992.

ISHIYAMA, Y., KITAMUBA, K, Icunu, Y., NAK�MuRA, S., KIDA, 0., K�o�w4�, K,
AND ETO, T.: Hemodynamic effects of a novel hypotensive peptide, human

adrenomedullin, in rats. Eur. J. Pharmacol. 241: 271-273, 1998.
ISOBE, K, N�K�i, T., �z�w T�icuw�, Y.: Ca2�-Dependent stiniulatory effect of

pituitary adenylate cyclase-activating polypeptide on catecholamine secre-

tion from cultured porcine adrenal medullary chromaflin cells. Endocrinol-
ogy 132: 1757-1765, 1993.

 at T
ham

m
asart U

niversity on D
ecem

ber 2, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


CORTICO-MEDULLARY INTERACTIONS IN ADRENALS 525

ISOBE, K, YuKIMASA, N., NAKAI, T., �Nn T�ucuw�, Y.: Pituitary adenylate
cyclase-activating polypeptides induces gene expression of the catechol-
amine synthesizing enzymes, tyrosine hydroxylase and dopamine (3hydrox-
ylase, through 3,5-cyclic adenosine monophosphate- and protein kinase
C-dependent mechanisms in cultured porcine adrenal medullary chromaffin
cells. Neuropeptides 30: 167-175, 1996.

Iw�sAKi, H., HIRATA, Y., IwASmNA, M., SATO, K, �D M�uwaio, F: Specific
binding sites for proadrenomedullin N-terminal 20 peptide (PAMP) in the
rat. Endocrinolo�j, 137: 3045-3050, 1996.

JACKSON, 5., CORDER, R., KISER, S., AND LOWRY, P. J.: Pro-enkephalin peptides
possessing met-enkephalin-Arg�-Gly7-Leu8-immunoreactivity in rat CSF,
striatuni and adrenal gland. Peptides (Elmsford) 6 169-178, 1985.

JAIswAL, N., AND SHARMA, It K: Dual regulation of adenylate cyclase and
guanylate cyclase: a2-adrenergic signal transduction in adrenocortical car-
cinoma cells. Arch. Biochem. Biophys. 249 616-619, 1986.

JARRY, H., DIETRICH, M., BARmEL, A., Giesi�sa, A., �rm Wui’r�, W.: In vivo
demonstration of a paracrine inhibitory action of met-enkephalin on adre-
nomedullary catecholamine release in the rat. Endocrinology 125: 624-629,
1989.

JARRY, H., DuKER, E. M., �ND WUTFKE, W.: Adrenal release of catecholamines
and met-enkephalin before and after stress as measured by a novel in vivo
dialysis method in the rat. Neurosci. Lett 801273-278,1985.

JAWORSKA-FEIL, L., BuDziszzwsKA, B., �am LASON, W.: Repeated amphet-
amine evokes long-lasting depletion ofthyrotropin-releasing hormone in the
rat adrenal medulla. Pol. J. Pharmacol. 48: 463-466, 1994.

Jol�rEs, C. T., AND EDWARDS, A. V.: Release of adrenocorticotrophin from the
adrenal gland in the conscious calf. J. Physiol. (Lond.) 428: 397-407, 1990.

JoNes, C. T., AND EDwARDS, A. V.: The role ofcorticotrophin releasing factor in
relation to the neural control of adrenal function in conscious calves.
J. Physiol. (Lond.) 447: 489-500, 1992.

JuDD, A. M., AND Rn’cmE, P. K: Tumor necrosis factor increases interleukin-6
release from adrenal sons glomerulosa cells in vitro. Endocrine 3: 725-728,
1995.

KALRA, P. 5., �n KALRA, S. P.: Neuropeptide K stimulates corticosterone
release in the rat. Brain Res. 610: 330-333, 1993.

KAPAS, S., PURBRICK, A., �ND HINS0N, J. P.: Action ofopioid peptides on the rat
adrenal cortex: stimulation of steroid secretion through a specific � opioid
receptor. J. Endocrinol. 144: 503-510, 1995.

KASPRZAK, A., REBUFFAT, P., ANDREIS, P. G., MAZZOCCMI, G., �Nt NUSSDORFER,
G. G.: Effects of prolonged cysteamine administration on the rat adrenal
cortex: evidence that endogenous somatostatin is involved in the control of
the growth and steroidogenic capacity of zone glomerulosa. J. Steroid Bio-
diem. Mol. Biol. 38: 469-473, 1991.

KATOH, F., KITAMuBA, K, NuNA, H., YAMAre0T0, It, W�smMiNE, H., KANGAwA,
K, YAMAM0TO, Y., K0BATASm, H., ET0, T., �ND WADA, A.: Proadrenomedul-
Un N-terminal 20 peptide (PAMP), an endogenous anticholinergic peptide:
its exocytotic secretion and inhibition ofcatecholamine secretion in adrenal
medulla. J. Neurochem. 64: 459-461, 1995.

KATOH, F., NuNs, H., KzTAMuB�, K, IcHnu, Y., Y�tM�w�ro, Y., K�G�W4�, K,
ETO, T., AND WADA, A.: Ca2�-Dependent cosecretion ofadrenomedullin and
catecholamines mediated by nicotinic receptors in bovine cultured adrenal

medullary cells. FEBS Lett. 348: 61-64, 1994.
KAwAI, M., NARusE, M., YosmMo’ro, T., NARUSE, K, Sm0N0YA, K, T�iwc�,

M., MomsmTA, Y., MATsum�, Y., DzMus.�, It, �Nn DEMuRA, H.: C-Type
natriuretic peptide as a possible local modulator ofaldosterone secretion in
bovine adrenal nina glomerulosa. Endocrinology 137: 42-46, 1996.

KAw� M., NAKAMICm, N., IMAGAWA, N., T�ic�, Y., ToMrrA, C., 4t��w

M�rsus�, M.: Effect of adrenaline on steroidogenesis in primary cultured
bovine adrenocortical cells. Jpn. J. Pharmacol. 36: 35-41, 1984.

I(HAUL, Z., MARLEY, P. D., 4u�m Livrrr, B. G.: Mammalian tachykinins mod-

ulate the nicotinic secretory response ofcultured bovine adrenal chroma.ffin
cells. Brain Re.. 459: 289297, 1988.

KILPATRICK, D. L, Howsus, It D., FLEMINGER, G., 4�m UDENPRIEND, S.:
Denervation of rat adrenal glands markedly increases pre-proenkephalin
mENA. Proc. Nat!. Mad. Sc!. USA 81: 7221-7223, 1984.

KILPATRICK, D. L, LEwis, It V., &rEiN, 5., AND UDENFRLEND, S.: Release of
enkephalins and enkephalin-containing polypeptides from perfused beef
adrenal gland. Proc. Nat!. Aced. Sc!. USA 77: 7473-7475, 1980.

KITAMURA, K, KANGAWA, K, K�w�sso’ro, M., IcHuu, Y., NAXAMuRA, S., MAT-
suo, H., AND ETO, T.: Adrenomedullin: a novel hypotensive peptide isolated
from human pheochromocytoma. Biochem. Biophys. Re.. Commun. 192:
553-560, 1993a.

KITAMURA, K, S�uc�m, J., KANGAWA, K, K0JIMA, M., MA’rsuo, H., �ti E’ro, T.:
Cloning and characterization of cDNA encoding a precursor for human
adrenomedullin. Biochem. Biophys. Re.. Commun. 194: 720-725, 1993b.

ICI�EITMAN, N., �n H0LzwARm, M. A.: Catecholaminergic innervation of the
rat adrenal cortex. Cell Tissue Res. 241: 139-147, 1985.

KoBAYAsm, S., Gmsm, T., FUJITA, T., NAKA0, K, YosmMAsA, T., IMuR�, H.,
Mocmizuiu, T., YAN�niAR�, C., Y�N�un�n�, N., �n VEiuiorsTAD, A. A. J.:
An inununohistochemical study on the co-storage of Met-enkephalin-Arg�-
Gly7-Leu8 and Met-enkephalin-Arg�-Phe7 with adrenaline and/or noradren-
aline in the adrenal chromaffin cells ofthe rat, dog and cat. Biomed. Re.. 4:
433-442, 1983.

KosNo, M., Homo, T., IIEDA, M., YOKOKAWA, K, FuKul, T., YAsuN�uu, K,
MuRiucAw4�, K I., KuRm�s.�, N., �n TAKEDA, T.: Natriuretic peptides

inhibit mesangial cell production of endothelin induced by arginine vaso-
pressin. Am. J. Physiol. 284: F678-F683, 1993.

K0ND0, H., KuR.�io�ro, H., �ND FUJITA, T.: An immuno-electron-microscopic
study ofthe localization ofVIP-Iike immunoreactivity in the adrenal gland
of the rat. Cell Tissue Res. 245: 531-538, 1986.

KONG, H., DE PAOLI, A. M., BREDER, C. D., YARUDA, K, BELL, G. I., 4�i�m
REISINE, T.: Differential expression of somatoetatin receptor subtypes
SSTR1, SSTR2 and SSTR3 in adult rat brain, pituitary and adrenal gland.
Analysis by RNA blotting and in situ hybridization. Neuroscience 501 175-
184, 1994.

KONG, J. Y., THURESON-KLEIN, A., �Nn KLEIN, It L.: Differential distribution of
neuropeptides and serotonin in pig adrenal glands. Neuroscience 28: 765-
775, 1989.

KONOSRITA, T., Gi�sc, J. M., Viua�.BD, E., SEmAu, N. G., CORVOL, P., AND PINET,
F.: Co-expression of PC2 and proenkephalin in human tumoral adrenal
medullary tissues. Biochimie 76: 241-245, 1994.

KuR�aiovo, H., K0ND0, H., �rw Fu.BTA, T.: Substance P-like immunoreactivity
in adrenal chromaffin cells and intra-adrenal nerve fibres of rats. Histo-
chemistry 82: 507-512, 1985.

Kun�wyro, H., K0NDO, H., �n FujrrA, T.: Neuropeptide tyrosine (NPY)-like
immunoreactivity in adrenal chromaffin cells and intradrenal nerve fibres of
rats. Anat. Eec. 214: 321-328, 1986.

KuRAMOT0, H., K0ND0, H., �w Fu,nTA, T.: Calcitonin gene-related peptide
(CGRP)-like immunoreactivity in scattered chromaffin cells and nerve fibers

in the adrenal gland of rats. Cell Tissue Res. 247: 309-315, 1987.
KuwAsAKo, K, KiTAMuR�, K, ICHIKI, Y., KAT0, J., KANGAWA, K, MA’rsuo, H.,

AND ET0, T.: Human proadrenomedullin N-terminal 20 peptide in pheochro-
mocytoma and normal adrenal medulla. Biochem. Biophys. Re.. Commun.
211: 694-699, 1995.

LABORIE, C., BERNET, F., KERCKAERT, J. P., MAUBERT, E., LESAGE, J., AND

Dupouy, J. P.: Regulation of neuropeptide Y and its mRNA by glucocorti-
coids in the rat adrenal gland. Neuroendocrinology 62: 601-610, 1995.

LAMBERTS, S. W. J., BONS, E. G., �r�i Dat Pozo, E.: The met-enkephalin analog
FK 33-524 and naloxone do not directly influence cortisol secretion by
cultured human adrenocortical cells. Life Sci. 32: 755-758, 1983.

LEE, Y. J., IAN, S. It, SHIN, S. J., LAI, Y. H., UN, Y. T., �n TeAl, J. H.: Brain
natriuretic peptide is synthesized in the human adrenal medulla and its
messenger ribonucleic acid expression along with that of atrial natriuretic
peptide are enhanced in patients with primary aldosteronism. J. Clin.

EndocrinoL Metab. 79’� 1476-1482, 1994.
LEE, Y. J., IAN, S. It, SHiN, S. J., �n TsAI, J. H.: Increased adrenal medullary

atrial natriuretic polypeptide synthesis in patients with primary aldoete-
ronism. J. Clin. EndocrinoL Metab. 78: 1357-1362, 1993.

LEFEBYRE, H., CONTESSE, V., DELARuE, C., FEUILLOLEY, M., HtRY, F., GRISE,
P., RAYNAUD, G., VERHOFSTAD, A. A. J., WoLI’, L M., 1�i’m VAUDRY, H.:
Serotonin-induced stimulation ofcortisol secretion from human adrenocor-
tical tissue is mediated through activation of a 5-HT4 receptor subtype.
Neuroscience 47:999-1007,1992.

LEFEBvRE, H., CONTESSE, V., DEL*.RuE, C., LEORAND, A., KusN, J. M., VAUDRY,
H., 4uw Wou�, L M.: The serotonin-4 receptor agonist cisapride and angio-
tensin II exert additive effects on aldosterone secretion in normal man.
J. Chin. Endocrinol. Metab. 801 504-507, 1995.

LEPEBVRE, H., CONTESSE, V., DELARuE, C., SOUBRANE, C., LEGRAND, A., KUHN,
J. M., WoLF, L M., �am VAUDRY, H.: Effect of the serotonin-4 receptor
agonist zacopride on aldosterone secretion from the human adrenal cortex:
in vivo and in vitro studies. J. Clin. Endocrinol. Metab. 77:1662-1666,1993.

LEMAIRE, S., TRwAR0, J. M., CHOUNARD, L, Csc�se, D., DESSUREAULT, J.,
MERCIER, P., AND DuM0NT, M.: Structural identification, subcellular local-
ization and secretion of bovine adrenomedullary neuromedin C [GRP-(18-
27)1. Peptides (Elmsford) 101 355-360, 1989.

LESNIEwsKA, B., NowAx, M., MISKOWIAK, B., NussDoRFER, G. G., �i M�u�-
DOWICZ, L K: Long-term effects ofneuropeptide Y on the rat adrenal cortex.
Neuropeptides 16: 9-13, 1990.

LEVIN, E. It: Natriuretic peptide C-receptor: more than a clearance receptor.
Am. J. Physiol. 264: E483-E489, 1993.

LEwIS, It V., STnaN, A. S., KILPATRICK, D. L, GERBER, L D., RosslEa, J., STEIN,

S., �ND UDENFmEND, S.: Marked increase in large enkephalin containing

polypeptides in the rat adrenal gland following denervation. J. Neurosci. 1:
80-82, 1981.

LI, Z. G., QUEEN, G., �n LABELLA, F. S.: Adrenocorticotropin, vasoactive
intestinal peptide, growth hormone-releasing factor, and dynorphin compete
for common receptors in brain and adrenal. Endocrinology 126: 1327-1333,
1990.

LIGHTLY, E. It T., WALKER, S. W., Bum, I. M., �n Wu�uA�ais, B. C.: Subclas-
sification of(3-adrenoceptors responsible for steroidogenesis in primary cul-
tures ofbovine adrenocortical zona fasciculata/reticularis cells. Br. J. Phar-
macol. 99: 709-712, 1990.

LINN0ILA, It I., DIAUGUSTINE, It P., HERv0NEN, A., �n MILLER, It J.: Distri-
bution of(Met-5)- and (Leu-5)-enkephalin, vasoactive intestinal polypeptide
and substance P-like immunoreactivities in human adrenal glands. Neuro-
science 5: 2247-2260, 1980.

Liu, J., HEHO0LA, P., Vo�.rrILAINEN, It, K0R0NEN, S. L, 4u�iD KAHIu, A. I.:
Pheochromocytoma expressing adrenocorticotropin and corticotropin-re-
leasing hormone; regulation by glucocorticoids and nerve growth factor. Eur.
J. Endocrinol. 131: 221-228, 1994.

 at T
ham

m
asart U

niversity on D
ecem

ber 2, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


526 NUSSDORFER

LIvE’rr, B. G., DEi�N, D. M., WHELAN, L. G., UNDENFRIEND, S., �tNn ROSSIER, J.:
Co-release of enkephalin and catecholamines from cultured adrenal chro-
maffin cells. Nature (Lond.) 2801 317-319, 1981.

LOTSHAW, D. P., FitsNco-S�z, It, �u�n MuLRow, P. J.: Guanabenz-induced
inhibition of aldosterone secretion from isolated rat adrenal glomerulosa
cells. Am. J. Med. Sci. 301: 15-20, 1991a.

LOTsHAw, D. P., FRANcO-SAENz, It, AN� MuLRow, P. J.: Atrial natriuretic
peptide inhibition of calcium ionophore A23187-stimulated aldosterone so-
cretion in rat adrenal glomerulosa cells. Endocrinology 1201 2305-2310,
1991b.

LUNDBERG, J. M., AL-SAFFAR, A., SARL�, A., �Nt THEODORSSON-NORHEIM, E.:
Reserpine-induced depletion of neuropeptide Y from cardiovascular nerves
and adrenal gland due to enhanced release. Naunyn Schmiedebergs Arch.

Pharmacol. 332: 163-168, 19864.
LUNDBERG, J. M., FRIED, G., PERN0w, J., �m THEODORSSON-NORHEIM, E.:

Corelease of neuropeptide Y and catecholamines upon adrenal activation in
the cat. Acts Physiol. Scand. 128: 231-238, 1986b.

LuNDBERO, J. M., HOKFELT, T., HEMSEN, A., THEODORSSON-NORHEIM, E., PER-

NOW, J., HAMBERGER, B., �r�m GOLDSTEIN, M.: Neuropeptide Y-like immu-
noreactivity in adrenaline cells of adrenal medulla and in tumors and
plasma of pheochromocytoma patients. Regal. Pept. 13: 169-182, 1986c.

LuNDBERG, J. M., MARTINSSON, A., HEMSEN, A., THEODORSSON-NORHEIM, E.,
SVEDENHAG, J., EKBLOM, B., �Nn HJEMDAHL, P.: Co-release of neuropep-
tide-Y and catecholamines during physical exercise in man. Biochem. Bio-
phys. Res. Commun. 133: 30-36, 1985.

LUNDBERG, J. M., ROKAEu8, A., HOKFELT, T., ROSEL, S., BROWN, M., AND
GOLDSTEIN, M.: Neurotensin-like immunoreactivity in the preganglionic
sympathetic nerves and in adrenal medulla ofthe cat. Acts Physiol. Scand.
114: 153-155, 1982.

Ltrrz, It A., ToMAsz, G., LUEM, S., BLUM, P., �x PLISKA, V.: Vasopressin
receptors in the adrenal cortex of sheep. Does autoradiography indicate an
irreversible binding of the ligand? J. Recept. Re.. 13: 283-294, 1993.

MAGGI0, J. E.: Tachykinins. Annu. Rev. Neurosci. 11: 13-28, 1988.
MAJANE, E. A., Auio, H., KATAOKA, Y., LEE, C. H., �D YANG, H. Y. T.:

Neuropeptide Y in bovine adrenal gland: distribution and characterization.
Endocrinology 117: 1162-1168, 1985.

MALENDOWICz, L K, ANDREIS, P. G., MARK0wsKA, A., N0wAK, M., WARCHOL,

J. B., NEal, G., �r�w NussDoRFER, G. G.: Effects of neuromedin U-S on the
secretory activity of the rat adrenal cortex: evidence for an indirect action
requiring the presence of the zone medullaris. Re.. Exp. Med. 194: 69-79,
1994a.

MALEND0WICz, L. K, LESNIEWSKA, B., �D MISK0wIAK, B.: Neuropeptide-Y
inhibits corticosterone secretion by isolated rat adrenocortical cells. Expe-
rientia 46: 721-722, 1990.

MALEND0WIcz, L. K, LESNIEWSKA, B., MISKOWIAK, B., NUSSDORFER, G. G., �Ni

N0wAK, M.: Effects of neurotensin on the pituitary-adrenocortical axis of
intact and dexamethasone-suppressed rats. Exp. Pathol. 43: 205-211, 1991.

MALENDOwICz, L K, �r M�RxowsKA, A.: Neuromedins and their involve-
ment in the regulation of growth, structure and function of the adrenal
cortex. Histol. Histopathol. 9: 591-601, 1994.

MALEND0WIcz, L K, MARKOWSKA, A., �Nn ZABEL, M.: Neuropeptide Y-related
peptides and hypothalamo-pituitary-adrenal axis function. Histol. His-
topathol. 11: 485-494, 1996a.

MALENDOWICz, L K, NEiu, G., NussDoRrER, G. G., NowAi#{231}M., FIUPIAK, K,
AND WARCHOL, J. B.: Effect of substance P and its antagonist spantide on
corticosterone secretion and cytosolic free calcium concentration of di.-
persed zone fasciculata-reticularis cells of the rat adrenal cortex. Endocr.
Res. 22: 175-184, 1996b.

MALENDOwICz, L. K, NussDoiu’ER, G. G., MARK0wsKA, A., TORTORELLA, C.,
N0wAK, M., AND WARCHOL, J. B.: Effects of neuromedin U (NMU)-8 on the
rat hypothalamo-pituitary-adrenal axis: evidence ofa direct effect of NMU-8
on the rat adrenal gland. Neuropeptides 28: 47-53, 19Mb.

MALENDOWICz, L K, NussDoRnR, G. G., NowAx, K W., �Nr MAzzoccm, G.:
The possible involvement ofgalanin in the modulation of the function of rat
pituitary-adrenocortical axis under basal and stressful conditions. Endocr.
Re.. 201 307-317, 1994c.

MALENDOWICz, L. K, NUSSDORFER, G. G., WARCHOL, J. B., MARK0wSKA. A.,

MAccm, C., N0wAK, K W., �rw Bi.rrowsKA, W.: Effects of neuromedin-K on
the rat hypothalamo-pituitary-adrenal axis. Neuropeptides 29: 337-341,
1995a.

MALENDOwIcz, L K, WARCHOL, J. B., NUSSDORFER, G. G., N0wAK, M., �Nn

FILIPIAK, K: Effects of neurokinin-A on the rat hypothalamo-pituitary-
adrenal axis. Endocr. Re.. 21: 757-767, 1995b.

MALHOTRA, It K, �r WAKADE, A. It: Vasoactive intestinal polypeptide stim-
ulates the secretion of catecholamines from rat adrenal gland. J. Physiol.
(Lond.) 388: 285-294, 1957.

MAR, E. C., IADAROLA, M. J., �Nt HONG, J. S.: Regulation of the expression of
proenkephalin messenger RNA in bovine adrenal chromaffin cells: role of
proto-oncogenes. Mol. Cell. Neuroeci. 3: 508-517, 1992.

MARKOw8KA, A., REBUFFAT, P., ROcco, S., Go’rrARDo, G., MAzzoccm, G., �r
NussDourER, G. G.: Evidence that an extrahypothalamic-pituitary cortico-
tropin-releasing hormone (CRHYadrenocorticotropin (ACTH) system con-
trols adrenal growth and secretion in rats. Cell Tissue Res. 272: 439-445,

1993.
MARTINEZ, A., PADBURY, J., CH�PPELL, B., HABIB, D., Two, S., AND BuRNELL,

E.: Maturation changes in expression ofenkephalin peptides in adrenal and
extra-adrenal tissue offetal and adult rabbits. Brain Re.. Bull. 28: 935-940,
1991.

MATSUOKA, H., IsHII, M., Govo, A., �r SUGIMOTO, T.: Role ofserotonin type 2
receptors in regulation of aldosterone production. Am. J. Physiol. 2401
E234-E238, 1985.

MATsu0KA, H., ISHH, M., HIRATA, Y., ATARASRI, K, SUGIMOTO, T., KANGAWA,
K, �Nr MA’rsuo, H.: Evidence for lack of a role of cGMP in effect of
alfa-hAMP on aldosterone inhibition. Am. J. Physiol. 252: E643-E647, 1987.

MATsuOKA, H., MULR0w, P. J., Fiw.ico-SAENz, It, �s�m LI, C. H.: Effects of
�3-lipotropin and �3-lipotropin-derived peptides on aldosterone production in
the rat adrenal gland. J. Clin. Invest. 88: 752-759, 1981.

MAuBER’r, E., DuPouy, J. P., �n BERNzT, F.: Effect ofadrenal demedullation
on neuropeptide Y content ofthe capsule/glomerulosa zone ofthe rat adrenal
gland. Neurosci. Lett. 156: 5-8, 1993.

MAUBERT, E., TRAMu, G., BEAuviLL�iN, J. C., �r�m Dupouy, J. P.: Co-localisa-

tion of vasoactive intestinal polypeptide and neuropeptide Y immunoreac-
tivities in the nerve fibres of the rat adrenal gland. Neurosci. Lett. 113:
121-126, 1990.

MAuRER, It, AND REUBI, J. C.: Somatostatin receptors in the adrenal. MoL Cell.
Endocrinol. 45: 81-90, 1986.

MAzz0CcHI, G., MAccm, C., MALEND0wIcz, L K, �m NussDoRrER, G. G.:
Evidence that endogenous substance-P (SP) is involved in the maintenance

of the growth and steroidogenic capacity of rat adrenal zona glomerulosa.
Neuropeptides 29: 53-58, 1995a.

MAzzOCcHI, G., MALENDOWICZ, L. K, Ar�mREis, P. G., MENEGHELLI, V.,
MARKOWSKA, A., BELL0NI, A. S., ANt NUSSDORFER, G. G.: Neuropeptide-K

enhances glucocorticoid release by acting directly on the rat adrenal gland:
the possible involvement of zona medullaris. Brain Res. 881: 91-96, 1994a.

MAzzOccHI, G., M�LENDowicz, L. K, ANDREIs, P. G., �n NussDoR.FER, G. G.:
Neurotensin inhibits the stimulatory effect ofangiotensin-Il and potassium
on aldosterone secretion by rat zona glomerulosa cells. Exp. Chin. Endocri-
no!. 97: 34-38, 1991.

MA1zOCcHJ, G., MALEr�mowicz, L. K, BELLONI, A. S., AND NusSD0RFER, G. G.:
Adrenal medulla is involved in the aldosterone secretagogue effect of sub-
stance P. Peptides (Elmsford) 16: 351-355, 1995b.

MAzz0cCHI, G., MALEND0wIcz, L. K, Gorr�RDo, G., MENEGHELU, V., AND

NUSSDORFER, G. G.: Pancreatic polypeptide enhances plasma glucocorticoid
concentration in rats: possible role in hypoglycemic stress. Life Sc!. 56:
595-600, 1995c.

MAzzOCCHI, G., MALEND0wIcz, L. K, MAccm, C., �aw NussDoRFER, G. G.:
Evidence that endogenous galanin plays a role in the maintenance of the
growth and steroidogemc capacity of rat adrenal zona fasciculata. Biomed.
Res. 16: 51-57, 19984.

MAzZ0CCHI, G., MALEND0wIcz, L. K, MAccm, C., GorrAiwo, G., �Nn Nuns-
DORFER, G. G.: Further investigations on the effects ofneuropeptide-Y (NP’?)
on the secretion and growth ofrat adrenal zona glomerulosa. Neuropeptides
30: 19-27, 1996a.

MAzz0CCHI, G., M.�LENnowicz, L. K., M�KowsRA, A., *iw NUSSDORFER, G. G.:
Effect of hypophysectomy on corticotropin-releasing hormone and adreno-
corticotropin immunoreactivities in the rat adrenal gland. Mo!. Cell. Neu-
roeci. 5: 345-349, 1994b.

MA72�oCC}u, G., MALEND0wIcz, L. K, MENEGHEw, V., GOTTARDO, G., �r
NusSD0RFER, G. G.: Vasoactive intestinal polypeptide (VIP) stimulates hor-
mona! secretion of the rat adrenal cortex in vitro: evidence that adrenal
chromaffin cells are involved in the mediation ofthe mineralocorticoid, but
not glucocorticoid secretagogue action of VIP. Biomed. Roe. 14: 435-440,
1993a.

MAZZOCCHI, G., MALEND0wIcz, L K, MENEGHELLI, V., GOTFARDO, G., �Nn

NussDoRrER, G. G.: In vitro and in vivo studies of the effects of arginine-
vasopressin on the secretion and growth of rat adrenal cortex. Histol. His-

topathol. 10: 359-370, 1995e.
MA1z0CCRI, G., MALEND0wIcz, L. K, MENEGRELLI, V., KASPRZAK, A., �ND

NussDoRrER, G. G.: Inhibitory effect of dynorphin on the secretory activity
of rat adrenal cortex in vivo. Biomed. Res. 11: 125-128, 1990�

MAzz0cCHI, G., MALENDOWICZ, L. K, MENEGHELLI, V., AND NUSSDORFER, G.

G.: Calcitonin gene-related peptide depresses the growth and secretory
activity ofrat adrenal zona glomerulosa. Neuropeptides 21: 157-161, 1992a.

MAzzOccHI, G., MALzNDowicz, L K, �Nn NUSSDORFER, G. G.: Stimulatory
effect of vasoactive intestinal peptide (VIP) on the secretory activity of
dispersed rat adrenocortical cells: evidence for the interaction of VIP with
ACTH receptors. J. Steroid Biochem. Mo!. Biol. 48: 507-510, 1994e.

MAzz0CCHI, G., MALEND0wIcz, L. K, REBUFFAT, P., AND NusSD0RFER, G. G.:
Effects of galarnn on the secretory activity of the rat adrenal cortex: in vivo
and in vitro studies. Re.. Exp. Med. 192: 373-381, 1992b.

MAzz0CCHI, G., M�&iucowsic�, A., M�iENDowicz, L. K, MusAJo, F. G., ME-
NRGHELLI, V., AND NUSSDORFER, G. G.: Evidence that endogenous arginine-
vasopressin (AVP) is involved in the maintenance ofthe growth and steroi-
dogemc capacity of rat adrenal zona glomerulosa. J. Steroid Biochem. Mo!.
Biol. 45: 251-256, 1993c.

MAzzOCCHI, G., MusAjo, F. G., MALEND0wIcz, L. K, ANimals, P. G., Aam
NUSSDORFER, G. G.: Interleukin-1(3 stimulates corticotropin-releasing hor-
mone (CRH) and adrenocorticotropin (ACTH) release by rat adrenal gland
in vitro. Mo!. Cell. Neurosci. 4: 267-270, 1993d.

MAzz0CCHI, G., MusAJo, F. G., NEal, G., GorrAnDo, G., �n NussDoRrER, G.

 at T
ham

m
asart U

niversity on D
ecem

ber 2, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


CORTICO-MEDULLARY INTERACTIONS IN ADRENALS 527

G.: Adrenomedullin stimulates steroid secretion by the isolated perfused rat
adrenal gland in situ: comparison with calcitonin gene-related peptide ef-
fects. Peptides (Elmsford) 17: 853-857, 1996b.

MAzzoCCm, G., REBUFFAT, P., GOTrARDO, G., Ai�m NUSSDORFER, G. G.: Ad-
renomedullin and calcitomn gene-related peptide inhibit aldosterone secre-
tion in rats, acting via a common receptor. Life Sci. 58: 839-844, 1996c.

MAZZOCCHI, G., REBUFFAT, P., MENEGHELLI, V., AND NUSSDORFER, G. G.: Ef-
fects of the infusion with ACTh or CRH on the secretory activity of rat
adrenal cortex. J. Steroid Biochem. 32: 841-843, 1989.

MAZz0CCHI, G., ROBBA, C., REBUFFAT, P., GOTFARDO, G., �i NussDoRFER, G.
G.: Effect of somatostatAn on the zona glomerulosa of rats treated with
angiotensin H or captopril: stereology and plasma hormone concentrations.
J. Steroid Biochem. 23: 353-356, 1985.

McCARTY, It, KIRBY, It, �Nn C�naY, It: Effect ofdietary sodium on dopamine
content of the adrenal cortex. Physiol. Behav. 37: 785-789, 1986.

McDoNALD, J. K, �.am KOENING, J. I.: Neuropeptide Y actions on reproductive
and endocrine functions. In The Biology of Neuropeptide Y and Related
Peptides, ed. by W. F. Colmers and C. Wahlestedt, pp. 419-456, Humana
Press, Totowa, NJ, 1993.

MCDOUGALL, J., SC000INS, B., Bu’rKus, A., CocHL�N, J., DENTON, D., FEI, D.,
HARDY, K, AND WRIGH’r, R.: Dopaminergic modulation ofaldosterone secre-

tion. J. Endocrinol. 91: 271-280, 1981.
McKENzIE, J. C., TANAx�, I., MIsoNo, K S., �Nn INAGAMI, T.: Immunocyto-

chemical localization of atrial natriuretic factor in the kidney, adrenal
medulla, pituitary and atrium ofrat. J. Histochem. Cytochem. 33: 828-832,
1985.

MERCHENTHALER, I., AND LENNARD, D. E.: The hypophysiotropic neurotensin-
immunoreactive neuronal system ofthe rat brain. Endocrinology 129: 2875-
2880, 1991.

MERCHENTHALER, I., LOPEZ, F. J., �Nt NEGRO-VILAR, A.: Anatomy and physi-
ology ofcentral galanin-containing pathway. Progr. Neurobiol. 401 711-769,
1993.

MICHEL, M. C., Aijm RASCHER, W.: Neuropeptide Y: a possible role in hyper-
tension? J. Hypertens. 13: 385-395, 1995.

MINAMIN0, H., UEiw�, A., AND ARIMURA, A.: Biological and immunological

characterization of corticotropin-releasing activity in the bovine adrenal
medulla. Peptides (Elinsford) 9: 37-45, 1988.

M1NAMINO, N., ABURAYA, M., K0JIMA, M., MWAM0T0, K, KANGAWA, K, AND
MATsuo, H.: Distribution of C-type natriuretic peptide and its messenger
RNA in rat central nervous system and peripheral tissue. Biochem. Biophys.
Re.. Commun. 197: 326-335, 1993.

MINENKO, A., �rw OEHME, P.: Substance P action in inositol phospholipids in
rat adrenal medulla slices. Biomed. Biochim. Acta 46: 461-467, 1987.

MISSALE, C., LIBEmNI, P., MEMo, M., CARRuBA, M. 0., �ND SPANO, P. F.:
Identification of D-2 dopaminergic receptors in bovine adrenal cortex. Life
Sci. 37: 2539-2548, 1985.

MIS8ALE, C., LIBERINI, P., MEMO, M., CARRuBA, M. 0., �ND SPANO, P. F.:
Characterization of dopamine receptors associated with aldosterone secre-
tion in rat adrenal glomerulosa. Endocrinology 119: 2227-2232, 1986.

MIsSALE, C., MEMo, M., LIBERINI, P., AND SPANO, P. F.: Dopamine selectively
inhibits angiotensin Il-induced aldosterone secretion by interacting with
D-2 receptors. J. Pharmacol. Exp. Ther. 246: 1137-1143, 1988.

MITSuMA, T., SuN, D. H., NoGIMoRI, T., CHAYA, M., OHmKE, K, �ND HmooKA,

Y.: Dopamine inhibits thyrotropin-releasing hormone release from rat ad-
renal gland in vitro. Horm. Res. 25: 223-227, 1987a.

MITSUMA, T., SuN, D. H., NOGIM0RI, T., OWrAKE, K, �i HIR00KA, Y.: Effects
of calcium hopantenate on the release of thyrotropin-releasing hormone
from the rat adrenal gland in vitro. Horm. Metab. Res. 101 475-477, 198Th.

Mwosm, It, KITO, S., KISHIDA, T., IT0GA, E., �ND OGAWA, N.: Immunohisto-
chemical localization of neurotensin and �3-endorphin in the rat anterior
pituitary gland. Brain Re.. 331: 386-388, 1985.

MOELLER, I., Bur*�, S. J., �D MAnLEY, P. D.: Actions of somatostatin on
perfused bovine adrenal glands and cultured bovine adrenal medullary cells.
Brain Re.. 484: 192-202, 1989.

MOKUDA, 0., SAKAM0’ro, Y., KAWAGOE, R., UBUKATA, E., �r’in Smwzu, N.:
Epinephrine augments cortisol secretion from isolated perfused adrenal
glands of guinea pigs. Am. J. Physiol. 262: E806-E809, 1992.

MOREL, G., CH�Bo’r, J. G., GARcIA-CAa&LLER0, T., GossAiw, F., DuiL, F.,
BELLES-IsLEs, M., �.r.m HEISLER, S.: Synthesis, internalization and localiza-

tion ofatrial natriuretic peptide in rat adrenal medulla. Endocrinology 123:
149-158, 1988.

MOREL, G., LERoux, P., GARcIA-CABALLERo, T., BEmAS, A., AND GOSSARD, F.:
Ultrastructural distribution ofsomatostatin-14 and -28 in rat adrenal cells.
Cell Tissue Re.. 261: 517-524, 1990.

MuK0YAMA, M., NAKA0, K, MomI, N., SmoNo, S., ITOH, H., SuGAwARA, A.,
Y�MADA, T., 5Mm, Y., ARM, H., AN� IMURA, H.: Atrial natriuretic polypep-
tide in bovine adrenal medulla. Hypertension 11: 692-6%, 1988.

MuL.�Y, S., VAiLL.�Ncouwr, P., OMER, S., AND V�.RMA, D. It: Hormonal modu-
lation of atrial natriuretic factor receptors in adrenal fasciculata cell, from
female rats. Can. J. Physiol. Pharmacol. 73: 140-144, 1995.

MutRow, P. J.: Adrenal renin. Regulation and function. Front. Neuroendocri-
no!. 13: 47-60, 1992.

MuiwcAMI, M., SuzuKi, H., NAKA.nMA, S., NAKAM0’ro, H., KAGEYAMA, Y., AND

SARu’rA, T.: Calcitonin gene-related peptide is an inhibitor of aldosterone
secretion. Endocrinology 125: 2227-2229, 1989.

MURAxAMI, M., SuzuKi, H., NAKAM0T0, H., KAGEYAMA, Y., NArroH, M., S�x�-

MAKI, Y., AND SARum, T.: Calcitonin gene-related peptide modulates adre-
nal hormones in conscious dog.. Acts Endocrinol. 124: 346-352, 1991.

MuR�ucAw, N., FUKATA, J., TSUKADA, T., KOBAYASHI, H., EBisul, 0., SEGAwA,
H., MuRO, S., IMURA, H., �iw NAKAO, K: Bacterial lipopolysaccharide-
induced expression of interleukin-6 messenger ribonucleic acid in the rat
hypothalamus, pituitary, adrenal gland and spleen. Endocrinology 133:
2574-2578, 1993.

NAGATA, M., FRANCd-CEREDA, A., S�RL�, A., AMANN, It, �w LUNDBERG, J. M.:
Reserpine-induced depletion of neuropeptide Y in the guinea-pig: tissue-
specific effects and mechanisms of action. J. Auton. Nerv. Syst. 20: 257-263,
1987.

NARUSE, M., Oa�NA, K, NARUSE, K, YAMAGUCHI, H., DEMURA, H., INAGAMI, T.,
AND SHIzuME, K: Atrial natriuretic polypeptide inhibits cortisol secretion as
well as aldosterone secretion in vitro from human adrenal tissue. J. Clin.
Endocrinol. Metab. 64: 10-16, 1987.

NERI, G., ANDREIS, P. G., MALEND0wICz, L K, �Nr NUSSDORFER, G. G.:
Inhibitory effect of dynorphin on the secretory activity of isolated rat adre-
nocortical cells. Biomed. Re.. 11: 277-281, 199Oa.

NERI, G., ANDREIS, P. G., MALENDOWICZ, L. K, �D NUSSDORFER, G. G.: Acute
action of polypeptide YY (PYY) on rat adrenocortical cells: in vivo versus in
vitro effects. Neuropeptides 19: 73-76, 1991a.

NERI, G., ANDREIS, P. G., 4�m NUSSDORFER, G. G.: Effects of neuropeptide-Y
and substance-P on the secretory activity of dispersed zona-glomerulosa
cells of rat adrenal gland. Neuropeptides 17: 121-125, 1990b.

NEal, G., ANDREIs, P. G., �rw NussDoiwER, G. G.: Comparison of ACTh and
corticotropin-releasing hormone effects on rat adrenal steroidogenesis in
vitro. Res. Exp. Med. 191: 291-295, 1991b.

NEW, G., Ar�wRzis, P. G., PRAYER-GALETFI, T., Rossi, G. P., MALENDOWICZ, L
K, AND NussDoRrER, G. G.: PItuitary adenylate-cyclase activating peptide
(PACAP) enhances aldosterone secretion ofhuman adrenal gland: evidence
for an indirect mechanism probably involving the local release of cat-
echolamines. J. Chin. Endocrinol. Metab. 81: 169-173, 1996.

NERI, G., MALENDOwIcz, L K, AarDREIs, P. G., AND NUSSDORPER, G. G.:
Thyrotropin-releasing hormone inhibits glucocorticoid secretion of rat adre-
nal cortex: in vivo and in vitro studies. Endocrinology 133: 511-514, 1993.

NGUYEN, T. T., BABn�isiu, K, ONG, H., �&o DE LL�N, A.: Differential regulation
of natriuretic peptide biosynthesis in bovine adrenal chromaffin cell.. Pep-
tides (Elmsford) 11: 973-978, 1990.

NGuYEN, T. T., L’�zuna, C., BAmNsiu, K, CmthiEN, M., ONG, H., � DE LEAN,
A.: Aldosterone secretion inhibitory factor: a novel neuropeptide in bovine
chromaffin cells. Endocrinology 124: 1591-1593, 1989.

NGUYEN, T. T., ONG, H., 4�i DR LEAN, A.: Secretion and biosynthesis of atrial

natriuretic factor by cultured adrenal chromaffin cells. FEBS Lett. 231:
393-396, 1988.

NICHOLSON, H. D., SwANN, It W., BuRroiw, G. D., WATHES, D. C., PORTER, D.

G., �n PICKERING, B. T.: Identification of oxytocin and vasopressin in the
testis and in adrenal tissue. Regal. Pept. 8: 141-146, 1984.

NIINA, H., KOBAYASHI, H., KrrAMuRA, K, KATOH, F., ET0, T., �u WADA, A.:
Inhibition of catecholamine synthesis by proadrenomedullin N-terminal 20
peptide in cultured bovine adrenal medullary cells. Eur. J. Pharmacol. 286:
95-97, 1995.

NIINA, H., KOBAYASHI, H., YAMAMO’ro, R., Yuiu, T., YANAGITA, T., ANn WADA,

A.: Receptors for atrial natriuretic peptide in adrenal chromaffin cells.
Biochem. Pharmacol. 51: 855-858, 1996.

NuKI, C., KAWASAKI, H., KiTAMuR�, K, TAKENAGA, M., KANGAWA, K, E’ro, T.,
AND WADA, A.: (1993). Vasodilator effect of adrenomedullin and calcitonin
gene-related peptide receptors in rat mesenteric vascular beds. Biochem.
Biophys. Re.. Commun. 196: 245-251, 1993.

Nu�Ez, D. J. It, DAvENPoRT, A. P., �r�D BnowN, M. J.: Atrial natriuretic factor
messenger RNA and binding sites in the adrenal gland. Biochem. J. 271:
555-558, 1990.

NussDoRFER, G. G., MALEND0wcz, L K, BELLo1�i, A. S., MAZZOCCHI, G., �z�w

REBUFFAT, P.: Effect of substance P on the rat adrenal zona glomerulosa in
vivo. Peptides (Elmsford) 9: 1145-1149, 1988.

NUSSDORFER, G. G., M.ALEND0wIcz, L K, MENEGHELLI, V., AND MAZZOCCHI,

G.: Neurotensin enhances plasma adrenocorticotropin concentration by
stimulating corticotropin-releasing hormone release. Life Sci. 501 639-643,
1992.

NUSSDORFER, G. G., �am MAZZOCCHI, G.: Vasoactive intestinal peptide (VIP)
stimulates aldosterone secretion by rat adrenal glands in vivo. J. Steroid
Biochem. 26: 203-205, 1987.

NUSSDORFER, G. G., Rossi, G. P., AND BELLONI, A. S.: The role of endothelins
in the paracrine control of the secretion and growth of the adrenal cortex.
Int. Rev. Cytol. 171: 267-308, 1996.

NussEy, S. S., ANG, V. T. Y., Ar�m JENKINS, J. S.: Blattleboro rat adrenal
contains vasopreasin. Nature (Lond.) 3101 64-66, 1984.

NussEy, S. S., PRYsoR-J0NES, It A., ANG, V. T. Y., �n JENKINs, J. S.: Arginine
vasopressin and oxytocin in the bovine adrenal gland. J. Endocrinol. 115:
141-149, 1987.

OBANA, K, NARUSE, M., NARUSE, K, SAKURAI, H., DEMuRA, H., INAGAMI, T.,
AND SHIZUME, K: Synthetic rat atrial natriuretic factor inhibits in vitro and
in vivo renin secretion in rats. Endocrinology 117: 1282-1292, 1985.

O’CoNNsiL, N. A., KuM�R, A., CHArzIPANTEU, K, M0HAN, A., AGARWAL, It K,
Hn�D, C., B0RNsTEmi, S. It, ABou-SAMRA, A. B., AND GWOSDOW, A. It:

 at T
ham

m
asart U

niversity on D
ecem

ber 2, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


528 NUSSDORFER

Interleukin-1 regulates corticosterone secretion from the rat adrenal gland
through a catecholamine-dependent and prostaglandin E2-independent
mechanism. Endocrinology 135: 460-467, 1994.

O’CoNNnu., Y., MCKENNA, T. J., �ND CUNNINGHAM, S. K: Effects of pro-
opiomelanocortin-derived peptides on adrenal steroidogenesis in guinea-pig
adrenal cells in vitro. J. Steroid Biochem. Mo!. Biol. 44: 77-83, 1993.

0mm, S., SAs.�su, M., IDEGUCIU, Y., YAMAucHI, J., UMEDA, T., � SA’ro, T.:
Vasoactive intestinal polypeptide, met-enkephalin, .omatostatin, calcitonin,
and ACTH in pheochromocytomas. Biomed. Res. 13 (supp!. 2): 299-304,
1992.

OKAMcYFO, T., FuJiMo’ro, Y., OBARA, T., ITO, Y., ANi KODAMA, T.: Experimental
study on adrenal autografts in rats to preserve normal adrenocortical func-
tion after bilateral adrenalectomy. Eur. Surg. Re.. 24: 112-118, 1992.

OKAZAKI, M., YANAGIHARA, N., IzuMI, F., NAKA5mMA, Y., AND KuRoIwA, A.:
Carbachol-induced cosecretion of immunoreactive atrial natriuretic pep-
tides with catecholamines from cultured bovine adrenal medullary cells.

J. Neurochem. 52: 222-228, 1989.
ONG, H., LAZURE, C., NGuYEN, T. T., MCNIC0LL, N., SEIImH, N., CHRtFIEN, M.,

AND DE L�AN, A.: Bovine adrenal chromaffin granules are a site of synthesis
of atrial natriuretic factor. Biochem. Biophys. Re.. Commun. 147: 957-963,
1987.

OOMORI, Y., OKuN0, S., FUJISAWA, H., Iucm, H., ISRIKAWA, K, SATOH, Y., AND

ONo, K: Ganglion cells iminunoreactive for catecholamine-synthesizing
enzymes, neuropeptide Y and vasoactive intestinal polypeptide in the rat
adrenal gland. Cell Tissue Re.. 276: 201-213, 1994.

OOMORI, Y., OKuNo, S., FUJISAWA, H., �n ONO, K: Immunoelectron micro-
scopic study of tyrosine hydroxylase immunoreactive nerve fibres and gan-
glion cells in the rat adrenal gland. Anat. Rec. 2201 407-414, 1991.

OSAMURA, It Y., TsuTsuMi, Y., YANAIHARA, N., IMuRA, H., �n WATANABE, K:
Immunohistochemical studies for multiple peptide-immunoreactivities and
co-localization of met-enkephalin-Arg�-Gly7-Leu8, neuropeptide Y and so-
matostatin in human adrenal medulla and pheochromocytomas. Peptides
(Elmsford) 8: 77-87, 1987.

Osn’ENKo, 0. N., VARNAI, P., MiKE, A., SPAT, A., AND Vizi, E. S.: Dopamine
block. T-type calcium channels in cultured rat adrenal glomerulosa cells.
Endocrinology 134: 511-514, 1994.

OW,n, A. A., SMITh, D. M., CoppocK, H. A., M0ROAN, D. G. A., BHOGAL, It,
GHATEI, M. A., AND BLooM, S. It: An abundant and specific binding site for
the novel vasodilator adrenomedullin in the rat. Endocrinologjr 136: 2127-
2134, 1995.

OwYANG, C., AND LOUIS, D.: Newly discovered gut peptides. Handb. PhysioL,
Sect. 6: Gastrointest. Syst. 2: 691-702, 1989.

PALAcI05, G., �Nr LAFARGA, M.: Chromaffin cells in the g!omerular zone of
adult rat adrenal cortex. Cell Tissue Res. 104: 275-278, 1975.

PARMER, It J., �D O’CoNNoR, D. T.: Enkephalins in human pheochromocyto-
mas: localization in iminunoreactive high molecular weight form to the
soluble core ofchromaffin granules. J. Hypertens. 6: 187-198, 1988.

PATf�IO, J. F., AND PENN, J. E.: A successful transplant of embryonic adrenal
tissue a patient with Addison’s disease. Yale J. Biol. Med. 86: 3-10, 1993.

PAWLIKOWSKI, M., LEWINSKI, A., SEWERYNEK, E., SzKuDUN8KI, M., KUNERT-
RADEK, J., AND WAJ5, E.: Soinatostatin analog(SMS 201-995) inhibits basal
and angiotensin-il-stimulated 3H-thymidine uptake by rat adrenal glands.

Biochem. Biophys. Re.. Commun. 166: 1171-1175, 1990.
PAYET, N., DEzIEL, Y., AND LEHOuX, J. G.: Vasopressin: a potent growth factor

in adrenal glomerulosa cells in culture. J. Steroid Biochem. 201 449-454,
1984.

PAYET, N., AND LEHOUX, J. G.: A comparative study of the role of vasopressin
and ACTH in the regulation ofgrowth and function ofrat adrenal glands. J.
Steroid Biochem. 12: 461-467, 1980.

PAYET, N., AND LEHOUX, J. G.: Aldosterone and corticosterone stimulation by
ACTH in isolated rat adrenal glomerulosa cells. Interaction with vasopres-
sin. J. Physiol. (Paris) 78: 317-321, 1982.

PECHNICK, It N.: Effects ofopioida on the hypothalamo-pituitary-adrenal axis.
Annu. Rev. Pharmacol. Toxicol. 32: 353-382, 1993.

PELTO-Hunuco, M.: Immunohistochemical localization ofneuropeptides in the
adrenal medulla. J. Electron Microsc. Tech. 12: 364-379, 1989.

PELT0-HuucKo, M., SALMINEN, T., AND HERVONEN, A.: Localization of enkepha-
lins in adrenaline cells and the nerves innervating adrenaline cells in rat
adrenal medulla. Histochemistry 82: 377-383, 1985a.

PELTO-HUIKKO, M., SALMINEN, T., �D HERVONEN, A.: Localization of enkepha-
Un- and neurotensin-like immunoreactivities in cat adrenal medulla. His-
tochemistry 88: 31-36, 1987.

PELTO-HUIKKO, M., SALMiN�N, T., PARTANEN, M., T0IvANEN, M., �ND HER-
VONEN, A.: Immunohistochemical localization of neurotensin in hamster
adrenal medulla. Anat. Eec. 211: 458464, 1985b.

PERBAUDIN, V., DEL�RuE, C., LEFEBVRE, H., CONTESSE, V., KuHN, J. M., �Ni
VAUDRY, H.: Vasopressin stimulates cortisol secretion from human adreno-
cortical tissue through activation of Vi receptors. J. Chin. Endocrino!.
Metab. 76: 1522-1528, 1993.

PERRIN, D., GERaESHAuSEN, A., SOLING, H. D., WirrrKE, W., �tam JARRY, H.:

Enhanced cAMP production mediates the stimulatory action of pituitary
adenylate cyclase-activating polypeptide(PACAP)on in vitro catecholamine
secretion from bovine adrenal chromaffin cells. Exp. Clin. Endocrinol. 103:
81-87, 1995.

PHAM-Huu-TRuNG, M. T., DE SMFI’I’ER, N., BoGyo, A., BERTAGNA, K, �r

Gm.�iw, F.: Responses of isolated guinea-pig adrenal cells to ACTH and
pro-opiocortin-derived peptides. Endocrinology 1101 1819-1821, 1982.

PORTER, I. D., WHITEHOUSE, B. J., PRICE, G. M., HINSON, J. P., AND VmisoN, G.
P.: Effects ofdopamine, high potassium concentration and field stimulation
on the secretion of aldosterone by the perfused rat adrenal gland. J. Endo-
crinol. 133: 275-282, 1992.

PORTER, I. D., WHrrEHousE, B. J., TAYLOR, A. H., AND Nussay, S. S.: Effect of
arginine vasopressin and oxytocin on acetylcholine-.timulation of cortico-
steroid and catecholamine secretion from the rat adrenal gland perfused in
situ. Neuropeptides 12: 265-271, 1988.

PRATr, J. H., �ND McAitsa, J. A.: Beta-adrenergic enhancement of angioten-
sin 11-stimulated aldosterone secretion. Life 5th. 44:2089-2095,1989.

PRATr, J. H., TURNER, D. A., BowsuER, It It, �ND HENRY, D. P.: Dopamine in
rat adrenal glomerulosa. Life Sci. 41k 811-816, 1987.

PRATF, J. H., TuRNER, D. A., McATEER, J. A., �m HENRY, D. P.: Beta-adren-
ergic stimulation of aldosterone production by rat adrenal capsular ex-
plants. Endocrinology 117: 1189-1194, 1985.

PRUSS, It M., M05KAL, J. It, EmEN, L E., �ND BEINFELD, M. V.: Specific
regulation ofvasoactive intestinal polypeptide biosynthesis by phorbol ester
in bovine chromaffin cells. Endocrinology 117: 1020-1026, 1985.

PRuss, It M., �D ZAMm, N.: Regulated expression of atrial natriuretis pep-
tide-like immunoreactivity in cultured bovine adrenomedullary chromaffin
cells. Neurochem. hit. 11: 299-304, 1987.

QuINN, S. J., ENYEDI, P., TILLOTEON, D. L, �r�m WILLIAMS, G. H.: Cytosolic
calcium and aldosterone response patterns ofrat adrenal glomerulosa cells

stimulated by vasopressin: comparison with angiotensin II. Endocrinology
127: 541-548, 1990.

QUIRION, It, FINKEL, M. S., MENDELSOHN, F. A. 0., �rw Z�Mm, N.: Localization
ofopiate binding sites in kidney and adrenal gland ofthe rat. Life Sc!. 33:
299-302, 1983.

RACE, K, BUD, N. T., �n KUCHEL, 0.: Regional distribution of free and
sulfocor�ugated catecholamines in the bovine adrenal cortex and medulla.
Can. J. PhysioL PharmacoL 62: 622-626, 1984a.

RACE, K, BUD, N. T., KucuiEL, 0., �ND DR LEAN, A.: Dopamine 3-sulphate
inhibits aldosterone secretion in cultured bovine adrenal cells. Am. J.
Physiol. 247: E432.-E435, 19Mb.

RACz, K, GL�z, E., KIss, It, L�DA, G., VARG�, I., VmA, S., Di GLsm�i, K,
MEDzIHRADS5KY, K, LIcHTwAw, K, �NDVEcsEi, P.: Adrenal cortex a newly
recognized peripheral site ofaction ofenkephalins. Biochem. Biophy.. Re..
Commun. 97: 1346-1353, 1980.

RACz, K, WOLF, I., KISS, It, LADA, G., VmA, S., AND GL�z, E.: Corticosteroi-

dogenesis by isolated human adrenal cells: effect ofserotonin and serotonin
antagonists. Experientia 35: 1532-1534, 1979.

BAWD, It, OOSTERBAAN, H. P., HAusw, B. L, �D SWAAS, D. F.: Localization

of oxytocin, vasopressin and parts of precursors in the human neonatal
adrenal. Histochemistry 84: 401-407, 1986.

REBUFFAT, P., BELLONI, A. S., Mus�jo, F. G., RocCo, S., MAIucowsKA, A.,
MAZZOCCRI, G., �Nn NussDomrER, G. G.: Evidence that endogenous soma-
tostatin (SRJF) exerts an inhibitory control on the function and growth of rat
adrenal nina glomerulosa.� the possible involvement of sons medullarie as a
source of endogenous SElF. J. Steroid Biochem. Mo!. BioL 48: 353-360,

1994a

REBUFFAT, P., MAZZOCCHI, G., GorrARDo, G., MENEGHELu, V., AND NussDoa-
FER, G. G.: Further investigations on the atrial natriuretic factor (ANF)-
induced inhibition of the growth and steroidogenic capacity of rat adrenal
nina glomerulosa in vivo. J. Steroid Biocheni. 201 605-609, 1988.

REBUFFAT, P., N0WAK, K W., TowroRELL�, C., Mus�Jo, F. G., GornRDo, G.,
MAz50CCHI, G., �D Nussoomn, G. G.: Evidence that endogenous vasoac-
tive intestinal peptide (VIP) plays a role in the maintenance ofthe growth
and steroidogenic capacity of rat adrenal nina glomerulosa. J. Steroid Bio-
chem. MoL Biol. 51: 81-88, 19Mb.

ROBBA, C., MAZZOCCHI, G., �n NusSDoRs’ER, G. G.: Effects ofchronic admin.
istration of a methionine-enkephalin analogue on the sons glomerulosa of
the rat adrenal cortex. Res. Exp. Med. 186: 173-178, 1986a.

ROBBA, C., MAzZ0CCHI, G., �aw NussnoRraR, G. G.: Evidence that long-term
methionine-enkephalin administration stimulates rat adrenal sons fascicu-

lata. J. Steroid Biochem. 24: 917-919, 1986b.
Rocco, S., CIM0LATO, M., OPocHER, G., �am MANTERO, F.: Effects of serotonin,

ANF and endothelin on adrenal steroidogenesis. In Cellular and Molecular
Biology of the Adrenal Cortex, ed. by J. M. Saez, A. C. Brownie, E. M.
Capponi, E. M. Chambaz, and F. Mantero, pp. 293-305, John Libbey Euro-
text, London, 1992.

ROKAEu8, A�, AND C�iu�uis�r, M.: Nucleotide sequence analysis of cDNA en-
coding a bovine galanin precursor protein in the adrenal medulla and
chemical isolation ofbovine gut galanin. FEBS Lett. 234: 400-406, 1988.

ROKAEuS, A., p’mai, G., �n LuNDBERG, J. M.: Neurotensin-like ixnmunoreac-
tivity (NTLI) in adrenal medulla: localization, quantitation, characteriza-
tion, subcellular fractionation and release upon splanchnic nerve activation.
Ann. NY Acad. Sci. 4001 389-391, 1982.

ROKAEu5, A., PRuss, It M., 4tNn EIDEN, L E.: Galanin gene expression in
chromaffin cells is controlled by calcium and protein kinase signalling
pathways. Endocrinology 127: 3096-3102, 1990.

ROSENZWEIG, A., �ND SEmMAN, C. E.: Atrial natriuretic factor and related
peptide hormones. Annu. Rev. Biochem. 801 229-255, 1991.

Ross:, G. P., ZAr�uN, L, DE ToNi, It, VEwruRiNi, It, ALBERTIN, G., PAVAN, E.,

 at T
ham

m
asart U

niversity on D
ecem

ber 2, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


CORTICO-MEDULLARY INTERACTIONS IN ADRENALS 529

AND PESSINA, A. C.: Dopaminergic regulation of aldosterone secretion in
primary aldosteronism: a clinical study. Hypertens. Re.. 17: 105-115, 1994.

ROWE, W., VIAu, V., MEAN�Y, M. J., AND QUIRION, It: Stimulation of CRH-
mediated ACTh secretion by central administration of neurotensin: evi-
dence for the participation of the paraventricular nucleus. J. Neuroendocri-
no!. 7: 109-117, 1995.

RuB�Yi, G. M., �ND POLOKOFF, M. A.: Endothelins: molecular biology, bio-
chemistry, pharmacology, physiology, and pathophysiology. Pharmacol.
Rev. 46: 325-415, 1994.

RuiwLE, S. E., BENEDICT, J. C., ROBINSON, P. M., � FUNDER, J. W.: Inner-
vation of the sheep adrenal cortex: an immunohistochemical study with rat
corticotropin-releasing factor antiserum. Neuroendocrinology 48: 8-15,
1988.

SAITO, H., SAITO, S., Ouucm, T., OK�, M., SAN0, T., �ND Hosoi, E.: Co-storage
and co-secretion of somatostatin and catecholamines in bovine adrenal

medulla. Neurosci. Lett. 52: 43-47, 1984.
S�K�TA, J., SmMoKuBo, T., KITAMuRA, K, N�ic4�iui�, S., KANGAWA, K, MAT-

SuO, H., AND ETO, T.: Molecular cloning and biological activities of rat
adrenomedullin, a hypotensive peptide. Biochem. Biophys. Re.. Commun.
195: 921-927, 1993.

SAKATA, J., SHIMOKUBO, T., KmMuRA, K, N:smzoNo, M., ICHnu, Y., K�-
GAWA, K, MATsuo, H., �ND Em, T.: Distribution and characterization of
immunoreactive rat adrenomedullin in tissue and plasma. FEBS Lett. 352:
105-108, 1994.

SARIA, A., Wu.soN, S. P., Mou�wt, A., VIvERos, 0. H., �r�m LEMBECK, F.:
Substance P and opiate-like peptides in human adrenal medulla. Neurosci.
Lett. 201 195-200, 1980.

SATOH, F., T�x�ii�sm, K, MuRAKAMI, 0., Tm’suNE, K, S0NE, M., OHNEDA, M.,
ABE, K, Mmas�, Y., HAYA8m, Y., SA8AN0, H., �ND Mourn, T.: Adrenomedul-
liz in human brain, adrenal glands and tumor tissues of pheochromocytoma,
ganglioneuroblastoma and neuroblastoma. J. Clin. Endocrinol. Metab. 80:
1750-1752, 1995.

SATOH, F., TAsc�ii�sm, K, Mun.�xAMi, 0., To’rsui�, K, SoNE, M., OHNEDA, M.,
SASANO, H., AND Mourn, T.: Immunocytochemical localization of ad-
renomedullin-like immunoreactivity in the human hypothalamus and the
adrenal gland. Neurosci. Lett. 203: 207-210, 1996.

SCHALLING, M., FRANCO-CEREDA, A., HEMSEN, A., DAGERLIND, A., SER000Y, K,
PERSSON, H., HOKFELT, T., 4�m LuNDBERO, J. M.: Neuropeptide Y and
catecholamine synthesizing enzymes and their mENA in rat sympathetic
neurons and adrenal glands: studies on expression, synthesis and atonal
transport after pharmacological and experimental manipulations using hy-
bridization techniques and radioimmunoassay. Neuroscience 41: 753-766,
1991.

SCHALLING, M., SEROOGY, K, HOKFELT, T., CHAI, S. Y., HALLMAN, H., PERSSON,

H., LAmiAMMER, D., ERncsoN, A., TERENnJS, L., GRAFFI, J., M4�ssouLE, J.,
AND GOLDSTEIN, M.: Neuropeptide tyrosine in the rat adrenal gland. Iminu-
nohistochemical and in situ hydridization studies. Neuroscience 24: 337-
349, 1988.

SCHNEIDER, E. G.: Effect of vasopressin on adrenal steroidogenesis. Am. J.
Physiol. 255: R806-R811, 1988.

SCHuLTzBERG, M., TINGSBORO, S., NOBEL, S., LuNDKvIST, J., SVENSON, S.,
SmioNcsrrs, A., �ND BARTFAI, T.: Interleukin-1 receptor antagonist protein
and mRNAin the rat adrenal gland. J. Interferon Cytokine Res. 15: 721-729,
1995.

SENANAYAKE, P. DES., DENKER, J., BRAvo, E. L, AND GitaHAw, It M.: Produc-
tion, characterization, and expression of neuropeptide Y by human pheo-
chromocytoma. J. Clin. Invest. 96: 2503-2509, 1995.

SiwocER, G., AND SHARMA, It K: Beta-endorphin stimulates corticosterone

synthesis in isolated rat adrenal cells. Biochem. Biophys. Re.. Commun. 86:
1-5, 1979.

SmasoDA, K, SHEN, G. H., PFEIFFER, It F., MCCOMB, It D., �rw YANG, H. Y. T.:
Antiserum against neuropeptide Y enhances the nicotine-mediated release
of catecholamines from cultured rat adrenal chromaflin cells. Neurochem.
mt. 23: 71-77, 1993.

SHIOTANI, Y., KIMURA, S., OH8RIGE, Y., YANAiHARi�, C., AND YANAniARA, N.:
Immunohistochemical localization ofpituitary adenylate cyclase-activating
polypeptide (PACAP) in the adrenal medulla ofthe rat. Peptides (Elmaford)
16: 1045-1050, 1995.

SHIRAKAMI, G., NAKA0, K, S�o, Y., MAG�RiBucsu, T., MuK0YAMA, M., ARAi,
H., HosoDA, K, SUGA, S., Morn, K, �am IMuR�, H.: Low doses of endothe-
hr-i inhibit atrial natriuretic peptide secretion. Endocrinology 132: 1905-
1912, 1993.

SIEBER, C., GNADIGER, M., DEL POW, E., SHAw, S., AND WEmMANN, P.: Effect
of a new somatostatin analogue SMS 201-995 (Sandostatin) on the renin-
aldosterone axis. Clin. EndocrinoL 28: 25-32, 1988.

SIEGEL, It E., EmEN, L E., �m AFFOLTER, H. U.: Elevated potassium stimu-

late. enkephalin biosynthesis in bovine chromaflin cells. Neuropeptides 6:
543-552, 1985.

SIMARD, M., PsKARY, E. A., SMITh, V. P., �Nn HERsaw�, J. M.: Thyroid hor-
mones modulate thyrotropin-releasing hormone biosynthesis in tissues out-
side the hypothalamic-pituitary axis of male rats. Endocrinology 125: 524-
531, 1989.

SRIKANT, C. B., AND PATEL, Y. C.: Somatostatin receptors in the rat adrenal
cortex: characterization and comparison with brain and pituitary receptors.
Endocrinology 116: 1717-1723, 1985.

STACHOWIAK, A., MACCR!, C., NUSSDOR.FER, G. G., �ND MALENDOWCZ, L. K:
Effects ofoxytocin on the function and morphology of the rat adrenal cortex:
in vitro and in vivo investigations. Res. Exp. Med. 195: 265-274, 1995.

STEINER, H. J., SCHMIDT, K W., FISCRER-COLBRIE, It, SPERK, G., �rw
WINKLER, H.: Co-localization ofchromogranin A and B, secretogranin II and
neuropeptide Y in chromaflin granules of rat adrenal medulla studied by
electron microscopic immunocytochemistry. Histochemistry 01: 473-477,
1989.

STERN, N., TucK, M., OzAiu, L., A�I’m KRALL, J. F.: Dopamine binding and
inhibitory effect in the bovine adrenal zona glomerulosa. Hypertension 8:
203-210, 1986.

SUDA, T., ToMom, N., TOzAwA, F., Moulu, T., DEMURA, H., AND SHIZUME, K:

Distribution and characterization ofimmunoreactive corticotropin-releasing
factor in human tissues. J. Clin. Endocrinol. Metab. 59: 861-867, 1984.

SuDA, T., TOMORI, N., YA.nMA, F., ODAGIRI, E., DEMURA, H., AND SHIZUME, K:

Characterization of immunoreactive corticotropin and corticotropin-releas-
ing factor in human adrenal and ovarian tumors. Acts Endocrinol. 111:
546-552, 1986.

SUN, H. H., MAR, E. C., HuDsoN, P. M., McMILuAN, M. K, AND HONG, J. S.:
Effects of [Sar(l)langiotensin-II on proenkephalin gene expression and se-
cretion of[met(5))enkephalin in bovine adrenal medullary chromaffin cells.
J. Neurochem. 59: 993-998, 1992.

SUN, H. H., McMILuAN, M. K, HuDsoN, P. M., PENNYPACKER, K It, AND

HONG, J. S.: Expression of the proenkephalin-A gene and
[met(5))enkephalin secretion induced by prostaglandin-E(2) in bovine adre-
nal medullary chromaffin cells: involvement of 2nd messengers. Mo!. Cell.
Neurosci. 4: 113-120, 1993.

SzALAY, K S.: Effects of (3-endorphin on adrenocortical steroid secretion. In
Endorphins in Reproduction and Stress, ed by W. Distler and L. Beck, pp.
118-126, Springer, Berlin, 1990.

SzALAY, K S.: Effects of pro-opiomelanocortin peptides on adrenocortical ste-
roidogenesis. J. Steroid Biochem. Mo!. Biol. 45: 141-146, 1993.

Sz.�Y, K S., �m Smiu#{231}E.: Effect of beta-endorphin on the steroid produc-
tion of isolated zona glomerulosa and zone fasciculata cells. Life Sci. 29:
1355-1361, 1981.

TAa.�RiN, A., CNEN, D., HAKANSON, It, �ND SuNDLER, F.: Pituitary adenylate
cyclase-activating peptide in the adrenal gland of mammals: distribution,
characterization and responses to drug.. Neuroendocrinology 59: 113-119,
1994.

TABA1uN, A., PERROT-MIN0R, A., DALLOcCrn0, M., ROGER, P., AND DucAssou,
D.: Plasma concentration of neuropeptide Y in patients with adrenal hyper-
tension. Regal. Pept. 42: 51-61, 1992.

TAGARI, M., TAGAKI, M., FR�Nco-S�ENz, It, �ND MuLRow, P. J.: Effect of atrial
natriuretic peptide on ream release in a superfusion system of kidney slices
and dispersed juxtaglomerular cell.. Endocrinology 122: 1437-1442, 1988.

T�icAnAsm, K, ToTsuNE, K, MuRAKAw, 0., SONE, M., ITo:, K, MIuRA, Y., AND

Mourn, T.: Pituitary adenylate cyclase-activating polypeptide (PACAP)-like
imnmunoreactivity in pheochromocytoma. Peptides (Elmsford) 14: 365-369,
1993.

TAL, E., M0HARI, Z., KOVACS, L., AND ENDROCZI, E.: Thyrotropin-releasing
hormone (TRH) distribution in the rat adrenal gland. Horm. Metab. Res. 16:
453-454, 1984.

TAN, G. H., CAnNEY, J. A., GRANT, C. S., � YOUNG, W. F. JR: Coexistence of
bilateral phaeochromocytoma and idiopathic hyperaldosteronism. Clin. En-
docrinol. 44: 603-609, 1996.

TAYLOR, A. H., WmmEy, G. ST. J., �r�w NussEy, S. S.: The interaction of
arginine vasopressin and oxytocin with bovine adrenal medulla cells. J.
Endocrinol. 121: 133-139, 1989.

TAYLOR, I. L.: Pancreatic polypeptide family: pancreatic polypeptide, neu-
ropeptide Y, and peptide YY. Handb. Physiol., Sect. 6: Gastrointest. Syst. 2:
475-543, 1989.

TERENGHI, G., P0LAx, J. M., VARNDELL, I. M., LEE, Y. C., WHARTON, J., AND

BLOOM, S. It: Neurotensin-like immunoreactivity in a ,ubpopulation of
noradrenaline-containing cells in the cat adrenal gland. Endocrinology 112:
226-233, 1983.

TORDA, T., CRUCLANI, R. A., �ND SAAvEDRA, J. M.: Localization of neuropeptide
Y binding sites in the zona glomerulosa of the bovine adrenal gland. Neu-
roendocrinology 48: 207-210, 1988.

TOm, I. E., AND HINSON, J. P.: Neuropeptides in the adrenal gland: distribu-
tion, localization of receptors, and effects on steroid hormone synthesis.
Endocr. Re.. 21: 39-51. 1995.

To�uNE, K, TAKAHASH:, K, MuRAKAMI, 0., ITo:, K, SONE, M., OHNEDA, M.,
SATOH, F., MiuR�, Y., 4�i�m Mourn, T.: Immunoreactive C-type natriuretic
peptide in human adrenal glands and adrenal tumor.. Peptides (E!msford)
15: 287-291, 1994.

UDELSMAN, It, HARWOOD, J. P., MILLAN, M. A., CHRousos, G. P., Gows’rErN,
D. S., ZIMuCHMAN, It, CATF, K J., �am AGUILERA, G.: Functional cortico-
tropin-releasing factor receptors in the primate peripheral sympathetic
nervous system. Nature (Lond.) 3101 147-150, 1986.

Usui, T., NAKAI, Y., TSUKADA, T., JINGAMI, H., TAKAHASH:, H., FUKATA, J., AND

IMURA, H.: Expression of adrenocorticotropin-releasing hormone precursor
gene in placenta and other nonhypothalamic tissues in man. Mo!. Endocri-
no!. 2: 871-875, 1988.

VAN LOON, G. It, AND SOLE, M. J.: Plasma dopamine: source, regulation and
significance. Metabolism 29: 1119-1123, 1980.

 at T
ham

m
asart U

niversity on D
ecem

ber 2, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


530 NUSSDORFER

VAN OERS, J. W. A. M., HINS0N, J. P., BNNEKADE, It, �tNn TILDERS, F. J. H.:
Physiological role of corticotropin-releasing factor in the control of adreno-
corticotropin-mediated corticosterone release from the rat adrenal gland.
Endocrinology 1301 282-288, 1992.

VARNDELL, I. M., PoI�K, J. M., ALLEN, J. M., TERENGRI, G., 4u�mBLooM, S. It:
Neuropeptide tyrosine immunoreactivity in norepinephrine-containing cells
and nerves ofthe mammalian adrenal gland. Endocrinology 114: 1460-1462,
1984.

VATTA, M. S., PAPOucHADO, M. L, BANC:orri, L. G., �ND FERNANDEZ, B. E.:

Modulation of the rat adrenal medulla norepinephrine secretion in a sodi-
urn-free medium by atrial natriuretic factor. Peptides (Elmaford) 15: 709-
712, 1994.

VAUPEL, It, JAiuri, H., SCHLOMER, H. T., �Nn Wu’rrKs, W.: Differential re-
sponse of substance P-containing subtypes of adrenomedullary cells to dif-
ferent stressors. Endocrinology 123: 2140-2145, 1988.

VERHOFSTAD, A. A. J., �ND JONSSON, G.: Immunohistochemica! and neuro-
chemical evidence for the presence ofserotonin in the adrenal medulla of the
rat. Neuro.cience 101 1443-1453, 1983.

VINCENT, S. It, D�sG4�uw, C. J., SCHULTZBERG, M., HOKFELT, T., Cums�s-
SON, I., AND TERENIUS, L: Dynorphin-immunoreactive neurons in the auto-
nomic nervous system. Neuroscience 11: 973-987, 1984.

VINcENT, S. R., McINTosH, C. H. S., REINER, P. B., �am BRoWN, J. C.: Soma-
tostatin immunoreactivity in the cat adrenal medulla. Histocheniistry 87:
483-486, 1987.

ViNDRoL�, 0., ASE, A., FINKELMAN, S., AND NAHM0D, V. E.: Differential release
of enkephalin and enkephalin-containing peptides from perfused cat adre-
nal glands. J. Neurochem. 501 424-430, 1988.

VINS0N, G. P., �an HINS0N, J. P.: Blood flow and hormone secretion in the
adrenal gland. In The Adrenal Gland, ed. by V. T. H. James, 2nd ed., pp.
71-86, Raven Press, New York, 1992.

VmisoN, G. P., HINSON, J. P., AND TOm, I. E.: The neuroendocrinology of the
adrenal cortex. J. Neuroendocrinol. 6: 235-246, 1994.

VINSON, G. P., WHFFEHOUSE, B. J., AriD HINSON, J. P.: The adrenal cortex,

Prentice Hall, Englewood Cliffs, NJ, 1992.
VIz:, E. S., TOm, I. E., ORso, E., SzALAY, K S., SzABo, D., BARAYAr�n, M., �tNn

VINs0N, G. P.: Dopamine is taken up from the circulation by, and released
from, local noradrenergic varicose axon terminals in zona glomerulosa of the
rat: a neurochemical and immunocytochemical study. J. Endocrinol. 1301
213-226, 1993.

Vzi, E. S., TOm, I. E., SzAIAY, K S., Wu�irnscH, K, Onso, E., SzABo, D., �ND

VINs0N, G. P.: Catecholamines released from local adrenergic axon termi-
nals are possibly involved in fine modulation of steroid secretion from zona
glomerulosa cells: functional and morphological evidence. J. Endocrinol.
135: 551-561, 1992.

WANKI, M., OGAWA, A., FuKul, J., KOMIYA, I., YAMADA, T., 4u’m MARuYAMA, Y.:
Coexistence of aldosteronoma and pheochromocytoma in an adrenal gland.
J. Surg. Oncol. 28: 75-78, 1985.

WAx.�DE, T. D., BL�Nic, M. A., MALH0TRA, It K, POURCHO, R., �Nn WAKADE, A.
It: The peptide VIP is a neurotransmitter in rat adrenal medulla. Physio-
logical role in controlling catecholamine secretion. J. Physiol. (Lond.) 444:
349-362, 1991.

WALKER, S. W., LIGHTLY, E. It T., M:LNKR, S. W., �ND WILLIAMS, B. C.:
Catecholamine stimulation ofcortisol secretion by 3-day primary cultures of
purified zona fasciculata/reticularis cells isolated from bovine adrenal cur-
tex. Mo!. Cell. Endocrino!. 57: 139-147, 1988.

WANG, J. M., DE RIDDER, E. F. M. M., DE POTFER, W. P., �Nr WEYNS, A. L. M.:
Localization of neurokinin A and chromogranin A immunoreactivity in the
developing porcine adrenal medulla. Histochem. J. 28: 431-436, 1994.

WARCHOL, J. B., FILIPAK, K, IGNASZAK, E., NUSSDORFER, G. G., � M.�L�N-
DOWICZ, L K: Oxytocin directly stimulates corticosterone secretion by di.-
parsed rat adrenal zona fasciculata and reticularis cells: evidence for the
spreading of the oxytocin-evoked signal from responsive to unresponsive
cells. Biomed. Re.. 14: 261-264, 1993.

WASHIMINE, H., ASADA, Y., KrFAMuRA, K, IcHnu, Y., HAa.�, S., YAMAMOTO, Y.,
KANGAWA, K, SuMwosm, A., �r�m E’ro, T.: Immunohistochemical identifi-
cation ofadrenomedullin in human, rat, and porcine tissue. Histochemistry
103: 251-254, 1995.

WATANABE, T., MAsuo, Y., MA’rsuMcyro, H., Slzuiu, N., OHTAu, T., MASUDA, Y.,
KITADA, C., TSUDA, M., �ND FUJINO, M.: Pituitary adenylate cyclase-activat-

ing polypeptide provokes cultured rat chromaflin cells to secrete adrenaline.
Biochem. Biophys. Res. Commun. 182: 403-411, 1992.

WATANABE, T., SHIMAMOTO, N., TAKAHASRI, A., �n Fu.nNo, M.: PACAP stun-
ulates catecholamine release from adrenal medulla: a novel noncholinergic
secretagogue. Am. J. PhysioL 269: E903-E909, 1995.

WATSON, S. J., AiuL, H., Ga�z�aonsi�, V. E., �n GoLDsTEIN, A.: Dynorphin

immunocytochemical localization in brain and peripheral nervous system:
preliminary studies. Proc. Nat!. Acad. Sd. USA 78: 1260-1263, 1981.

WHITCOMB, D. C., VIGNA, S. It, MCVEY, D. C., �aw TAYLOR, I. L: Localization
and characterization of pancreatic polypeptide receptors in rat adrenal
glands. Am. J. PhysioL 262: G532-G536, 1992.

WHITLEY, G. ST. J., BELL, J. B. G., Cwi, F. W., T�rr, J. F., �Nt TArr, S. A. S.:
The effect. of ACTh, serotonin, K� and angiotensin analogues on
incorporation into phospholipids ofthe rat adrenal cortex: basis for an assay
method using zona glomerulosa cells. Proc. It Soc. Lond. 222: 273-294, 1984.

WucsmOM, L. M., MEISTER, B., FR.ANCK, J., AND FRIED, G.: Changes in en-
kephalin and neuropeptide Y-like immunoreactivity in rabbit chromaffin
tissues during perinatal development. Regal. Pept. 81: 37-44, 1996.

WIxs’rROM, L M., ROKAEus, A., � FRIED, G.: Perinatal development of
galanin-like immunoreactivity in chromaflin tissues of the rabbit. Regal.
Pept. 44: 297-303, 1993.

WILLIAMS, B. C., SHAncu, S., AND EDWARDS, C. It W.: The specificity of ketan-
serin in the inhibition of steroid-induced steroidogenesis in the rat sons
glomerulosa. J. Hypertens. 2: 559-561, 1984.

WILsoN, S. P.: Vasoactive intestinal peptide and substance P increase levels of
enkephalin-containing peptides in adrenal chromaffin cells. Life Sal. 401
623-628, 1987.

WusoN, T. A., KAISER, D. L, PEACH, M. J., WRIGHT, E. M., �am CAREY, It M.:
Possible mechanism of action of metoclopramide-induced aldosterone secre-
tion: in vivo and in vitro studies in the sheep. Endocrinology 113: 887-892,

1983.
WOLFENSBERGER, M., FoRssatANN, W. G., �n Rnn�ci�, M.: Localization and

coexistence ofatrial natriuretic peptide (ANP) and neuropeptide Y(NPY) in
vertebrate adrenal chromaftin cells immunoreactive to TH, DBH and
PNMT. Cell Tissue Re.. 2801 267-276, 1995.

WOODCOCK, E. A., LITFLE, P. J., �Nn TANNER, J. K: Inositol phosphate release
and steroidogenesis in rat adrenal glomerulosa cells. Comparison of the
effects ofendothelin, angiotensin II and vssopressin. Biochem. J. 271: 791-
796, 1990.

WypijEwsia, K, DUDA, T., �Nn SHARasA, It K: Structural, genetic and phar-
macological identity ofthe rat a(2)-adrenergic receptor subtype cA2-47 and
its molecular characterization in rat adrenal, adrenocortical carcinoma and
bovine retina. Mo!. Cell. Biochem. 144: 181-190, 1995.

YAMAGUCHI, T., BABA, K, Do:, Y., �r�m YAN0, K: Effect of adrenomedullin on
aldosterone secretion by dispersed rat adrenal zona glomerulosa cells. Life

Sd. 56: 379-387, 1995.
YOSHIDA, T., Mio, M., �ND TAnAKA, K: Cortiso! secretion induced by substance

P from bovine adrenocortical cells and its inhibition by CaImOdUlin inhibi-
tors. Biochem. Pharmacol. 43: 513-517, 1992.

You-TEN, K E., I’riE, A., SEEMAYER, T. A., PALFREE, It G., A�t LAPP, W. S.:

Increased expression of proopiomelanocortin (POMC) mRNA in adrenal
glands of mice undergoing graft-versus-host disease (GVHD): association
with persistent elevated plasma corticosterone levels. Clin. Exp. ImmunoL
102: 596-602, 1995.

ZANELLA, M. T., �Nt BRAVO, E. L: In vitro and in vivo evidence for an indirect

mechanism mediating enhanced aldosterone secretion by metoclopramide.
Endocrinology 111: 1620-1625, 1982.

ZEr�rrEL, H. J., NONE, D., MULLER, S., YANAm.�RA, N., �r�m WEIHE, E.: Differ-
ential occurrence and distribution of galanin in adrenal nerve fibres and
medullary cells in rodent and avian species. Neurosci. Lett. 12th 167-170,
1990.

ZHou, K F., MARLEY, P. D., �D LIvErr, B. G.: Substance P modulates the time
course ofnicotinic but not muscarinic catecholamine secretion from perfused
adrenal gland of rat. Br. J. PharmacoL 104: 159-165, 1991.

Zuu, Y. S., BRANCH, A. D., ROBERTSON, H. D., HUANG, T. H., FRANKLIN, S. 0.,
AND INTURRISI, C. E.: Time course ofenkephalin messenger RNA and pep-
tides in cultured rat adrenal medulla. Mo!. Brain Res. 12: 173-180, 1992.

ZINNER, M. J., KASHER, F., �m JAm, B. M.: The hemodynainic effects of
intravenous infusion of serotonin in conscious dogs. J. Surg. Re.. 34: 171-
178, 1983.

 at T
ham

m
asart U

niversity on D
ecem

ber 2, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/



