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L Introduction vasculature by modifying cortical blood-flow rate, which

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 of the 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: (@) 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-II,
angiotensin II; ANP, atrial natriuretic peptide; AVP, arginine-vaso-
presgin; BNP, brain (B-type) natriuretic peptide; [(Ca?*)},, intracel-
lular (cytosolic) calcium concentration; cAMP, cyclic adenogine 3’,
§’-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; D,, ;: dopamine-receptor subtypes; DALA, D-Ala®-Met-
enkephalin; GABA, y-aminobutyric acid; GRP, gastrin-releasing
peptide; HPA, hypothalamo-pituitary-adrenal; ir, immunoreactivity;
mRNA, messenger ribonucleic acid; NK, ; 5, 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-releasing hormone; VIP, vasoactive intestinal peptide; V,, V,:
arginine vasopressin-receptor subtypes; Y,, Yy: neuropeptide Y-re-
ceptor subtypes; 5-HT,, 6-HT;, 5-HT;, 5-HT,: serotonin (5-hydroxy-
tryptamine)-receptor subtypes.

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
serotonin, a potent stimulator of steroid secretion. There
is also evidence that adrenal medulla, at least in the rat,
contains a corticotropin-releasing hormone (CRH)-adre-

. nocorticotropin (ACTH) system, duplicating the hypo-

thalamo-pituitary one, that controls in a paracrine man-
ner the secretion and growth of the 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 of the cortex both in vivo and in vitro (Té6th and
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-
lary 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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IL. 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
W)
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 al. (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% of the 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 glo-
merulosa 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 glomerulosa 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 chromaffin cells grew, this rather common
morphological observation (figs. 1 and 2) acquired more
relevance. Gallo-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

Fic. 1. Light micrograph of a 0.5-um-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-
lar 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-

2102 ‘2 Jaqwiadag uo Ausianiun pesewwey | ye Bio'sjeuinofiadse asiwieyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARMACOLOGICAL REVIEWS PR

aspet

498 NUSSDORFER

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-

Fic. 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; ld, lipid droplet in
an outer zona fasciculata cell. X 11,000.

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.

¢. 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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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 glo-
merulosa tissue were implanted in the musculus graci-
lis. After 4-5 months of regeneration, implants gave rise
to small nodules of cortical tissue, somewhat arranged in
an outer zona glomerulosa-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 of the cortex
of physiological or pathophysiological relevance only
when it meets the following general criteria:

o The adrenal content of the putative regulatory mol-
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% of the 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 102 M. In fact, 30 fmol of the
regulatory molecule will be released into about 30
ul 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/ul or 1 nmol/l.

e 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-
ological 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-
cal 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).

II1. The Involvement of Medullary Monoamines
in the Control of the Cortex Function

A. Epinephrine and Norepinephrine

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

1. B-Adrenoceptors. Both catecholamines and their
B-receptor agonists (e.g., isoprenaline and dobutamine)
are able to enhance aldosterone secretion in vitro by
zona glomerulosa preparations (dispersed cells, capsular
strips or cultured cells), and this effect is blocked by
B-adrenoceptor antagonists (e.g., propanolol and L-al-
prenolol). This was found to occur in humans (Neri et al.,
1996), cows (DeLéan et 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 p-adrenoceptor activation is coupled
with the stimulation of adenylate cyclase (Kawamura et
al., 1984). Using cultured pig inner adrenocortical cells,
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Ehrhart-Bornstein et al. (1994) showed that epinephrine
specifically elicits the release of androstenedione via
B-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 118-hydroxylase cytochrome P450. The maxi-
mum rise was observed after 5-6 h exposure to 1075 M
epinephrine (Ehrhart-Bornstein et al., 1991b; Giise-
Behling et al., 1992). Also, this long-term effect of epi-
nephrine is mediated by cyclic adenosine monophos-
phate (cAMP) (Giise-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 of rat zona glomerulosa cells (Lotshaw et al., 1991a),
thereby suggesting that a- and B-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 g-an-
tagonists (e.g., proparanol). Interleukins are monokines
released by activated macrophages and monocytes dur-
ing the acute phase of the inflammatory response; inter-
leukins potently stimulate the hypothalamo-pituitary-
adrenal (HPA) axis (for review, see Gaillard, 1994).
Interleukin-1a 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 B-adrenoceptor antagonists (Gwosdow et al., 1992;
O’Connell et al., 1994). This strongly suggests that «-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 glomerulosa 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 D, dopamine
antagonists (e.g., metoclopramide) 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 metoclopramide
elicits a quantitatively higher aldosterone response in
patients with primary aldosteronism than in essential

hypertensives. Interestingly, the D, 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 glomerulosa 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-
lary 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 glomerulosa (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 glomerulosa
(Van Loon and Sole, 1980), adrenal cortex dopamine is
likely derived from intrinsic dopaminergic fibers and
chromaffin cells.

Abundant dopamine receptors of the D; and D, sub-
types are located on the zona glomerulosa 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 glomerulosa cells of cows, sheep
and rats (McDougall et al., 1981; Zanella and Bravo,
1982; Wilson et al., 1983; DeLéan et al., 1984b; Gallo-
Payet et al., 1990; Porter et al., 1992). Conversely, do-
pamine was reported to inhibit ANG-II-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 cCAMP 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 glomerulosa cells possess both D, and D,
receptors, and evidence is available that shows that
these two receptor subtypes mediate opposite effects.
The activation of the D, receptor subtype enhances the
activity of adenylate cyclase, while the stimulation of the
D, subtype inhibits adenylate cyclase and phospholipase
C activities and reduces Ca®?* influx in the rat zona
glomerulosa 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 D, may mask that of D,
receptors and vice versa.

Sound evidence of the involvement of dopamine in the
physiological control of zona glomerulosa 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 10~7 to 10~* M) for 10 min results in
a transient dose-related decrease in aldosterone secre-
tion (50% of the basal value at 10~ M dopamine). The.
simultaneous administration of 10~® 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 haloper-
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 al.,, 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-HT,, 5-HT,,
5-HT; and 5-HT, (for review, see Bradley et al., 1986),
and evidence indicates that adrenocortical cells possess
5-HT, (Williams et al., 1984; Matsuoka et al., 1985) and
5-HT, receptors (Lefebvre et al., 1992, 1993), which are
coupled with phospholipase C and adenylate cyclase,
respectively (Conn et al., 1986; Dumuis et al., 1988).

Serotonin stimulates basal aldosterone secretion in
vitro in zona glomerulosa 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-HT, 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 glomeru-
losa cells via 6-HT; receptors (Matsuoka et al., 1985);
accordingly, in this species, serotonin is able to stimu-
late phospholipase C-mediated cascade (Whitley et al.,
1984) and Ca?* influx (Davies et al., 1991). Hinson et al.
(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-
nin 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 1078 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 10751074
M (see Section II D).

D. Summary

Epinephrine and norepinephrine, acting via adenylate
cyclase-coupled B-receptors, directly stimulate min-
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 D, and D, receptors, exerts a
direct concentration-dependent biphasic effect on the
zona glomerulosa and aldosterone secretion: the activa-
tion of D, increases the activity of adenylate cyclase,
while that of D, inhibits it. Under normal circum-
stances, the inhibitory effect prevails. Serotonin, acting
via phospholipase C-coupled 5-HT, and adenylate cycla-
se-coupled 5-HT, 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.

IV. 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 al., 1984, 1986), cows (Ed-
wards and Jones, 1988; Minamino et al., 1988), dogs
(Bruhn et al., 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 fmol/g 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 radicimmunoassay (RIA) in adrenal me-
dulla of humans (Suda et al., 1986), cows (Jones and
Edwards, 1990) and rats (Bagdy et al., 1990; Andreis et
al., 1992; Mazzocchi et al., 1993d); its content ranges
from 50-200 fmol/g in rats to 50 pmol/g in humans.
These intra-adrenal contents of CRH and ACTH could
produce local concentrations of about 1-3 X 107 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 al.,
1992; Mazzocchi et al., 1993d), and (b) medullary chro-
maffin cells are provided with specific CRH receptors
(Dave et al., 1985a; Udelsman et al., 1986; Aguilera et
al., 1987). CRH does not stimulate corticosterone secre-
tion by dispersed rat inner adrenocortical cells (Andreis
et al., 1991b, 1992; Van Oers et al., 1992), but it does
enhance corticosterone output by adrenal slices contain-
ing medullary chromaffin cells (Andreis et al., 1991b,
1992; Neri et al., 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
ACTH,_gg). These results were confirmed in vivo by us-
ing hypophysectomized rats administered maintenance
doses of ACTH (Andreis et al., 1991b, 1992). Interleukin-
1B, 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-1B-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 al., 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 of the 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-
1B-stimulated release of CRH-ir and ACTH-ir increase
in rats in relation to the number of days elapsed from
hypophysectomy. The effect of hypophysectomy 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 al., 1994b). Collectively,
these findings suggest that the hypophysectomy-in-
duced lowering of circulating ACTH and the consequent
drop in the adrenal secretion of glucocorticoids 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 medylla 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 Peptides

This group of intramedullary peptides includes CRH,
arginine-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 indi-
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 al., 1988). In
normal rats infused with ACTH or CRH, a positive lin-
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 al., 1989). Neri et al. (1991b) did not observe
any effect of CRH on dispersed rat zona glomerulosa
cells. Conversely, Hinson and Kapas (1995) shewed an
aldosterone response that manifests itself only at a CRH
concentration of 10~7 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 al.,
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 al.,
1994a). Hence, it may be conceived that CRH may indi-
rectly stimulate glucocorticoid release by inereasing 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 al., 1984), cows (Nussey et
al., 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 al., 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 glomerulosa
cell secretion. Biochemical and autoradiographical stud-
ies demonstrated the presence of specific AVP receptors
of the V, subtype in the zona glomerulosa cells of hu-
mans (Guillon et al., 1995), sheep (Lutz et al., 1993) and
rats (Balla et al., 1985; Guillon and Gallo-Payet, 1986;
Gallo-Payet et al., 1991b). AVP exerts a potent acute
aldosterone secretagogue effect on dispersed zona glo-
merulosa cells (Payet and Lehoux, 1982; Hinson et al.,
1987; Quinn et al., 1990; Mazzocchi et al., 1995d), its
minimal and maximal effective concentrations being
about 107!° M and 108 M, respectively. Findings are
available that demonstrate that AVP shares with
ANG:-II the mechanism of action, inasmuch as it acti-
vates phospholipase C and raises intracellular Ca®* con-
centration ((Ca%*];) (Balla et al., 1985; Gallo-Payet et al.,
1986, 1991b; Enyedi et al., 1988; Guillon et al., 1990,
1995; Woodcock et al., 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 al., 1984;
Mazzocchi et al., 1995e). As expected, all these adreno-
glomerulotropic effects of AVP are abolished by the se-
lective V; receptor antagonist Des-Gly-[Pha', p-Thy-
r(Et)?, Lys®, Arg®]-AVP, but not by the specific V,
receptor antagonist [D-(CH,)®?, D-Phe?, Ile*, Ala®-NH,)-
AVP (Guillon et al., 1995; Mazzocchi et al., 1995e). More-
over, it has been shown that the prolonged infusion with
the V,-receptor antagonist strongly depresses the
growth and aldosterone secretion of rat zona glomeru-
losa, a finding suggesting a physiological role of endog-
enous AVP in the regulation of zona glomerulosa func-
tion (Mazzocchi et al.,, 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 minimal in
vitro effective concentration: about 5 X 107! M versus
1 X 10719 M, respectively (for review, see Baylis, 1989).
Conversely, after stimulation of its release from medul-
lary chromaffin cells, AVP could conceivably reach intra-
adrenal concentrations of about 10~7 M in rats and 10~
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 al. (1995e). They
demonstrated that a V, receptor antagonist, when ad-
ministered alone, although depressing the growth and
secretion of rat zona glomerulosa, does not exert any

apparent effect on zona glomerulosa-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 al., 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 V, receptors and activat-
ing phospholipase C (Bird et al., 1990; Perraudin et al.,
1993; Guillon et al., 1995); autoradiography showed the
presence of V, receptors on human zona fasciculata cells
(Guillon et al., 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-II and have an active
phosphatidylinositol mechanism of transduction of the
secretagogue signals (for review, see Vinson et al., 1992).

ii. Indirect mechanisms. Using in situ perfused in-
tact dog or rat adrenals, Hinson et al. (1987) and Schnei-
der (1988) observed a stimulatory effect of AVP on glu-
cocorticoid secretion. Mazzocchi et al. (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
fasciculata require the structural integrity of adrenal
tissue, at least in those species whose inner adrenocor-
tical cells are not sensitive to ANG-II. The possibility
that the mechanism underlying the stimulatory action
of AVP on rat inner adrenocortical zones involves acti-
vation of the intramedullary CRH-ACTH system is sup-
ported by the fact that (a) medullary chromaffin cells are
provided with AVP receptors of the V, subtype (Taylor et
al., 1989); (b) AVP stimulates glucocorticoid secretion
and growth of zona fasciculata cells in normal rats, but
not of zona fasciculata-like cells in bilaterally adrenalec-
tomized adrenocortical autotransplant-bearing animals;
and (c) the in vitro glucocorticoid secretagogue action of
1077 M AVP on adrenal slices, containing medullary
tissue, is completely blocked by 1078 M a-CRH or CIP
(Mazzocchi et al., 1995¢). However, the involvement of
endogenous intra-adrenal AVP in the physiological con-
trol of inner adrenocortical zones remains very question-
able, because the prolonged administration of a V,-re-
ceptor antagonist does not apparently affect zona
fasciculata function in rats, as it does in the case of zona
glomerulosa (Mazzocchi et al., 1995e).

3. Oxytocin. A low amount of oxytocin-ir has been
immunocytochemically demonstrated in human neona-

2102 ‘2 Jaqwiadag uo Ausianiun pesewwey | ye Bio'sjeuinofiadse asiwieyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet

504 NUSSDORFER

tal adrenals (Ravid et al., 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 al., 1984; Nussey et al., 1984, 1987); the
content varies from 150 pmol/g in humans to 12-17
pmol/g in rats. According to Hawthorn et al. (1987),
oxytocin shares the intra-adrenal localization with, but
is less abundant than, AVP.

Oxytocin enhances basal and lowers acetylcholine-
stimulated secretion of aldosterone of in situ perfused
rat adrenals (Hinson et al., 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 al., 1987). However, Warchol et al. (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 [Ca%*],. 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 (10~1%10~° M) stimulates, and at high concentra-
tions (10~7/107€ 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 pM range
(Nussey et al., 1984) and the release of intramedullary
oxytocin may produce in human and rat adrenals con-
centrations of 10~7/10~® 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 al., 1981), cows (Saito et al., 1984),
cats (Corder et al., 1982) and rats (Srikant and Patel,
1985), its concentration being 6-7 umol/g in humans and
1.6 pmol/g in cats. Saito et al. (1984) reported that the
release of SRIH-ir by perfused, isolated bovine adrenals
increases, after stimulation by acetylcholine, from 12 to
86 fmol/4 ml/min. The presence of SRIH-ir has been
confirmed by immunocytochemistry in human (Osa-
mura et al., 1987), cat (Vincent et al., 1987) and rat
(Morel et al., 1990) adrenal medulla. However, in situ
hybridization failed to reveal SRIH mRNA in the rat

medullary chromaffin cells (Morel 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-
nism. Convincing evidence indicates that SRIH exerts a
direct inhibitory effect on ANG-II-stimulated aldoste-
rone secretion of zona glomerulosa cells. Zona glomer-
ulosa cells of humans (Epelbaum et al.,, 1995), cows
(Maurer and Reubi, 1986) and rats (Aguilera et al., 1982;
Srikant and Patel, 1985; Maurer and Reubi, 1986; Morel
et al., 1990) possess specific SRIH receptors; moreover,
Kong et al. (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 al., 1981; Haus-
dorff et al., 1989), its minimal and maximal effective
concentrations being 1071° M and 107%/10~7 M, respec-
tively. It was also observed that the prolonged adminis-
tration of SRIH strongly depresses the growth and ste-
roidogenic capacity of rat zona glomerulosa cells
(Mazzocchi et al., 1985) and decreases their basal pro-
liferation rate (Pawlikowski et al., 1990), probably by
blocking the basal trophic action of ANG-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 al., 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 (107%107° M) (Chiodini et al., 1991); con-
versely, it may be calculated (see Section II D) that, upon
stimulation, SRIH can attain an intra-adrenal concen-
tration of about 107810~ 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 al. (1994a), who used
rats bearing adrenocortical autotransplants 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 glomeru-
losa, but does not affect zona glomerulosa-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 10~ 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 al.,
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 glomerulosa function.

b. EFFECTS ON ZONA FASCICULATA-RETICULARIS. None of
the aforementioned investigations has reported either
the presence of SRIH receptors on inner adrenocortical
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 (Tal et
al., 1984; Mitsuma et al., 1987a, b; Simard et al., 1989;
Jaworska-Feil et al., 1994), where its content is about 30
pmol/g. Findings indicate that TRH inhibits glucocorti-
coid secretion of dispersed rat inner adrenocortical cells;
probably, it specifically impairs the late steps of cortico-
sterone synthesis, i.e., 118-/18-hydroxylation, without
affecting the rate-limiting step of this process, i.e., the
conversion of cholesterol to pregnenolone (Neri et al.,
1993). The physiological relevance of the adrenocortical
inhibitory action of TRH remains to be ascertained, al-
though it must be calculated (see Section II D) that the
release of intra-adrenal TRH may produce local uM con-
centrations, which are well above the minimal and max-
imal effective ones in vitro (10~2° M and 108 M, respec-
tively).

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. Enkephalinergic fibers are present in
the rat zona glomerulosa (Holzwarth et al., 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 leu-enkephalin in the adrenal
medulla has been demonstrated by RIA in several mam-
malian species, including humans (Evans et al., 1986a;
Parmer and O’Connor, 1988), monkeys (Evans et al.,
1985a), cows (Kilpatrick et al., 1980; Evans et al., 1985a;
Fischer-Colbrie et al., 1986; Hook and Liston, 1987; Bas-
tiaensen et al., 1988), sheep (Boarder and McArdle,
1985; Evans et al., 1985a; Coulter et al., 1989), dogs
(Hexum et al., 1980a, b; Evans et al., 1985a; Damase-
Michel et al.,, 1993, 1994), cats (Corder et al.,, 1982;
Vindrola et al., 1988), rabbits (Evans et al., 1985a),
guinea pigs (Evans et al., 1985b) and rats (Dewald and
Lewis, 1983; Evans et al., 1985a; Jackson et al., 1985;
Bhargava et al.,, 1988). The adrenal content of met-

enkephalin and leu-enkephalin varies according to the
species and the method of assay. It is very elevated in
humans and cows (from 110 to 220 pmol/g) and low in
rats (10-20 pmol/g). Thus, enkephalins, upon stimula-
tion of their intra-adrenal release, may attain local con-
centrations ranging from 107%/107® M in humans to
about 10~7 M in rats (see Section II D). Enkephalin-ir
has also been detected in cultures of bovine medullary
chromaffin cells (Livett et al., 1981; Adams and Boarder,
1987; Cherdchu and Hexum, 1991). Immunocytochem-
istry confirmed the presence of enkephalin-ir in medul-
lary chromaffin cells of humans (Linnoila et al., 1980;
Hervonen et al., 1989), dogs (Kobayashi et al., 1983),
cats (Kobayashi et al., 1983; Pelto-Huikko et al., 1987),
rabbits (Wikstrém et al., 1996) and rats (Kobayashi et
al., 1983; Pelto-Huikko et al., 1985a). The intra-adrenal
synthesis of enkephalins was demonstrated by the de-
tection of their specific mRNAs in the medullary chro-
maffin cells of cows (Mar et al., 1992; Suh et al., 1992,
1993; Bacher et al., 1994), rabbits (Martinez et al., 1991)
and rats (Kilpatrick et al., 1984; Zhu et al., 1992; Brimi-
join et al., 1995).

a. EFFECTS ON ZONA GLOMERULOSA. i. Direct mecha-
nism. Racz et al. (1980) did not find any effect of en-
kephalins on basal aldosterone secretion of dispersed
bovine zona glomerulosa cells, whereas Bevilacqua et al.
(1982) and Bruzzone and Marusic (1988) reported a net
stimulatory action. Racz et al. (1980) described a strong
inhibitory effect of met-enkephalin on rat zona glomeru-
losa cells (minimal and maximal effective concentra-
tions, 1071° M and 1075 M), whereas Guaza and Borell
(1984) did not observe any apparent effect; conversely,
Frisina et al. (1985) showed that met-enkephalin (from
1078 to 107® M) increases both basal and agonist (ACTH
or ANG-II)-stimulated 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 u
opioid receptors. Furthermore, Hinson and Kapas (1995)
showed that previous sodium depletion enhances aldo-
sterone response of dispersed rat zona glomerulosa cells
to D-Ala?-Met-enkephalin (DALA), a long-acting ana-
logue of met-enkephalin. This effect was prevented by
naloxone, but not by saralasin, indicating that opioid
receptors, but not ANG-II 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
al. (1986a) reported a clear-cut acute aldosterone-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 leu-enkephalin.

ii. Indirect mechanisms. Jarry et al. (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-
lins in this species.

b. EFFECTS ON ZONA FASCICULATA-RETICULARIS. i. Di-
rect mechanism. Evidence indicates that enkephalins
(at concentrations greater than 10~8 M) inhibit ACTH-
enhanced glucocorticoid secretion of cultured human in-
ner adrenocortical cells (Lamberts et al., 1983) and dis-
persed rat zona fasciculata-reticularis cells (Racz et al.,
1980; Guaza and Borrell, 1984), apparently without af-
fecting the basal release rate. In contrast, Kapas et al.
(1995) provided findings that 10~6/10~5 M met-enkepha-
lin or DALA (but not leu-enkephalin) raise basal corti-
costerone production by collagenase-dispersed rat zona
fasciculata cells. The prolonged (6-7 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
al., 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 al. (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 B-endorphin-ir, have been
demonstrated by RIA in the adrenal medulla of humans
(Boarder and McArdle, 1985; Evans et al., 1985a) and
rats (Bhargava et al., 1988; Bagdy et al., 1990), with
concentrations ranging from 150 pmol/g in humans to 15
fmol/g in rats. Immunocytochemistry confirmed the
presence of p-endorphin-ir in the adrenal chromaffin
cells of rats and mice (Arefolov et al., 1986). B-Endorphin
mRNA has been detected in the human adrenal medulla
(De Bold et al., 1988).

Specific p-endorphin receptors have been found in
both dispersed (Dave et al., 1985b) and cultured rat
adrenocortical cells (Gelfand et al., 1995). According to
Dave et al. (1985b), B-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 adrenocortical cells are apparently
very conflicting. No effect on adrenocortical secretion
(either basal or agonist-stimulated) was reported in
guinea pigs (Matsuoka et al., 1981; Pham-Huu-Trung et
al., 1982; O’Connell et al., 1993) and rats (Goverde et al.,
1988; Hung and LeMaire, 1988). A stimulatory action of
B-endorphin on glucocorticoid, but not aldosterone, pro-
duction has been described in humans (Eggens et al.,

1987), guinea pigs (Bruni et al., 1985) and rats (Shanker
and Sharma, 1979; Guaza et al., 1986; Kapas et al.,
1995). In contrast, Szalay and Stark (1981) observed a
B-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 B-endorphin are tightly linked
to its concentration (Szalay, 1990, 1993). From 10! to
1075 M, B-endorphin decreases basal corticosterone out-
put by dispersed rat zona fasciculata cells, but not aldo-
sterone secretion of zona glomerulosa cells; at a higher
concentration (10™* M), both corticosterone and aldoste-
rone yields are raised. B-Endorphin from 107° to 10~ M
inhibits the ACTH-stimulated production of both corti-
costerone and aldosterone. To explain her findings, Sza-
lay (1993) advanced the hypothesis that B-endorphin
can bind to both opioid and ACTH receptors located on
adrenocortical 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 g-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 B-endorphin, the binding to opiate re-
ceptors prevails, with ensuing inhibition of adenylate
cyclase, which reduces both basal and ACTH-stimulated
steroid secretion. At higher concentrations, the aspecific
binding of B-endorphin to ACTH receptors may activate
steroidogenesis. In conclusion, it appears that g-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 B-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 10~¢ M in humans
and 10~° M in rats.

3. Dynorphins. Dynorphin-ir has been found by RIA in
the adrenal medulla of rats (Akil et al., 1984; Vincent et
al., 1984; Bhargava et al., 1988) and guinea pigs (Evans
et al.,, 1986a, b), where its content (of about 110-130
pmol/g) could give rise to local concentrations greater
than 107® M (see Section II D). Watson et al. (1981)
detected dynorphin-ir in rat adrenomedullary chromaf-
fin cells by immunocytochemistry. Day et al. (1991)
showed the expression of the pro-dynorphin gene in the
rat adrenal cortex by in situ hybridization. Unfortu-
nately, light 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 al., 1983). However, in vitro studies
using dispersed rat adrenocortical cells gave equivocal
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results. Guaza et al. (1986) found that dynorphin, ,
(from 108 to 10~ M) does not affect basal corticosterone
secretion, although it increases inner-cell responsive-
ness to submaximal effective concentrations (10~'%/
10~ M) of ACTH. By contrast, Neri et al. (1990a)
showed that dynorphin concentration-dependently low-
ers basal aldosterone and corticosterone productions by
dispersed outer and inner adrenocortical cells, respec-
tively, its minimal effective concentration being 10~° M
the maximal effective concentration of dynorphin (10~®
M) depresses both basal and ACTH-stimulated post-
progesterone steps of steroid synthesis, specifically
affecting the conversion of progesterone to 11-deoxycor-
ticosterone (21-hydroxylation). Mazzocchi et al. (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-
lated 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 adrenocortical 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 tachykinins, bombesin-like
neuromedins, neurotensin-like neuromedins and neuro-
medins U.

1. Kassinin-like tachykinins. Mammalian tachykinins
include neuromedin K (neurokinin 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 al., 1985;
Holzwarth et al., 1987; Heym et al., 1995; Wikstrom et
al., 1996). RIA showed that tachykinin-ir is contained in
the human, cow, cat, rabbit, guinea pig and rat adrenal
medulla (Saria et al., 1980; Bucsics et al., 1981; Vaupel
et al., 1988; Basile et al., 1992; Fischer-Colbrie et al.,
1992; Cheung et al., 1993; Hinson and Kapas, 1996). The
adrenal content of substance P is higher than that of
other tachykinins, ranging from 8 to 12 pmol/g in hu-
mans to 4 to 5 pmol/g in rats. Substance P-ir (Kuramoto
et al., 1985) and neuromedin L-ir (Wang et al., 1994)
have been immunocytochemically evidenced in medul-
lary chromaffin cells of rats and pigs, respectively.

Tachykinins act via three subtypes of receptors,
named NK,, NK, and NKg, 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 Ca?* mobi-
lization, increased prostaglandin E, formation, and

stimulation of adenylate cyclase (for review, see Maggio,
1988).

a. EFFECTS ON ZONA GLOMERULOSA. i. Direct mecha-
nism. Neri et al. (1990b) and Mazzocchi et al. (1995b)
reported that substance P depresses aldosterone produc-
tion of dispersed rat zona glomerulosa cells by specifi-
cally inhibiting the late steps of its synthesis (i.e., the
conversion of corticosterone to aldosterone). However,
this inhibitory effect was observed only at uM peptide
concentrations, a finding casting doubts on its physio-
logical relevance, inasmuch as it may be calculated (see
Section II D) that intra-adrenal release of substance P
can produce a local concentration not higher than 10~7
M.

ii. Indirect mechanisms. Convincing evidence is
available that substance P is involved in the physiolog-
ical regulation of zona glomerulosa 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-II (Nussdorfer et al.,
1988). Moreover, substance P induces a moderate rise in
aldosterone release by in situ perfused rat adrenals
(Hinson et al., 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 of rat zona glomerulosa (Nussdor-
fer et al., 1988). Mazzocchi et al. (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 [D-Pro*, D-Trp”®}-SP,_,, sig-
nificantly lowers plasma aldosterone concentration,
causes atrophy of zona glomerulosa 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 adrenoglomerulotrophic effect. The contention
that medullary 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 autotransplants deprived of chro-
maffin cells (Mazzocchi et al.,, 19956b). Medullary
chromaffin cells have NK, receptors (Maggio, 1988; Ger-
aghty et al., 1990), and substance P (like other tachyki-
nins) is involved in the modulation of catecholamine
release by cow and rat adrenal chromaffin cells, proba-
bly by activating phosphatidylinositol phosphate metab-
olism and increasing [Ca®*}; (Minenko and Oehme,
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1987; Khalil et al., 1988; Zhou et al., 1991). The B-adre-
noceptor antagonist L-alprenolol (10”7 M) was found to
block not only isoprenaline (108 M)-induced aldosterone
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 al. (1992) reported that
tachykinins concentration-dependently raise cortisol
output by cultured bovine zona fasciculata-reticularis
cells, the potency order being as follows: substance P >
neuromedin L > neuromedin K. Minimal and maximal
effective concentrations of substance P were 10~ M and
1078 M, respectively, and the secretagogue effect of sub-
stance P was prevented by a calmodulin inhibitor,
thereby suggesting that it is dependent upon intracellu-
lar 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 al., 1994a; Malendowicz et al., 1995a, b).
Malendowicz et al. (1996b) recently reported that both
substance P and its antagonist spantide (from 1078 to
10~ M) inhibit maximally ACTH-stimulated 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-
macological in nature.

ii. Indirect mechanisms. Tachykinins affect the se-
cretion and growth of inner adrenocortical 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 al.,
1994b), which is coupled with only a minor effect on the
perfusion-medium flow rate (Hinson et al., 1994c). Neu-
romedin K, neuromedin L and neuropeptide K, at nM
concentrations, enhance basal corticosterone secretion
by adrenal slices including medullary tissue (Mazzocchi
et al., 1994a; Malendowicz et al., 1995a, b). Mammalian
medullary chromaffin cells are provided with NK, recep-
tors (Maggio, 1988; Geraghty et al., 1990), and there is
evidence that neuropeptide K stimulates HPA axis
(Kalra and Kalra, 1993). Mazzocchi et al. (1994a) dem-
onstrated that neuropeptide K elicits corticosterone se-
cretion by rat adrenal slices (threshold concentration
10~° M), and 10~® M neuropeptide K potentiates cortico-
sterone response to 10°'2 M ACTH, but not that to
higher concentrations of the hormone. The corticoste-
rone secretagogue effect of 1078 M neuropeptide K is

abolished by both 10™¢ 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 bom-
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 Malendowicz 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 of neuromedin 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 al., 1989) and rat adrenal medulla
(Domin et al., 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 neuromedin 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 Malendowicz and
Markowska, 1994), studies on their direct effect on ad-
renocortical cells are very scarce to the best of my knowl-
edge. Only neuromedin U-8 was tested and found to
affect, within the concentration range from 10~ to 10~
M, neither steroid secretion nor intracellular Ca?* redis-
tribution of dispersed rat adrenocortical cells (Malen-
dowicz et al., 1994a, b). However, evidence is available
that this peptide may affect adrenal cortex through in-
direct mechanisms. In fact, neuromedin U-8 (from 102
to 10~® M) was found to stimulate steroid secretion by
rat adrenal slices, but not by quarters of regenerated
adrenocortical autotransplants (Malendowicz et al.,
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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 pregnenolone and total post-pregnenolone steroids.
The increase in total poct-pregnenolone 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 10~7/107® 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 of steroid synthesis, is blocked by both 108
M a-CRH and CIP. In light of these findings, Malendow-
icz et al. (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 polypeptide 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 al., 1992). Andreis et al. (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 nM range), without affecting aldos-

terone secretion of dispersed zona glomerulosa cells. In a
subsequent in vivo study, Mazzocchi et al. (1995¢) 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-
nal 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 al.,
1992). Peptide YY (10~ M) was reported to depress both
basal and ACTH-stimulated output of 18-hydroxylated
steroids by dispersed rat zona glomerulosa cells (Neri et
al., 1991a). However, Bernet et al. (1994b) did not find
any effect of this peptide (from 1072 to 107® M) on
aldosterone and corticosterone yields by rat capsule-
zona glomerulosa preparations.

3. Neuropeptide Y. Neuropeptide Y-positive nerve fi-
bers are present in the adrenal cortex of cows and rats
(Varndell et al., 1984; Majane et al., 1985; Kuramoto et
al., 1986; Maubert et al., 1990; Oomori et al., 1994). The
fibers ending in the rat adrenal capsule and zona glo-
merulosa arise, at least in part, from adrenal medulla,
inasmuch as neuropeptide Y-ir content in the zona glo-
merulosa markedly lowers after demedullation (Mau-
bert et al., 1993). Large amounts of neuropeptide Y-ir
have been shown by RIA in the fresh adrenal medulla of
humans (Lundberg et al., 1985, 1986¢c), cows (Allen et
al.,, 1984; Majane et al., 1985; Fischer-Colbrie et al.,
1986, Bastiaensen et al., 1988), dogs (Briand et al.,
1990a, b; Damase-Michel et al., 1993, 1994), cats (Lund-
berg et al., 1986b) and rats (De Quidt and Emson, 1986;
Higuchi et al.,, 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 (260-500 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 1078 to
6 X 107® 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 al.,
1985; Schalling et al., 1988; Pelto-Huikko, 1989; Steiner
et al., 1989; Fernandez-Vivero et al., 1993; Wolfens-
berger et al., 1995; Malendowicz et al., 1996a; Wikstrém
et al., 1996). Neuropeptide Y mRNA has been detected
in the rat adrenal medulla (Schalling et al., 1988, 1991;
Higuchi et al.,, 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 al., 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 glo-
merulosa (Torda et al., 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 glomeru-
losa and mineralocorticoid secretion, respectively. Maz-
zocchi et al. (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 PYX-1 and PYX-2.
Furthermore, Hinson et al. (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 al. (1990b) demonstrated that 10~¢ M neuropeptide Y
strongly depresses basal 18-hydroxylated steroid output
by dispersed rat zona glomerulosa cells. By contrast,
Hinson and Kapas (1995) did not find any effect over a
concentration range from 10! to 10~ M, nor a moder-
ate stimulatory action at higher concentrations; how-
ever, 10~® M neuropeptide Y appears to stimulate aldo-
sterone secretion by dispersed zona glomerulosa cells
from sodium-depleted rats. Interestingly, Hinson et al.
(1995) showed that neuropeptide Y biphasically modu-
lates aldosterone response to ACTH of rat zona glomeru-
losa cells: 10~ M neuropeptide Y magnifies the response
to submaximal concentrations of ACTH (less than 107°
M) and reduces those to maximally effective concentra-
tions of the hormone (greater than 107!° M). It also
moderately enhances the response to supramaximal
concentrations of ANG-II (10~7/10~¢ M), but not to K*.
Thus, they hypothesized that neuropeptide Y regulates
the sensitivity of rat zona glomerulosa 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 1078 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 glomerulosa in
rats with pharmacologically interrupted HPA axis and
RAS (Mazzocchi et al., 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-II
production that could have masked its adrenoglomeru-
lotropic action. Mazzocchi et al. (1996a) showed that the
simultaneous infusion of PYX-2 completely abolishes the
stimulatory effect of neuropeptide Y on the growth of rat
zona glomerulosa. However, when administered alone,
PYX-2 did not evoke any apparent effect, a finding that
causes doubts about the involvement of endogenous neu-
ropeptide Y in the physiological maintenance of the zona
glomerulosa growth in rats.

ii. Indirect mechanisms. Neuropeptide Y and its Y,
and Y, receptor agonists (from 1078 to 107® M) were
found to raise aldosterone secretion by rat capsule-zona
glomerulosa preparations (Bernet et al., 1994b). This is

keeping with the findings of Mazzocchi et al. (1996a) in
rat adrenal slices including medullary tissue, where al-
dosterone secretagogue action of neuropeptide Y is
blocked by its receptor antagonists. The mechanism un-
derlying the adrenoglomerulotropic 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 al., 1994a;
Di Maggio et al., 1994) and enhances catecholamine
synthesis in the rat (Hong et al., 1995). In addition,
Bernet et al. (1994a) showed that 10~7 M atenolol, a
B,-adrenoceptor antagonist, but not the B;-antagonist
ICI-18,551 hydrochloride, hampers 10~7 M neuropeptide
Y-induced aldosterone release by rat capsule-zona glo-
merulosa preparations. Finally, it is worth recalling that
neuropeptide Y strongly depresses renin release by kid-
ney juxtaglomerular cells (Hackenthal et al., 1987;
Corder et al., 1989; Aubert et al., 1992). Hence, the
possibility that the inhibition of intra-adrenal RAS may
counteract the adrenoglomerulotropic 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 al. (1990) described an inhibitory effect
of neuropeptide Y (3 X 10”7 M) on basal and ACTH-
stimulated corticosterone secretion of dispersed rat zona
fasciculata-reticularis cells, but neither Neri et al.
(1990b) nor Hinson et al. (1995) observed any significant
effect. Moreover, no change in corticosterone output by
adrenal slices were observed after exposure to neuropep-
tide Y (Mazzocchi et al., 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 al., 1996a). At variance with
these results, Hinson et al. (1994b, c) reported a small
increase in corticosterone release by in situ perfused rat
adrenal only after the administration of nanomolar
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-Activating 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 of PACAP 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 of VIP and PACAP eas-
ily 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 glomerulosa of pigs (Kong et al.,
1989) and rat adrenals (Hokfelt et al., 1981; Holzwarth,
1984; Maubert et al., 1990; Oomori et al., 1994). The
presence of VIP-ir has been detected by RIA in the pig
(Ehrhart-Bornstein et al., 1991a) and rat adrenal me-
dulla (Hinson and Kapas, 1996), where its content of
about 4-9 pmol/g could give rise to local concentrations of
1078/10~7 M (see Section II D). The presence of VIP-ir
has been also demonstrated by RIA in cultures of bovine
adrenomedullary cells (Pruss et al., 1985), and by im-
munocytochemistry in the adrenal medulla of humans
(Linnoila et al., 1980), sheep (Cheung and Holzwarth,
1986) and rats (Holzwarth, 1984; Kondo et al., 1986;
Oomori et al., 1994).

a. EFFECTS ON ZONA GLOMERULOSA. i. Direct mecha-
nism. Specific binding of VIP has been autoradiographi-
cally demonstrated in the rat adrenal capsule and zona
glomerulosa (Cunningham and Holzwarth, 1989). The
studies dealing with VIP effects on dispersed zona glo-
merulosa cells gave controversial results. Enyedi et al.
(1983) and Hinson et al. (1992) reported no significant
aldosterone response. However, a moderate effect of
1076 M VIP on basal aldosterone secretion of dispersed
rat zona glomerulosa cells was observed by Hinson and
Kapas (1995). They also reported a more potent effect on
cells obtained from sodium-deprived animals (threshold
concentration 10~° M). Because saralasin 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 glomerulosa cells.
A general consensus exists on the marked aldosterone
response to VIP of rat capsule-zona glomerulosa prepa-
rations, minimal effective concentrations ranging from
1078 to 10~7 M (Cunningham and Holzwarth, 1988; Hin-
son et al., 1992; Bernet et al., 1994a). Mazzocchi et al.
(1993a) showed that VIP enhances basal aldosterone
secretion of rat adrenal slices, its minimal and maximal
effective concentrations being 107'° M and 10~8 M, re-
spectively. Compelling evidence also indicates that VIP
exerts an acute and chronic stimulatory action on zona
glomerulosa secretion both in vivo in rats (Nussdorfer
and Mazzocchi, 1987; Rebuffat et al., 1994b) and in pig
(Ehrhart-Bornstein et al., 1991a) and rat adrenals per-
fused in situ (Hinson et al., 1992, 1994a). Rebuffat et al.
(1994b) showed that the prolonged administration of
VIP specifically enhances the growth and aldosterone
secretory capacity of zona glomerulosa in rats with phar-
macologically interrupted HPA axis and RAS. They also
demonstrated that VIP stimulates the growth and secre-
tion of zona glomerulosa-like cells of rat adrenocortical

autotransplants, and that the effect of this peptide on
both adrenals and autotransplants are annulled by the
simultaneous administration of the VIP-receptor antag-
onist [4-C]-D-Phe®, Leu'’}-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
glomerulosa, but not of zona glomerulosa-like cells of
autotransplants. By taking into account that intramed-
ullary 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 glomerulosa function in rats is most
likely adrenal medulla.

ii. Indirect mechanisms. Compelling evidence indi-
cates that an indirect mechanism, involving the release
of catecholamines, plays an important role in the stim-
ulatory action of VIP on the rat zona glomerulosa. VIP
appears to act as a neurotransmitter in rat adrenal
medulla, being a potent activator of adenylate cyclase
and catecholamine release (Cheung and Holzwarth,
1986; Malhotra and Wakade, 1987; Wakade et al., 1991;
Bernet et al., 1994a). The specific B-adrenoceptor antag-
onists L-alprenolol and atenolol (10”7 M) block VIP
(107771075 M)-induced release of aldosterone by rat cap-
sule-zona glomerulosa preparations (Hinson et al., 1992;
Bernet et al., 1994a). Moreover, Mazzocchi et al. (1993a)
reported that 10~7 M L-alprenolol lowers by 70% 10% M
VIP-stimulated aldosterone output by rat adrenal slices,
without affecting corticosterone release. They also ob-
served that the ACTH-receptor antagonist CIP (10~6 M)
abolishes VIP-induced corticosterone secretion, but only
decreases (by about 50%) aldosterone production; when
added together, CIP and L-alprenolol abrogate both al-
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 of VIP in the rat: (a) direct aspecific
and weak stimulation of zona glomerulosa 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
glomerulosa.

b. EFFECTS ON ZONA FASCICULATA-RETICULARIS. Li et al.
(1990) described a weak, but significant, stimulatory
effect of VIP on the bovine inner adrenocortical cells
(minimal and maximal effective concentrations, 10~° M
and 10~® M, respectively). A glucocorticoid response to
107191078 M VIP by rat adrenal-slice preparations was
also found (Mazzocchi et al., 1993a). VIP raises cortisol
and androstenedione and, respectively, corticosterone
release by in situ perfused pig (Ehrhart-Bornstein et al.,
1991a; Bornstein et al., 1993) and rat adrenal glands
(Hinson et al., 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 al., 1994b). However, according to Bloom et al.
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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 al. (1994¢), 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 glucocorticoid secretagogue action of VIP
may be mediated by the ACTH receptors present in zona
fasciculata-reticularis cells. Of interest, Li et al. (1990)
reported that VIP competes only with a subtype of
ACTH receptors, i.e., those recognizing the ACTH,, o,
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
al. (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 al., 1994c), thereby
suggesting that the rise in adrenal blood flow rate may
contribute to the glucocorticoid secretagogue action of
VIP.

2. Pituitary adenylate cyclase-activating 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-
renal medulla (Frodin et al., 1995). PACAP-ir was de-
tected in rat (Arimura et al., 1991; Ghatei et al., 1993;
Tabarin et al., 1994; Frodin et al., 1995), cow, pig, ham-
ster and mouse adrenal medulla (Tabarin et al., 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 pmol/g). In the rat, PACAP
adrenal content is about 2-4 pmol/g and could produce a
local concentration of about 2-3 X 108 M. Immunocyto-
chemistry confirmed the presence of PACAP-ir in the
medullary chromaffin cells (Tabarin et al., 1994; Shio-
tani et al., 1995). The demonstration of PACAP mRNA
in the rat adrenal medulla (Ghatei et al., 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
al., 1996) and rat zona glomerulosa cells (Andreis et al.,
1995). However, this peptide stimulates aldosterone se-
cretion of human and rat adrenal slices, containing chro-
maffin cells, the minimal effective concentration of
PACAP-38 being 10~'2 M in rats and 10~8 M in humans

(Andreis et al., 1995; Neri et al., 1996). In the rat, aldo-
sterone response is abolished by 1078 M PACAPg g5, an
antagonist of PACAP-38 (Andreis et al., 1995). PACAP
enhances the secretion of catecholamines from human
(Neri et al., 1996) and rat adrenal medulla (Chowdhury
et al,, 1994; Guo and Wakade, 1994), as well as from
cultured cow (Houchi et al., 1994; Perrin et al., 1995), pig
(Isobe et al., 1993) and rat medullary chromaffin cells
(Watanabe et al., 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
al., 1995). More recently, Isobe et al. (1996) demon-
strated that PACAP, at nM concentrations, coordinately
up-regulates gene expression of the catecholamine-syn-
thesizing enzymes in cultured porcine adrenomedullary
cells, by activating both cAMP and protem kinase C
signalling pathways. L-Alprenolol (10™® M) reverses,
partially in the rat and completely in humans, aldoste-
rone response of adrenal slices to 10~® M PACAP-38
(Andreis et al.,, 1995; Neri et al., 1996). Quarters of
regenerated rat adrenocortical autotransplants, de-
prived of chromaffin cells, although displaying an aldo-
sterone response to isoprenaline (107 M), are insensi-
tive to PACAP-38 (Andreis et al., 1995). Taken together,
these results indicate that the aldosterone secretagogue
action of PACAP is almost exclusively mediated by in-
direct mechanisms involving medullary 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 al., 1996). PACAP was
found to increase cortisol 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
of ACTH receptors, attributable to the strict homology of
PACAP and VIP.

Evidence is available that shows that PACAP-38 elic-
its glucocorticoid secretion in rats by stimulating in-
tramedullary CRH-ACTH system. However, whereas
catecholamine-mediated aldosterone response of adre-
nal slices to PACAP already occurs at pM peptide con-
centrations, corticosterone response requires uM concen-
trations. Andreis et al. (1995) showed that CIP (10~ M)
completely prevents corticosterone secretion elicited by
10~® 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 al.
(1996) did not observe any cortisol response to PACAP-
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38, but only a relatively low concentration (10~2 M) of
the peptide has been tested. The requirement of uM
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 vari-
ously affects smooth-muscle cells, depending on its lo-
calization in the different organs, acting as a local neu-
romodulator of the pancreatic function (for review, see
Bedecs et al., 1995). The colocalization of galanin with
CRH in paraventricular-nucleus neurons and with
ACTH in pituitary corticotropes (for review, see Merch-
enthaler et al., 1993), as well as its ability to increase
ACTH and corticosterone plasma levels (Malendowicz et
al., 1994c), suggest its involvement in the regulation of
the central branch of the HPA axis.

Galanin-ir was detected by RIA in the fresh adrenal
medulla of humans (Bauer et al., 1986b), pigs and cats
(Bauer et al., 1986a; Holst et al., 1991), rabbits (Wik-
strom et al., 1993) and rats (Zentel et al., 1990; Fischer-
Colbrie et al., 1992; Mazzocchi et al., 1995¢c). The adrenal
content of galanin, which varies from 3 pmol/g in hu-
mans to 90-115 pmol/g in pigs and rats, could give rise to
local concentrations ranging from 1072 to 1078 M (see
Section II D). Immunocytochemistry confirmed the pres-
ence of galanin-ir in the medullary chromaffin cells
(Pelto-Huikko, 1989; Zentel et al., 1990; Elfvin et al.,
1994). Galanin mRNA has also been demonstrated in
the adrenal medulla of cows (Rtkaeus and Carlquist,
1988; Rikaeus et al., 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 submaximally ACTH-
stimulated corticosterone secretion by dispersed rat in-
ner adrenocortical cells, threshold concentration being
108 M (Mazzocchi et al., 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 glomerulosa cells is not af-
fected by galanin, that, however, is able to enhance both
aldosterone and corticosterone secretion by rat adrenal
slices containing chromaffin cells (Mazzocchi et al.,
1992b). Galanin increases the release of both mineralo-
and glucocorticoids by in situ perfused pig adrenals
(Holst et al., 1991), as well as their plasma concentra-
tions in pharmacologically hypophysectomized ACTH-
replaced rats, without inducing changes in natremia,
kalaemia and plasma renin activity (Mazzocchi et al.,
1992b).

Mazzocchi et al. (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 fasciculata 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 fasciculata 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
al., 1985; Merchenthaler and Lennard, 1991), and there
is evidence that this neuropeptide is able to stimulate
the hypothalamo-pituitary CRH-ACTH system (Nuss-
dorfer et al., 1992; Rowe et al., 1995).

Neurotensin-ir has been detected by RIA in the adre-
nal medulla of cows, cats, rabbits, guinea pigs and rats
(Corder et al., 1982; Lundberg et al., 1982; Rkaeus et
al., 1982; Goedert et al., 1983; Terenghi et al., 19883;
Ferris et al., 1986; Fischer-Colbrie et al., 1992), its con-
centration being very high in cats (more than 60 pmol/g)
and low in rats and guinea pigs (1.6 pmol/g). Cytochem-
istry evidenced neurotensin-ir in the medullary chro-
malffin cells of cats (Pelto-Huikko et al., 1987) and ham-
sters (Pelto-Huikko et al., 1985b).

Neurotensin-specific binding sites have been demon-
strated in the rat adrenals, especially at the cortico-
medullary junction (Goedert et al., 1984). Mazzocchi et
al. (1991) provided evidence that neurotensin concentra-
tion-dependently inhibits aldosterone response of dis-
persed rat zona glomerulgsa cells to both ANG-II and K*
(threshold concentration, 107 M), but not basal or
ACTH-stimulated aldosterone secretion. This finding
may suggest the interference of neurotensin with the
transduction mechanisms of agonist-evoked secreta-
gogue signals involving the rise in the [Ca®*],. 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 al.,, 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-
tramedullary 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 pharmaco-
logical) inhibitory effect on adrenocortical cells, was
found to cause a moderate increase in both aldosterone
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 al., 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 al., 1993a, b); rat ad-
renomedullin has 50-aminoc-acid residues, with a 2-ami-
no-acid deletion and 6 substitutions compared with hu-
man peptide (Sakata et al., 1993). The amino acid
sequences of CGRP and adrenomedullin display a slight
homology (Kitamura et al., 1993a, b), and the competi-
tion of human adrenomedullin and CGRP for the same
receptor site has been recently demonstrated in the rat
heart and lungs (Owji et al., 1995). CGRP is a potent
vasodilator involved in cardiovascular regulation (Brain
et al., 1985). Adrenomedullin also exerts a strong and
long-lasting hypotensive effect in rats (Ishiyama et al.,
1993; Gardiner et al., 1995) and predominantly in-
creases blood flow rate in organs, where its gene is
highly expressed (He et al., 1995). There is evidence that
the hypotensive effects of adrenomedullin are, at least in
part, mediated by CGRP, receptors (Nuki et al., 1993;
Eguchi et al., 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 al., 1989), rabbits (Wikstrém et al., 1996),
guinea pigs (Heym et al., 1995) and rats (Kuramoto et
al., 1987). CGRP-ir has been detected by immunocyto-
chemistry in medullary chromaffin cells of the rat
(Kuramoto et al., 1987).

Findings indicate that adrenocortical cells possess
CGRP receptors (Goltzman and Mitchell, 1985). In vitro
studies have shown that CGRP (from 107° to 10™7 m)
specifically inhibits basal and ANG-II-stimulated aldo-
sterone secretion of dispersed dog zona glomerulosa cells
(Murakami et al., 1989). In the rat, CGRP does not affect
basal aldosterone secretion by dispersed zona glomeru-
losa 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 al., 1996¢c). However, Mazzocchi et al. (1996c¢)
demonstrated that 10”7 M CGRP inhibits ANG-II-stim-
ulated aldosterone secretion by rat zona glomerulosa
cells and that this effect is blocked by CGRPg g;, an
antagonist of CGRP, receptors. In vivo studies gave
controversial results that cannot be accounted for exclu-
sively by interspecific differences. CGRP was found to
raise cortisol secretion in hypophysectomized calves
(Bloom et al., 1989), but to lower aldosterone plasma
concentration in dogs (Murakami et al., 1989, 1991) and
rats (Mazzocchi et al., 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 al., 1996b). This last
effect may explain the glucocorticoid response, but not
the aldosterone stimulatory effect that overcomes the in
vitro inhibitory action of CGRP. Mazzocchi et al. (1996b)
showed that the CGRP-evoked rise in aldosterone, but
not glucocorticoid, release by in situ perfused rat adre-
nals is blocked by the simultaneous administration of
L-alprenolol, thereby suggesting that it is mediated by
locally secreted catecholamines.

2. Adrenomedullin. Adrenomedullin-ir has been dem-
onstrated by RIA in the adrenal medulla of humans
(Ichiki et al., 1994; Satoh et al., 1995) and rats (Sakata
et al., 1993, 1994), where its content, ranging from 12 to
50 pmol/g, could produce local concentrations around
10~ M (see Section II D). Adrenomedullin-ir has been
also shown in cultures of bovine chromaffin cells (Katoh
et al., 1994). Washimine et al. (1995) and Satoh et al.
(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 al., 1993).

The investigations dealing with the presence of ad-
renomedullin receptors in adrenals and adrenomedullin
effects on adrenocortical cells are still scarce. Iwasaki et
al. (1996) showed a relative abundance of specific bind-
ing sites for proadrenomedullin N-terminal 20 peptide
in the rat adrenals. Yamaguchi et al. (1995) reported
that 1071° M adrenomedullin inhibits ANG-II- and K*-
stimulated aldosterone secretion of dispersed rat zona
glomerulosa cells, without apparently affecting either
basal or ACTH-stimulated one; they also showed that
the inhibitory effect of adrenomedullin on zona glomeru-
losa-cell response to ANG-II is blocked by the Ca®*
ionophore A23187, a finding indicating that ad-
renomedullin interferes with the agonist-elicited eleva-
tion of [Ca®*];. Mazzocchi et al. (1996c) confirmed those
findings, but observed that the threshold concentration
of adrenomedullin is rather high (10~7 M); they also
demonstrated that 107 M CGRPg 4, blocks the ad-
renomedullin effect, which suggests that this peptide
acts via the CGRP, 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 al. (1996b) showed that adrenomedullin
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 aldosterone 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 adrenals is counteracted by the simul-
taneous administration of L-alprenolol, a finding
strongly suggesting that adrenomedullin may indirectly
stimulate rat zona glomerulosa cells by eliciting cate-
cholamine release. However, it must be noted that there
are indications that proadrenomedullin N-terminal 20
peptide inhibits catecholamine secretion from cultures
of bovine adrenomedullary cells (Katoh et al., 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 atrial myocytes and was named atriopeptine
or atrial natriuretic factor. Since then, an impressive
mass of investigations demonstrated that atriopeptine,
in addition to its action on the kidney, also possesses
vasodilatatory effects and a potent inhibitory action on
the renin-angiotensin-aldosterone system (for review,
see Cantin and Genest, 1985). Subsequently, atriopep-
tine-like peptides were also found in extra-atrial 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. Thus, 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 guanylate 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 of humans (Lee et al., 1993), cows (Ong et al., 1987;
Mukoyama et al., 1988; Okazaki et al., 1989) and pigs
(Duntas et al., 1993), where its concentration is 1-3
pmol/g. ANP-ir has also been demonstrated by immuno-
cytochemistry in the medullary chromaffin cells of rats

(McKenzie et al., 1985; Inagaki et al., 1986; Wolfens-
berger et al., 1995) and guinea pigs (Wolfensberger et
al., 1995). ANP mRNA has been detected in the adrenal
medulla of humans (Lee et al., 1993), cows (Gardner et
al., 1986; Nunez et al.,, 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-
tially expressed in norepinephrine-containing cells
(Morel et al., 1988). BNP-ir has been shown by RIA in
the adrenal medulla of humans (Lee et al., 1994) and
cows (De Léan et al., 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 al., 1989).
BNP mRNA has been found by in situ hybridization and
Northern blot analysis in human adrenal medulla (Lee
et al., 1994). CNP-ir has been demonstrated by RIA in
the adrenal medulla of humans (Totsune et al., 1994),
where its concentration is about 0.5 pmol/g. It is also
synthesized and secreted by bovine chromaffin cells cul-
tured in vitro (Babinski et al., 1992). CNP protein and
mRNA have been evidenced by immunocytochemistry
and reverse transcription polymerase-chain reaction
(RT-PCR) in the zona glomerulosa of cow (Kawai et al.,
1996) and rat adrenals (Minamino et al., 1993). These
techniques, however, did not allow us to ascertain
whether CNP is contained in the zona glomerulosa cells
or in the medullary chromaffin cells scattered in the
zona glomerulosa.

1. Effects on zona glomerulosa. Mammalian zona glo-
merulosa 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-
cially ANG-II)-stimulated aldosterone secretion with the
threshold concentration being in the nM range (for re-
view, see Hawata et al., 1991; Ganguly, 1992). Natri-
uretic peptides seem to impair Ca?* influx into the zona
glomerulosa cells through a selective action on the volt-
age-dependent Ca®* channels (Barret et al., 1991; Lot-
shaw et al., 1991b; and for review, see Ganguly 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 al. (1987), the mechanism of
transduction of the inhibitory signal of ANP does not
involve the activation of the guanylate cyclase. However,
Kawai et al. (1996) reported that CNP concentration-
dependently raises basal cGMP release by cultured bo-
vine zona glomerulosa cells and inhibits ACTH-induced
increase in cAMP and aldosterone release, a finding
indicating that this peptide acts by both stimulating
guanylate-cyclase and suppressing adenylate-cyclase ac-
tivity. The prolonged ANP administration has been also
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shown to specifically inhibit the growth and steroido-
genic capacity of adrenal zona glomerulosa in RAS-sup-
pressed rats (Rebuffat et al., 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 glomerulosa cells are in
the nM range, whereas their plasma levels are about one
or two orders of magnitude 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 10~7/10~¢ 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 (Heisler and Morrier 1988;
Niina et al., 1996) and that natriuretic peptides inhibit
medullary catecholamine release in cows (Fernandez et
al., 1992; Babinski et al., 1995), dogs (Holtz et al., 1987)
and rats (Vatta et al., 1994). Evidence is also available
showing that natriuretic peptides inhibit kidney renin
release (Obana et al., 1985; Tagaki et al., 1988; Ishi-
mitsu et al., 1992) and endothelin secretion of cultured
endothelial (Hu et al., 1992), mesangial (Kohno et al.,
1993) and smooth-muscle cells (Bokemeyer et al., 1994).
Hence, the possibility that the inhibition of both intra-
adrenal RAS and endothelin release may concur to the
antiadrenoglomerulotropic action of natriuretic 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 controversial. 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 al.,, 1986a) and rats
(Mulay et al., 1995), and evidence is available that ANP
and BNP depress basal and especially ACTH-stimulated
glucocorticoid secretion of in vitro cultured inner adre-
nocortical cells of humans (Higuchi et al., 1986b; Naruse
et al., 1987; Carr and Mason, 1988) and cows (DeLéan et
al., 1984a; Hashiguchi et al., 1988; Hawata et al., 1991).
The threshold concentration, ranging from 10~2 to 10~7
M, is well below that which natriuretic peptide can lo-
cally attain upon stimulation of their release from chro-
maffin cells.

J. Summary

The main action of intramedullary 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-
fect 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 glomerulosa growth and mineralocorticoid secre-
tion. AVP also stimulates glucocorticoid secretion and
the growth of zona fasciculata, probably by activating
intramedullary CRH-ACTH system; however, the phys-
iological relevance of this last action of AVP is question-
able. Oxytocin directly stimulates basal steroid secretion
of adrenocortical cells, but it inhibits ACTH-induced
glucocorticoid secretion in rats. SRIH, acting via specific
receptors that interfere with the intracellular mecha-
nisms transducing ANG-II signals, exerts a direct and

specific inhibitory action on the zona glomerulosa that

seems to have a notable physiological relevance, inas-
much as the prolonged administration of SRIH antago-
nists enhances zona glomerulosa growth and secretory
capacity. TRH specifically and directly inhibits the late
steps of glucocorticoid synthesis in the rat.

Enkephalins exert a direct stimulatory action on the
secretion and growth of the adrenal cortex that seems to
be mediated by u opioid receptors. Whether this effect of
enkephalins 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. B-endorphin seems to directly
inhibit glucocorticoid 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
glomerulosa by enhancing catecholamine release from
medullary 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 stlmulating the
late steps of aldosterone synthesis.

Pancreatic polypeptide, at nM concentrations, dn'ectly
enhances glucocorticoid secretion in rats and probably
plays a major role in the adrenal response to hypoglyce-
mic stress. Peptide YY, at uM 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 glo-
merulosa secretion under physiological or pathophysio-
logical conditions requiring a rather elevated release of
aldosterone. The mechanisms are both direct and indi-
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rect, the latter involving the stimulation of catechol-
amine release by medullary chromaffin 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 glomerulosa,
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 glomerulosa functions. The acute al-
dosterone secretagogue effect is either direct or indirect
and mediated by the stimulation of medullary catechol-
amine release, whereas the long-term trophic effect is
only direct via specific receptors on zona glomerulosa
cells. VIP may also aspecifically 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 mineralocorticoid and glucocorticoid secre-
tion indirectly, by eliciting catecholamine release by
medullary chromaffin cells and by activating the in-
tramedullary CRH-ACTH system, respectively; the
physiological relevance of this last effect of PACAP is
very doubtful.

Intramedullary galanin seems to be directly involved
in the maintenance and stimulation of the secretion and
growth of inner adrenocortical zones. It also exerts an
indirect aldosterone secretagogue effect, the mechanism
and physiological relevance of which remain to be ascer-
tained. Neurotensin directly inhibits aldosterone secre-
tion of zona glomerulosa cells through its receptor-me-
diated interference with the transduction mechanisms
of agonists raising [Ca®*];,, but this effect is probably
pharmacological in nature. When the integrity of the
adrenal structure is preserved, neurotensin increases
both mineralo- and glucocorticoid secretions, an effect
that may be at least partly related to the increase in the
gland blood flow.

CGRP and adrenomedullin exert a direct inhibitory
effect on the ANG-II-stimulated aldosterone secretion of
zona glomerulosa cells that is mediated by a common
receptor of the CGRP; subtype; the activation of this
receptor interferes with the agonist-stimulated redistri-
bution of intracellular Ca?*. 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 mineralo- 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 physiolog-
ically relevant direct receptor-mediated inhibition of the
secretion and growth of zona glomerulosa that appears
to involve a selective impairment of voltage-dependent
Ca®* channels, as well as the activation of guanylate
cyclase 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 catecholamine
release by medullary chromaffin cells and perhaps by
depressing intra-adrenal RAS and endothelin secretion.

VI. Control of the Secretion of Intramedullary
Regulatory Molecules

Splanchnic nerves are certainly the main regulators of
the function of adrenal 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

Splanchnic-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 al.,
1986; Edwards and Jones 1987a, b; Engeland and Gann
1989; Bornstein et al., 1990b). Charlton (1995) recently
proposed that noradrenergic innervation and epineph-
rine and norepinephrine are responsible for the control
of basal steroid secretion of the 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 al.,
1985).

2. Regulatory peptides. Splanchnic-nerve stimulation
elicits the adrenal release of () CRH in cows (Edwards
and Jones, 1988) and dogs (Bruhn et al., 1987b); (b)
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enkephalins in cows (Bloom et al., 1987b) and dogs
(Hexum et al., 1980a; Damase-Michel et al., 1993); (c)
substance P in rats (Fischer-Colbrie et al., 1992); (d)
neuropeptide Y in cows (Allen et al., 1984), dogs (Briand
et al., 1990a; Damase-Michel et al., 1993) and cats (Lun-
dberg et al., 1986b); (e) VIP in cows (Bloom et al., 1987b);
(f) galanin in pigs (Holst et al., 1991); (g) neurotensin in
cats (Rokaeus et al., 1982; Ferris et al., 1986; Gaumann
et al., 1989b) and rats (Fischer-Colbrie et al., 1992); and
(h) ANP in pigs (Duntas et al., 1993). The innervation
may also modulate gene expression of some intramedul-
lary 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 al.,
1981; Fleminger et al., 1984; Hinson and Kapas, 1996),
as well as enkephalin and neuropeptide Y mRNAs in
rats (Kilpatrick et al., 1984; Schalling et al., 1991; He-
nion and Landis, 1992; De Cristofaro et al., 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). Nicotinic activation elicits the co-release of cat-
echolamines and adrenomedullin (Katoh et al., 1994) or
neuropeptide Y in rats (Shimoda et al., 1993); moreover,
it stimulates the release of ANP (Mukoyama et al., 1988;
Nguyen et al., 1988, 1990) and BNP by cultured bovine
medullary cells, BNP response being significantly
higher than that of ANP (Nguyen et al., 1990). Reser-
pine enhances the release by medullary chromaffin cells
of neuropeptide Y in cats (Lundberg et al., 1986a) and
guinea pigs (Nagata et al., 1987), as well as gene expres-
sion of this peptide in rat adrenal medulla (Higuchi et
al., 1990; Schalling et al., 1991). y-Aminobutyric acid
(GABA) and conceivably GABA-ergic fibers raise the
release of enkephalins by dog adrenal medulla (Fujimoto
et al., 1987), and GABA antagonists inhibit thyrotropin-
releasing hormone (TRH) secretion of rat chromaffin
cells (Mitsuma et al., 1987b).

B. Stressful Conditions

Various types of stresses elicit enkephalin release by
adrenals in dogs (Damase-Michel et al., 1994) and rats
(Jarry et al., 1985). Hemorrhage raises adrenomedullary
secretion of CRH in dogs (Bruhn et al., 1987a), of en-
kephalins in dogs (Engeland et al., 1986) and cats (Gau-
mann et al., 1987, 1989a), and of neuropeptide Y in dogs
(Briand et al., 1990b). Exercise causes the cosecretion of
catecholamines and neuropeptide Y in humans (Lund-
berg et al., 1985; Taylor, 1989), and lipopolysaccharide-
evoked inflammatory responses enhance pro-enkephalin
gene expression in the rat adrenals (Behar et al., 1994).

C. Other Possible Mechanisms

Dopamine appears to inhibit TRH release by rat ad-
renal glands (Mitsuma et al., 1987a). ANG-II and potas-
sium raise enkephalin content in the adrenal medulla of
cows (Siegel et al., 1985; Suh et al., 1992), and, in this

species, potassium stimulates adrenal release of both
ANP and BNP (Nguyen et al., 1990). Substance P and
VIP increase adrenal medulla content of enkephalins 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, glucocorticoids raise the
medullary content of enkephalin in rats (Inturrisi et al.,
1988; Aloyz et al., 1992; Henion and Landis, 1992), but
lower the medullary neuropeptide Y mRNA and protein
content in this species (Laborie et al., 1995). However,
hypophysectomy does not alter neuropeptide Y mRNA
and protein content in the rat adrenal medulla (Fischer-
Colbrie et al., 1988). Although endothelins are com-
monly found to stimulate the secretion of natriuretic
peptides (for review, see Rubanyi and Polokoff, 1994),
low doses of endothelin-1 inhibit ANP secretion in the
rat (Shirakami et al., 1993). Hence, it is possible that
blockade of the synthesis and release of intramedullary
natriuretic peptides may take a part in the adrenoglo-
merulotropic action of endothelins.

D. Summary

The main modulators of the release of intramedullary
regulatory molecules are splanchnic nerves: this has
been demonstrated not only for catecholamines, 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 medullary chromaffin cells of
CRH, enkephalins and neuropeptide Y.

VII. The Possible Involvement of the Cortico-
Medullary Paracrine Interactions in the
Pathophysiology 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-II
exposure (Grouzmann et al., 1994). Because pheochro-
mocytoma patients frequently display high levels of cir-
culating neuropeptide Y-ir (Tabarin et al., 1992), Grouz-
mann et al. (1994) hypothesized that RAS (also the
intra-adrenal one?) elicits neuropeptide Y secretion by

" tumors possessing ANG-II receptors, thereby contribut-

ing to trigger hypertensive crisis.

Human pheochromocytomas synthesize and secrete,
in addition to catecholamines, several regulatory pep-
tides, which are able to affect the secretion and growth of

2102 ‘2 Jaqwiadag uo Ausianiun pesewwey | ye Bio'sjeuinofiadse asiwieyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet

CORTICO-MEDULLARY INTERACTIONS IN ADRENALS 519

the adrenal cortex. RIA and immunocytochemical stud-
ies demonstrated the presence in chromaffin cells of
pheochromocytomas of POMC-derived peptides (Oishi et
al., 1992), SRIH-ir (Osamura et al., 1987; Oishi et al.,
1992), enkephalin-ir (Osamura et al., 1987; Parmer
and O’Connor, 1988; Oishi et al., 1992), tachykinin-ir
(Bucsics et al., 1981), neuropeptide Y-ir (Lundberg et al.,
1986¢; Osamura et al., 1987; Grouzmann et al., 1994),
VIP-ir (Oishi et al., 1992), PACAP-ir (Takahashi et al.,
1993), galanin-ir (Bauer et al., 1986b), CGRP-ir (Conlon
et al., 1989), adrenomedullin-ir (Kitamura et al., 1993a,
b; Kuwasako et al., 1995; Satoh et al., 1995) and natri-
uretic peptide-ir (Chien et al., 1990; Totsune et al.,
1994). The presence in pheochromocytomas of the spe-
cific mRNAS of prepro-CRH (Usui et al., 1988; Liu et al.,
1994), POMC (Liu et al., 1994), enkephalins (Konoshita
et al., 1994), B-endorphin (De Bold et al., 1988), neu-
ropeptide Y (Higuchi et al., 1994; Senanayake et al.,
1995), CGRP (Conlon et al., 1989) and adrenomedullin
(Kitamura et al., 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 glomeru-
losa (see Section V). Hence, these findings may explain
the pathophysiological basis of some cases of Conn’s
adenomas or idiopathic primary aldosteronism associ-
ated with secreting pheochromocytomas (Wajiki et al.,
1985; Inoue et al., 1986; Gordon et al., 1994; Tan et al.,
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-
cifically affect the function of the zona glomerulosa or
zona fasciculata-reticularis. Stimulatory molecules in-
clude epinephrine and norepinephrine, serotonin, CRH-
ACTH, AVP, oxytocin, enkephalins, some tachykinins,
neuropeptide Y, pancreatic polypeptide, VIP, PACAP
and galanin. Inhibitory molecules include dopamine,
SRIH, TRH, B-endorphin, dynorphin, peptide YY and
natriuretic peptides. Neurotensin, CGRP and ad-
renomedullin appear to exert direct inibitory and indi-
rect stimulatory effects.

Despite these extensive experimental investigations,
the physiological and pathophysiological relevance of
the paracrine control of the cortex by adrenal medulla
largely remains to be established. Available findings
cast doubts about the possibility that medullary 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 autotransplants,
deprived of chromaffin cells, respond normally to ACTH
and ANG-II and exhibit only moderately reduced basal
levels of circulating mineralo- 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 al.,
1990) and with Addison’s disease transplanted with em-
bryonic adrenal tissue (Patiiio 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 glo-
merulosa.

The paracrine control of the cortex by adrenal medulla
may become fully evident under various paraphysiologi-
cal or pathological conditions, such as the following:

e 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 IV).

¢ Increased need of steroid production (e.g., during
inflammatory, physical or emotional stresses). Evi-
dence indicates that the adrenal gland synthesizes
and releases interleukins (Murakami et al., 1993;
Gadient et al., 1995; Gonzales-Hernandez et al.,
1994, 1995; Judd and Ritchie, 1995), as well as
expresses interleukin receptors and their endoge-
nous antagonists (Gadient et al., 1995; Schultzberg
et al., 1995). Hence, it is very tempting to hypoth-
esize that interleukins, 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
IV). This contention received support by a recent
study of You-Ten et al. (1995), who showed a sev-
eral-fold 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.
Intramedullary galanin appears to play a crucial
role in mediating glucocorticoid response to the in-
sulin-induced hypoglycemic stress (Fischer-Colbrie
et al., 1992; Anouar and Eiden, 1995), and the same
seems to be true for pancreatic polypeptide (Maz-
zocchi et al., 1995¢), substance P and neurotensin
(Fischer-Colbrie et al., 1992). There is indirect evi-
dence that intramedullary neuropeptide Y may be
somehow involved in the maintenance of blood 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 glomerulosa. Glucocor-
ticoids decrease intramedullary neuropeptide Y
mRNA, whereas metyrapone (an inhibitor of 118-
hydroxylase) increases it (Laborie et al., 1995), a
finding suggesting the existence of an intra-adrenal
feedback mechanism regulating neuropeptide Y
synthesis and release.

¢ When an excess of steroid production has to be
counteracted. A good demonstration of this possibil-
ity stems from the investigations of Lee et al. (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 light of these considerations, it is my belief that 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 intramedullary regulatory molecules
are differentially regulated to face the various physio-
logical and physiopathological 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:

o Are there intraglandular negative feedback mecha-
nisms allowing, under normal conditions, the main-
tenance of the balance between the cortical effects
of intramedullary stimulatory and inhibitory mole-
cules?

¢ Can adrenal medulla selectively tune the release of
the different cortical hormones (e.g., is it able to
enhance mineralocorticoid secretion and simulta-

neously depress glucocorticoid release)?

¢ 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?

o 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 light on new perspectives in
the therapy of adrenal diseases.
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