Histol Histopathol (1997) 12: 567-581

Histology and
Histopathology

Invited Review

Immunocytochemical correlates of an
extrapituitary adrenocortical regulation in man

C. Heym

Institute for Anatomy and Cell Biology, University of Heidelberg, Heidelberg, Germany

Summary. Investigations reviewed in this article
provide cytochemical and functional support for a
significant involvement of extrapituitary factors in
human adrenocortical functions. Among these factors
neural messengers may play a crucial role in the
adrenocortical regulation, arising from specifically
coded postganglionic neurons with both, extrinsic and
intrinsic locations, as well as from chemically
characteristic afferent neurons. The close association of
varicose transmitter segments with steroid hormone
synthesizing cells and their occurrence at arteries and
sinusoid capillaries are indicative for both direct and
indirect regulatory mechanisms on cortical functions.
The immunohistochemical presence of neuropeptides
and cytokines in endocrine and/or immune cells of the
human adrenal medulla and cortex as well as specific
binding sites on steroidogenic cells indicate the
modulatory implication of additional short-paracrine-and
ultrashort-autocrine-feedback loops on cortical cell
proliferation and steroid metabolism. The summarized
data suggest that basal endocrine influence of the
hypothalamo-pituitary axis on adrenocortical growth and
functions in man is controlled by the nervous system that
also regulates local fine-tuning of human cortical
activity.
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Introduction

For a long time the hormonal hypothalamo-pituitary
axis has been thought to be the only important factor
controlling the adrenal cortex (Axelrod and Reisine,
1984; Chrousos et al., 1985). There is now a considera-
ble body of evidence suggesting that other factors have a
significant role not only in modulating hypothalamo-
pituitary signals but also in actively regulating cortical
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growth and functions. The autonomic nervous system
provides several prominent factors. Although a series of
anatomical studies, stretching back a century, described
an innervation of the human adrenal cortex (Fusari,
1890; Alpert, 1931; Stohr, 1935; MacFarland and
Davenport, 1941; Bachmann, 1954; Mikhail and Amin,
1969; Garcia-Alvarez, 1970), the functional implication
of cortical nerves has been neglected for many years. It
is now generally accepted that autonomic nerves are not
only involved in the regulation of steroidogenesis and
release but also in cortical proliferation (Engeland and
Dallman, 1975; Fehm et al., 1984; Edwards and Jones,
1987; Holzwarth et al., 1987). From the association of
nervous structures with blood vessels it can be inferred
that another important function of neural activity in the
adrenal cortex is the regulation of blood flow and
concomittant hormone supply to the deeper cortical
layers (Engeland and Gann, 1989).

Nerve fibres exert their actions by the release of an
array of messengers (transmitters and modulators)
in function- and target-specific combinations.
Discrepancies in in vitro and in vivo effects of a
selective messenger can be explained by the fact that the
mere addition of actions exerted by single components
does not sum up to the highly integrated function of the
adrenal cortex (Hinson, 1990). Multiple intraadrenal
factors, derived not only from nerves, but also from
cortical and medullary endocrine cells as well as from
non-endocrine cells and from vascularization, account
for these discrepancies. The present review summarizes
available structural and histochemical data on factors
possibly involved in the extrapituitary regulation of the
human adrenal cortex. As our knowledge, particularly on
human tissues, is fragmentary, findings from
experimental animals will be cited where relevant. Yet,
considerable interspecies variations, applying
particularly to the bewildering variety of bioactive
peptides in the adrenal gland (Unsicker and Heym,
1996) should be borne in mind when trying to interpret
such descriptions.

Adrenocortical innervation

The mammalian adrenal cortex shares with the
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medulla an innervation by nerve fibres some of which
run in the splanchnic nerves, while others travel to the
gland along with blood vessels (for review see Charlton,
1990). In the human adrenal cortex a complex network
of varicose nerve fibres is distributed throughout all
layers (Unsicker and Heym, 1996). Unmyelinated fibres
arise from intraseptal nerve bundles and from a
subcapsular nerve plexus to form a delicate meshwork
around cell loops and columns (Fusari, 1890; Alpert,
1931; McNicol et al., 1994). Endocrine cells of the
zonae glomerulosa, fasciculata and reticularis receive a
direct innervation. Nerve terminals also abut upon
subcapsular arterioles and cortical sinusoid capillaries
(Heym et al., 1995b). Ultrastructurally, varicose
segments of nerve fibres are in close apposition to the
steroidogenic cells without intervening tissue. The
terminal boutons contain small clear, and large
granulated vesicles (Dorovini-Zis and Zis, 1991; Heym
et al.,, 1995b). As discrete synaptic complexes were not
detected between nerve terminals and neither endocrine
nor endothelial cells (Heym et al., 1995b), the
innervation of the human adrenal cortex resembles the
postganglionic autonomic innervation of other endocrine
organs and other species (Fawcett et al., 1969).
Morphological and functional evidence indicate that the
messengers released from the terminal boutons diffuse
into the narrow intercellular space and act on receptor
sites of target cells (see Weiss, 1983).

Messengers in adrenocortical nerve fibres and their
functional significance

Highly sensitive immunohistochemical techniques
for light- and electronmicroscopy have provided some
clues to the chemical nature of the human cortical
innervation. The demonstration of specific synthesis
enzymes, as a rule, is accepted for the proof of small
molecule transmitters. However, visualization of choline
acetyltransferase (ChAT), the synthesis enzyme of the
small molecule transmitter acetylcholine, has not so far
been accomplished in human peripheral tissues.
Therefore, the present information is confined to the less
specific occurrence of the acetylcholine-degrading
enzyme, acetylcholine-esterase (AChE) (Silver, 1974;
Charlton et al., 1991).

Varicose AChE-positive, presumably acetylcholine-
containing, nerve fibres supply the human adrenal cortex
(Charlton et al., 1991). Branching from AChE-positive
nerve trunks that travel along cortical septs on their way
to the adrenal medulla, fine varicose fibres terminate on
the cortical parenchyma in all layers and abut upon
endocrine cells and small blood vessels. Acetylcholine in
cattle can act directly on muscarinic receptors of steroid
cells to increase glucocorticoid secretion by a non-cyclic
AMP pathway (Hadjian et al., 1982). Moreover,
acetylcholine is able to cause vasodilation, thereby
increasing ACTH-delivery to the gland (Charlton, 1990;
Edwards and Jones, 1990). In a third mechanism,
acetylcholine may activate intraadrenal nerve cells to

release transmitters/modulators that amplify the adrenal
response to ACTH (Charlton, 1990). It is likely that
acetylcholine also exerts these mechanisms in the human
adrenal cortex, but this remains to be unravelled.

Catecholamine-containing nerves have been
demonstrated by formaldehyde-induced fluorescence in
the mammalian adrenal cortex (Kleitman and Holzwarth,
1985). Scattered nerve fibres in the human adrenal
cortex immunohistochemically contain the enzymes of
noradrenaline synthesis: tyrosine hydroxylase (TH)
(Unsicker and Heym, 1996); and dopamine--
hydroxylase (DBH) (Charlton et al., 1992). Immuno-
reactive fibres arise from small nerve bundles below the
capsule to supply subcapsular blood vessels. Some
scarce fibres reach the parenchyma of the zonae
glomerulosa and fasciculata (Charlton et al., 1992;
Charlton, 1995). Nerve fibres in the zona reticularis are
coarser and increase in number towards the medullary
border (unpublished observation). Processes of
adrenomedullary chromaffin cells in the guinea pig
adrenal, shown to extend into the zona reticularis and
fasciculata (Unsicker et al., 1978), and/or noradrenergic
intrinsic neurons, present also in man (Heym et al.,
1994), may contribute to the observed distribution
pattern. Aldosterone secretion of the zona glomerulosa is
inhibited by dopamine in rats (Pratt et al., 1987). From
pharmacological experiments in this species it was
postulated, that local noradrenergic axon terminals are
able to take up dopamine from the circulation and
release it upon the appropriate stimulus (Vizi et al.,
1993). While in the human adrenal cortex dopamine-
binding sites have been demonstrated (Stern et al.,
1986); receptors for noradrenaline have not been
described. This may point to a differential catechol-
aminergic innervation of cortical blood vessels and
endocrine cells.

Nerve fibres that are immunoreactive for the
generating enzyme of the small molecule transmitter
nitric oxide (NO), NO-synthase (NOS), are sparsely
distributed in the human adrenal cortex and capsule to
supply blood vessels and steroid cells (Heym et al.,
1994). NOS-immunoreactive nerve cells in the human
adrenal medulla (Heym et al., 1994) may take part in the
cortical innervation. NO is regarded as a powerful
vasodilator agent (Vincent and Hope, 1992).
Localization of NOS-immunoreactivity in fibres to
cortical blood vessels is consistent with the idea of NO
acting as a putative regulatory agent for the control of
local blood flow (Bredt et al., 1990). The close
association of NOS-positive axons with cortical cells
(Unsicker and Heym, 1996) probably reflects a
particular but hitherto unknown role of NO in the
regulation of human corticosteroid hormone secretion.

Immunohistochemical investigations on the human
adrenal cortex further revealed the intraneuronal
presence of various peptides that are thought to
significantly contribute to the modulation of adreno-
cortical activities (see Malendowicz, 1993).

A rich meshwork of substance P-immunolabelled
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nerve fibres is distributed throughout the human adrenal
cortex (Figs. la, 3a, 4a, 5a) (Linnoila et al., 1980;
Bucsics et al., 1981; Helen et al., 1984; Heym et al.,
1995b). In addition to substance P-immunoreactive fibre
bundles that travel along cortical septs, varicose fibres
surround subcapsular blood vessels and follow endocrine
cell strands and sinusoids in all cortical layers (Fig.
Ib). Ultrastructurally, substance P-immunoreactive
varicosities are in intimate contact with cortical cells
(Heym et al., 1995b). A significant role of substance P
has been emphasized not only in the modulation of
adrenocortical innervation (Konishi et al., 1983) and
acetylcholine action (Livett et al., 1990), but also in the
direct inhibition of aldosterone and potentiation of
corticosterone release (Neri et al., 1990b). The role of SP
in regulation of adrenocortical growth and functions has
been reviewed previously (Hinson, 1990; Jessop et al.,
1992, Malendowicz, 1993).

The human adrenal cortex displays a rich supply of
calcitonin gene-related peptide (CGRP)-immunoreactive
nerve fibres throughout all layers (Heym et al., 1995b).
Close contacts of CGRP-immunolabelled terminals with
endocrine cells probably provide the structural correlate
for the inhibitory effect of CGRP on aldosterone release
in vivo and in vitro (Murakami et al., 1989) and of its
stimulatory action on fasciculata functions (Kuramoto et
al., 1987; Hinson and Vinson, 1990). Accordingly,
CGRP-binding sites were demonstrated in rat adreno-
cortical homogenates (Goltzman and Mitchell, 1985).
Direct effects of CGRP on aldosterone secretion
(Murakami et al., 1989) remain to be verified in man.

In the human adrenal cortex, moderate numbers of
varicose nerve fibres with immunoreactivity for
vasoactive intestinal peptide (VIP) supply subcapsular
blood vessels and surround endocrine cells of the
glomerulosa, fasciculata and reticularis zones (Linnoila
et al., 1980; Heym et al., 1995b; Unsicker and Heym,
1996). These axons, at least in part, may arise from
intraadrenal VIP-positive nerve cell bodies, as deduced
from retrograde tracing and demedullation in rat
(Dagerlind and Hokfelt, 1991). VIP-positive medullary
perikarya are present also in man (Colombo-Benkmann
et al., 1996). The ultrastructural demonstration of VIP-
immunoreactive terminals apposed to human
glomerulosa cells (Unsicker and Heym, 1996), suggests
a direct action of VIP in the human external adreno-
cortex. In fact, in laboratory animals exogeneously
administered VIP causes hypertrophy of the zona
glomerulosa and markedly raises the blood level of
aldosterone (Mazzocchi et al., 1987). Moreover, the
increase of 11-hydroxylase activity by splanchnic nerve
stimulation in conscious calves can be mimicked by VIP
(Bloom et al., 1987; Ehrhart-Bornstein et al., 1991),
indicating the significance of nervous VIP in adreno-
cortical functions. Actions of VIP on human steroido-
genic cells, however, remain to be elucidated.

Neuropeptide tyrosin (NPY)-immunoreactive nerve
fibres occur scattered in the human adrenal cortex (Fig.
2) (Unsicker and Heym, 1996); they are less abundant

than VIP-immunolabelled fibres. Immunoelectron
microscopy revealed nonsynaptic contacts of NPY-
immunostained axon varicosities with glomerulosa cells
in the human adrenal cortex (Unsicker and Heym, 1996).
Accordingly, glomerulosa cells exhibit specific binding
sites for NPY in cattle (Torda et al., 1988). De-
medullation studies in rat suggest a dual origin of NPY
nerves from extraadrenal ganglia as well as from
intraadrenal ganglion cells (Maubert et al., 1993).
Consistent with its cortical localization, a regulatory role
of NPY on glomerulosa cells and, less expressed, also on
fasciculata cells has been reported (Rebuffat et al., 1988;
Malendowicz et al., 1990, 1996), affecting plasma
aldosterone levels in laboratory animals independent of
an intact hypothalamo-pituitary axis (Mazzocchi and
Nussdorfer, 1987). The potent vasoconstrictory effect of
NPY is in favour of another, indirect action of NPY on
adrenocortical secretion (for review see Malendowicz,
1993).

Somatostatin-immunoreactive nerve fibres have
recently been detected in association with endocrine
cells of the human adrenal cortex (Heym et al., 1995b).
Although not yet verified for man, in laboratory animals
somatostatin-receptors are particularly frequent in the
zona glomerulosa (Maurer and Reubi, 1986). In
agreement with its receptor demonstration, somatostatin
inhibits growth (Boscaro et al., 1982) and steroidogenic
capacity of the zona glomerulosa (Rebuffat et al., 1984)
and decreases the aldosterone response to angiotensin II
(Aguilera et al., 1981).

Opioid peptides, derived from the prodynorphin-
precursor appear to contribute to the human adreno-
cortical innervation. Dynorphin 1-8, generated by
prodynorphin, has been found in a considerable number
of varicose fibres (Heym et al., 1995b), and Leu-
enkephalin, part of the dynorphin sequence, is also
contained in human cortical nerves (Linnoila et al.,
1980). Consistent with these findings, dynorphin was
demonstrated to inhibit adrenocortical secretion in vivo
and in vitro (Mazzocchi et al., 1990; Neri et al., 1990a).

Few nerve fibres, immunostained for the C-terminal
octapeptide cholecystokinin 8 were demonstrated in the
human adrenal cortex (Heym et al., 1995b). While
intraperitoneal injections of cholecystokinin were
demonstrated to increase plasma corticosterone levels
(Itoh et al., 1982), direct effects of cholecystokinin on
steroidogenesis have not been reported.

Galanin-immunolabelled nerve fibres in the human
adrenal cortex occur frequently in the subcapsular region
but are rather sparse in deeper cortical layers (Bauer et
al., 1986). Corticosteroid release is inhibited in rats by
hypothalamic administration of galanin (Crawley et al.,
1990), and direct galanin secretagogue effects on
adrenocortical cells have been shown by Mazzocchi et
al. (1992).

Some other neuroactive peptides have been
distinguished in adrenocortical nerve fibres of non-
primate mammals (neurotensin - cat: Lundberg et al.,
1982; CRH - sheep: Rundle et al., 1988; pituitary



570




571

Human adrenocortical innervation

adenylate cyclase-activating peptide - rat: Wakade et al.,
1992; - cattle: Edwards and Jones, 1994), that await
investigation in man.

Putative extraadrenal origins of adrenocortical fibre
populations

Application of antibody combinations permits the
simultaneous distinction of two or more intraneuronal
messengers. In selective human adrenal nerves pathway-
specific “chemical codes” have been revealed by this
technique that point to their origin and functional
implication, when correlated with findings in other
species.

Retrograde neuronal tracing in laboratory animals
has confirmed previous suggestions on a complex
adrenal innervation including efferent and afferent
nerves from the thoracic sympathetic chain and dorsal
root ganglia as well as from the vagus (for review see
Parker et al., 1993). On the basis of their vesicle content,
cortical nerves were classified as autonomic efferents
(Garcia-Alvarez, 1970). Axon terminals with densely
packed mitochondria are indicative for an additional
sensory fibre supply of the mammalian adrenal cortex
(Unsicker, 1971). Both efferent and afferent nerve fibres
contact endocrine cortical cells and innervate vascular
elements in the human adrenal cortex (Heym et al.,
1995b; Unsicker and Heym, 1996).

Varicose fibres with DBH-immunoreactivity in the
human adrenal cortex indicate noradrenaline-containing
postganglionic efferents from the sympathetic system
(Charlton et al., 1992). Moreover, intracortical NPY-
immunoreactive varicose nerve fibres with colocalized
DBH- or TH-labelling are presumably of sympathetic
origin (Lundberg et al., 1988), as in human paravertebral
thoracic ganglia approximately 30% of the post-
ganglionic perikarya colocalize TH/NPY (Baffi et al.,
1992).

/i subpopulation of dynorphin-immunoreactive
nerve fibres with colocalized NPY may also belong to
the sympathetic efferents. These two peptides appear to
be colocalized in human thoracic paravertebral ganglion
cells (Heym et al., to be published), well corresponding

with the described absence of cleavage products of the
proenkephalin-A precursor from human sympathetic
neurons (Helen et al., 1984).

VIP-immunolabelled human intracortical nerve
fibres are TH-negative (Unsicker and Heym, 1996). The
assumption that such nerve fibres represent an axon type
different from adrenergic fibres, was previously deduced
from the observation that VIP-labelled fibres in the
rat adrenal remained unaffected by chemical
sympathectomy with 6-hydroxydopamine (Kleitman and
Holzwarth, 1985). This finding is supported by the
incongruency of TH and VIP in two postganglionic
neuron populations of human paravertebral ganglia
(Jarvi et al., 1989), and by the colocalization of AChE
and VIP in the latter neurons (Lundberg et al., 1988).

Adrenocortical axons with immunoreactivity for
somatostatin in man partly belong to the VIP-ergic fibre
population (Unsicker and Heym, 1996). As an identical
coding has been reported for human ganglion cells in
thoracic sympathetic chain neurons (Schmitt et al.,
1988); VIP/somatostatin-positive nerve fibres probably
derive from paravertebral ganglia.

Also, NOS-positive fibres in the human adrenal
cortex are TH-nonreactive, and in some fibres NOS- is
colocalized with VIP-immunolabelling (Unsicker and
Heym, 1996). Such efferents may derive from a non-
catecholaminergic postganglionic paravertebral neuron
population, described in laboratory animals (Fischer et
al., 1993). In support of this observation, NOS and VIP
colocalization was shown in the guinea pig peripheral
innervation (Klimaschewski et al., 1994). NOS remains
to be distinguished in human sympathetic nerve cell
bodies.

A considerable proportion of CGRP-positive
cortical nerve fibres in the human adrenal, that lack
substance P-labelling (Heym et al., 1995b) may originate
from CGRP-containing sympathetic postganglionic
neurons in human thoracic paravertebral ganglia, shown
partly to colocalize somatostatin and VIP (Schmitt et al.,
1988).

Substance P-immunolabelling is absent in para-
vertebral sympathetic neurons of man (Schmitt et al.,
1988; Colombo-Benkmann et al., 1996), consequently

-€

Fig. 1. SP immunoreactive nerve fibres in the human adrenal cortex. a. Substance P-immunofluorescent fibre bundles gather subcapsularly (C), and
traverse the cortex to reach the medulla (M); fine varicose fibres branch off into the zonae glomerulosa (G), fasciculata (F) and reticularis (R).
Bar: 160 um. b. Pre-embedding PAP-immunoelectronmicrograph of the zona reticularis in the human adrenal cortex. An SP-positive transmitter
segment containing numerous small clear vesicles and some large dense-cored vesicles (arrows), is partly exposed to the interstitial space
(arrowheads) and runs alongside a cortical sinus (S) and an endocrine cell (E). Bar: 0.6 um.

Fig. 2. Pre-embedding PAP-immunoelectronmicrograph of a human adrenocortical sept showing an unmyelinated nerve fibre with two NPY-
immunoreactive axonal profiles that in part are devoid of the glial sheath (arrowheads). E: endocrine cell. Bar: 0.6 um.

Fig. 3. Double labelling-immunofluorecence of the human adrenal cortex. An intracortical nerve contains a varicose fibre with colocalized substance P
(a)- and somatostatin (b)-immunoreactivities (arrows). Bar: 22 um.

Fig. 4. Double labelling-immunofluorescence of a varicose nerve fibre in the zona fasciculata of the human adrenal cortex with colocalized substance P
(a)- and dynorphin (b)-immunostaining (arrows). Bar: 22 um

Fig. 5. Double labelling immunofluorescence of the human adrenal cortex - zona reticularis. Some of the substance P-immunoreactive nerve fibres (a)
exhibit colocalized CGRP-immunolabelling (b; arrows). Bar: 22 um.
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substance P-positive adrenocortical nerve fibres
probably derive from non-sympathetic sources.
Similarly, galanin appears not to be a constituent of
postganglionic perikarya in human paravertebral ganglia
(Baffi et al., 1992). This peptide, however, has been
shown to occur in rat sympathetic neurons after axotomy
(Schrieber et al., 1994). It is possible that galanin levels
in the investigated perikarya were too low to be
detected, or that galanin is only expressed after injury
(Klimaschewski et al., 1994).

Postganglionic efferents from other sources
(presumably the vagal system) have been supposed to
supply the adrenal cortex in animals (see Parker et
al., 1993). Acetylcholine is the classical transmitter
of vagal nerve fibres also in man (Lundberg et al.,
1988). Our knowledge on further chemical codes of
neuron populations in human vagal ganglia as yet is
fragmentary.

In a substantial proportion of adrenocortical fibres,
NPY appears to be colocalized with VIP (Unsicker and
Heym, 1996), a modulator combination, absent in human
paravertebral sympathetic neurons (Schmitt et al., 1988),
but present in intramural ganglia of the human
gallblader, thought to belong to the vagal system
(Talmage et al., 1996). NPY, therefore, appears to take
part in the catecholaminergic as well as in the non-
catecholaminergic (presumably vagal) adrenal
innervation.

As substance P apparently is localized in human
postganglionic vagus neurons at other locations
(Talmage et al., 1996), the co-occurrence of substance
P/VIP (Heym et al., 1995b) substance P/NPY or
substance P/somatostatin (Fig. 3) in human intracortical
nerve fibres that lacked CGRP-labelling (Heym et al.,
1995b), may indicate the existence of a postganglionic
vagal innervation with extrinsic (Parker et al., 1993)
and/or intrinsic origin (Colombo-Benkmann et al.,
1996). It should be emphasized, however, that even
when a postganglionic vagal innervation of the human
adrenal cortex appears likely (Parker et al., 1993),
considerations on the transmitter equipment of an
adrenal vagal innervation as yet are speculative.

Retrograde neuronal tracing indicated an additional
innervation of the mammalian adrenal cortex by afferent
systems (Parker et al., 1993). Congruent coding of a
subpopulation of human cortical nerve fibres and human
dorsal root neurons at T6-T10-levels (Heym et al.,
1995b) substantiates the supposition of an afferent
adrenocortical pathway also in man. In a small
proportion of adrenocortical nerve fibres immuno-
reactive substance P is colocalized with immunostaining
for dynorphin (Fig. 4) and, more frequently, for CGRP
(Fig. 5) (Heym et al., 1995b). In addition, cholecysto-
kinin- and also NOS-immunolabelling have been
distinguished in some of the substance P-immuno-
reactive cortical nerve fibres (Heym et al., 1995b).
Morphological and pharmacological findings presented
evidence for the significance of the combination
CGRP/substance P in afferent (sensory) functions in man

(Quartu et al., 1992). In human thoracic sensory ganglia
all substance P-positive neurons were also found CGRP-
immunostained (Heym et al., 1995b). Therefore, and for
the reasons above, this transmitter combination is
considered clearly indicative for sensory fibres.
Moreover, cell bodies with immunolabelling for
substance P/dynorphin, substance P/cholecystokinin, and
substance P/NOS are present in human dorsal root
ganglia (Heym et al., 1995b), underscoring the sensory
character of identically coded adrenocortical fibres.
Notably, the combination substance P/NOS in nerve
fibres was exclusive to the adrenal cortex (Heym et al.,
1995b), suggesting a specific effect of the respective
mediator combination on steroid cells.

Galanin in animals was described to participate in
sensory functions (Ju et al., 1987); galanin-immuno-
reactive sensory neurons in dorsal root ganglia, however,
were not detected projecting to the adrenal gland. In
support of this finding in guinea pig (Heym et al.,
1995a), galanin-positive adrenocortical nerve fibres were
not identical with substance P-immunolabelled fibres
(Unsicker and Heym, 1996). Colocalization experiments
will help to elucidate the origin of cortical galanin-
immunostained nerve fibres.

Putative origins of an extrinsic - efferent and
afferent - adrenocortical innervation are summarized in
Fig. 6b.

Intraadrenal neurons contribute to the cortical innervation

The human adrenal cortex, in addition to extrinsic
nerve fibres, receives an intrinsic postganglionic
innervation by intraadrenal neurons (Swinyard, 1937;
Mikhail and Amin, 1969; Heym et al., 1994; McNicol et
al., 1994). As in other species (Tomlinson and Coupland,
1990), human intraadrenal neurons have axodendritic
synaptic input by preganglionic terminals with small
clear and a few large dense-cored vesicles (Heym et al.,
1995b). Hence, these neurons are considered to be the
postganglionic targets of an efferent autonomic adrenal
innervation and to constitute the neuronal link of an
intrinsic circuitry between adrenal medulla and cortex
(Parker et al., 1993). When compared with other species,
intraadrenal neurons in man are particularly numerous
(Mikhail and Amin, 1969; Colombo-Benkmann et al.]
1996), occuring at subcapsular, cortical and medullary
sites (Mikhail and Amin, 1969; Heym et al., 1994,
1995b; Colombo-Benkmann et al., 1996).

In correlation with the presence of mRNA for ChAT
or DBH, two intraadrenal neuron populations in rat were
shown to be cholinergic and noradrenergic, respectively,
each of them equipped with specific mediator
combinations (Dagerlind and Hokfelt, 1991). This
differentiation is also supposed to apply for man,
because selective comediators immunohistochemically
occur either in TH-positive or TH-negative nerve cell
bodies (Colombo-Benkmann et al., 1996).

Intraadrenal neurons have been hypothesized to be
derived from the sympathoadrenal cell lineage (Le
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Douarin, 1982) with catecholamines as main transmitter.
This assumption is also substantiated in man by the
immunohistochemical presence of TH in adrenal nerve
cells (Colombo-Benkmann et al., 1996). Contrary to
cholinergic NPY-immunolabelled neurons in rat
(Schalling et al., 1988) such neurons in the human
adrenal medulla appear to be TH-positive (unpublished
observation), suggesting that in man they are members
of the noradrenergic - sympathetic - neuron subset.

A second, TH-negative, adrenal nerve cell
population has been detected in the human adrenal gland
(Colombo-Benkmann et al., 1996). NOS- (Heym et al.,
1994), VIP- (Bryant et al., 1976; Heym et al., 1995b), or
somatostatin- (Heym et al., 1995b) immunolabelled
nerve cell bodies were demonstrated to belong to
this TH-nonreactive neuron population. Likewise,
cholecystokinin-immunostained neurons in the human
adrenal (Heym et al., 1995b), and also substance P-
positive nerve cell bodies (Heym et al., 1995b), that
make up approximately 20% of the human intra-
medullary neuron population, were shown to be non-
aminergic (Colombo-Benkmann et al., 1996). TH-
negative cell bodies may be the intraadrenal equivalent
of the non-catecholaminergic (presumably cholinergic)
cell population in human sympathetic ganglia (Lundberg
et al., 1988). Accordingly, AChE- activity was discerned
in presumably acetylcholine-containing human adrenal
nerve cell bodies at cortical and medullary locations
(Charlton et al., 1991). On the other hand, acetylcholine
is the characteristic transmitter of vagal postganglionic
neurons, and evidence from chick-quail chimera (Le
Douarin, 1982) and from retrograde neuronal labelling in
laboratory animals (Coupland et al., 1989) points to the
relationship of some adrenal neurons with the brain stem
neural crest at the site of the vagus anlage. In analogy to
the extrinsic non-catecholaminergic adrenocortical
innervation, the roots of cholinergic adrenal neurons
may be deduced from their differential chemical coding
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with respect to substance P-co-localization. Substance P-
immunoreactive intra-medullary nerve cell bodies of
possibly vagal developmental origin, in part colocalized
NOS, dynorphin or cholecystokinin (Heym et al.,
1995b). As substance P and VIP-immunoreactivity never
co-occur in human adrenal neurons (Colombo-
Benkmann et al., 1996), nerve cell bodies with immuno-
reactivity for the latter peptide consequently may be
counted in the cholinergic sympathetic neuron
population. It is supposed that the human CGRP-positive
adrenocortical innervation is of exclusive extrinsic

ADRENAL GLAND

b

Fig. 6. Endocrine and nervous control of the adrenal cortex. a. Extrinsic and intrinsic adrenocortical regulation. b. Extrinsic nervous pathways to the
adrenal cortex. DRG: Dorsal root ganglia; DVN: Dorsal nucleus of the vagus; NG: Nodose ganglion; PVG: Peripheral vagal ganglia;

SPG: sympathetic paravertebral ganglia.
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sympathetic origin, since intraadrenal neurons in man
immunohistochemically lack CGRP (Heym et al.,
1995b).

Transmitter combinations found in extrinsic and
intrinsic nerve cell bodies have been summarized in Fig.
7,

Other sources of factors that influence the adrenal
cortex

Adrenocortical cells

Adrenal hypertrophy, in patients with depression or
suicide victims (Amsterdam et al., 1986; Nemeroff et al.,
1992) was previously thought to be the result of chronic
stimulation by adrenocorticotropin (ACTH) (Gold et al.,
1984). The possibility that hypersecretion of cortisol
during depression might result in part from peripheral
adrenocortical hyperresponsiveness to ACTH has also
been considered (Amsterdam et al., 1983). These
suggestions conflict with the recent finding that basal
plasma ACTH-levels are significantly lower in
depressive patients than in controls (Rubin et al., 1995).
Moreover, dexamethasone can suppress the release of
cortisol from the adrenal cortex without significantly
affecting pituitary ACTH or beta-endorphin liberation.
Therefore, an ultrashort feedback loop in the adrenal
cortex was suggested (Lupka and Szczundlik, 1985).

In support of this autocrine regulatory loop, some
peptides have been immunochemically revealed in the
adrenal cortex of man that are localized within steroid
cells. As in other mammals (Hawthorn et al., 1987),
oxytocin and vasopressin are present in droplets of the
cytoplasm in all human fetal cortical zones (Ravid et al.,
1986). Oxytocin can stimulate secretion of aldosterone
in the rat adrenal in situ (Hinson et al., 1987) but is
uneffective on isolated cortical cells. On the other hand,
acetylcholine-induced aldosterone release has been
shown to be inhibited by oxytocin (Porter et al., 1988).

Proliferatory effects of vasopressin on glomerulosa
cells in vivo are probably not mediated by the pituitary,
since they are also visible in the hypophysectomized rat
(Payet and Lehoux, 1980). Therefore, a dual action of
vasopressin has been supposed (Malendowicz, 1993):
indirectly, via stimulation of hypothalamic and pituitary
corticotropes; and directly by regulating adrenocortical
growth. The demonstration of specific binding sites for
vasopressin in human zona glomerulosa and fasciculata
cells (Guillon et al., 1995) as well as the stimulatory
influence of vasopressin on adrenocortical steroid
secretion in vitro (Perraudis et al., 1993) underline the
involvement of this peptide in human adrenocortical
functions.

Also, steroids may provide the fine tuning for
adrenocortical cell responses. Recently, earlier
investigations on a dose-dependent effect of the locally
produced steroid ouabain (Hamlyn et al., 1991) on
aldosterone production (Szalay, 1971) were shown to be
based on the concentration of extracellular calcium

(Szalay, 1993).

Growth factors (cytokines) are soluble peptides
produced by different tissues including adrenal cells.
Cytokines are thought to be involved in the fine
regulation of adrenal functions under normal and
stressful conditions (Abraham, 1991). Human zona
reticularis cells, for example, produce two members of
the interleukin (IL) family, IL-1 (Gonzilez-Hernandez et
al., 1995) and IL-6 (Gonzalez-Herndndez et al.,
1994a,b), as well as the tumor necrosis factor (TNF)-a.
(Gonzalez-Hernandez et al., 1996). These cytokines act
on adrenocortical functions in an autocrine, paracrine, or
endocrine manner (Roh et al., 1987).

The discovery of major histocompatibility complex
(MHC) class II molecules in the zona reticularis of both
the normal and pathologically altered human adrenal
cortex (Jackson and McNicol, 1988) opened the
possibility for further insights into adrenocortical
physiology; MHC class II expression changes according
to age and hormonal status (Khoury et al., 1987).
Moreover, MHC class II-negative cells in the zona
fasciculata become MHC class II-positive when
changing their hormonal equipment by transformation to
reticularis cells (Khoury et al., 1987). Modulatory effects
of IL-1 and TNF-ao on MHC class II expression under-
line the complex intra- and intercellular cross talk.

Adrenomedullary cells

Medullary chromaffin cells constitute a paracrine
link between adrenomedullary activity and cortical
secretion. Chromaffin cells are not only assembled in the
medulla, but can additionally be detected in all three
zones of the adrenal cortex in man as well (Bornstein et
al., 1994). Ultrastructurally, cortical and chromaffin cells
are in direct contact with each other. Both catechol-
amines, adrenaline and noradrenaline, are present in
human adrenal chromaffin cells (Benchimol and Cantin,
1977), and these catecholamines directly stimulate
adrenal steroidogenesis (Bornstein et al., 1990).
Chromaffin cells for their part are influenced by
glucocorticoids through the induction of phenylethanol-
amine-N-methyltransferase (PNMT) synthesis, the
enzyme catalizing the conversion of noradrenaline to
adrenaline (Wurtman and Axelrod, 1966). Numerous
leu- (Linnoila et al., 1980) and met-enkephalin-
containing chromaffin cells, present in the human
adrenal medulla (Lundberg et al., 1979; Varndell et al.,
1982; Andreis et al., 1988; Hervonen et al., 1989), are
likely sources of opioids (Racz et al., 1980) interacting
with dopamine in the control of aldosterone production
(Bevilacqua et al., 1982). Moreover, VIP (De Lellis et
al., 1984; Ehrhart-Bornstein et al., 1991), NPY
(Lundberg et al., 1986; Rebuffat et al., 1988;
Malendowicz et al., 1996), CGRP (Pelto-Huikko and
Salminen, 1987), somatostatin (Bucsics et al., 1981;
Heym et al., 1994), substance P (Bucsics et al., 1981),
NOS (Heym et al., 1994), or atrial natriuretic peptide
(ANP; Suda et al., 1984) are constituents of human
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adrenal chromaffin cells. ANP was shown to inhibit
aldosterone, cortisol, and dehydroepiandrosterone
secretion in human adrenal cell cultures, and to enhance
the accumulation of intracellular cGMP (Higuchi et al.,
1986), suggesting the involvement of ANP in the early
pathway of human steroidogenesis. Accordingly,
intravenous injections of ANP in man cause significant
decreases in plasma aldosterone concentrations (Ishii et
al., 1985). Two different types of binding sites for ANP
have been distinguished in the zona glomerulosa and in
deeper cortical regions of tupaia, a low primate (Fuchs et
al., 1986). The presence of a third type of binding site in
the adrenal medulla raises the possibility of an additional
action of ANP on cortical functions via the regulation of
catecholamines (Fuchs et al., 1986). The presence of
oxytocin and vasopressin in the human adrenal medulla
(Ang and Jenkins, 1984) emphasizes the relevance of
these peptides in adrenocortical functions. Steroidogenic
cells in man are also a possible site of action for pro-
opiomelanocortin (POMC)-derived peptides (Pedersen et
al., 1980), as a-melanocyte-stimulating hormone and B-
endorphin have been detected in the human adrenal
medulla (Evans et al., 1983). Even ACTH is present
immunohistochemically in a few human medullary
chromaffin cells (Lloyd et al., 1984). In support of this
observation, mRNA from human adrenal medulla
hybridizes the cDNA probe for the ACTH precursor
(Jingami et al., 1984).

Some cytokines with adrenocortical relevance have
been distinguished in the mammalian adrenal medulla,
the immunohistochemical presence of which has not yet
been proven in man. For example, /L-1, synthesized in
rat chromaffin cells, is liberated upon cholinergic
stimulation (Bartfai et al., 1990). Moreover, several
TGF-B isoforms appear to be expressed by rat adreno-
medullary cells (Unsicker and Krieglstein, 1996) and are
releasable from bovine chromaffin granules upon
cholinergic stimulation (Krieglstein and Unsicker, 1996).
Another member of the TGF-8 superfamily, glial cell
line-derived neurotrophic factor (GDNF), is also
synthesized in rat chromaffin cells (Krieglstein et al.,
1996), some cortical effects of which have been
suggested. Effects of cytokines on cortical functions
require further investigation although their large number
would suggest complex autocrine and paracrine
regulatory mechanisms, directly or indirectly affecting
the adrenal cortex (Unsicker and Krieglstein, 1996).

It has been hypothesized that the adrenal medulla
does not participate in adrenal enlargement of depressed
patients, because medullary cells are not thought to be
increased in size or multiplicity, except when neoplastic
(Landsberg and Young, 1985). However, the multiple
cortico-medullary interactions make the involvement of
all adrenal compartments in disease likely. When
considering that the adrenal medulla under basic
conditions makes up only about 10% of the whole
adrenal volume, even a 100% increase of the medullary
volume would comprise only a small proportion
of the total volume increase that may easily have

escaped previous computed tomographic inspections
(Amsterdam et al., 1986). Alternatively, the findings
may be explained by qualitative instead of quantitative
changes in chromaffin cells under pathological
conditions: Hydrocortisone injections in neonatal rats
indicated chemical plasticity of chromaffin cells (Erdnko
et al., 1966), in that the proportion of catecholaminergic
cell populations was significantly shifted towards the
adrenaline-storing subset. Similar results were obtained
in paraganglionic cell clusters of sympathetic ganglia in
neonatal rats after maternal immobilization stress (Heym
et al., 1985). Future investigations on chromaffin cell
plasticity are required to obtain more information on this
important query.

Immune cells

Another extrapituitary influence on cortical
functions by immunocytes, has to be considered
(Hayashi et al., 1989; Gonzalez-Hernandez et al.,
1994a,b); such cells are abundantly present in all zones
of the adrenal gland. While stimulatory effects of
immune cells on the hypothalamo-pituitary axis have
been extensively studied (Wick et al., 1993), interactions
between steroidogenic and immune cells, a common
constituent of the normal human adrenal, have been
largely neglected until recently (Ehrhart-Bornstein et al.,
1996). An increase in glucocorticoid levels is observed
after administration of EL-4 lymphoma cells but this
does not occur in T cell-deficient tumor recipients
(Besedovsky and delRey, 1992). Human peripheral
leukocytes, like mouse spleen macrophages (Lolait,
1984) synthesize ACTH (Smith and Blalock, 1981)
which is suppressed by dexamethasone (Smith et al.,
1986). These findings suggest that the POMC gene is
expressed and controlled both in leukocytes and
macrophages. Moreover, macrophages produce a range
of cytokines, which stimulate or inhibit adrenocortical
functions. IL-1, known to influence human steroido-
genesis (Tominaga et al., 1991), is thought to provoke
corticosterone release via the liberation of catechol-
amines from adrenal medullary cells (Gwosdow et al.,
1992), by way of the intraadrenal CRH/ACTH-system
(Andreis et al., 1991), or by an involvement of
prostaglandins (Winter et al., 1990). In man, cortisol
release is induced by a direct effect of /L-6 (Spéth-
Schwalbe et al., 1994) and in cultured human
adrenocortical cells IL-6 has a particular effect on the
release of androgens (Ehrhart-Bornstein et al., 1996). In
contrast, tumor necrosis factor (TNF)-a inhibits basal
and ACTH-stimulated cortisol synthesis in human fetal
adrenals (Jaitteld et al., 1991). Inhibition of basal and
ACTH-induced expression of insulin-like growth factor
(IGF) by TNF-a in such cultures (Ilvesmiki et al., 1993)
indicates the involvement of TNF-a in the adrenal
development. Also another cytokine in human
macrophages, TGF-B (Assoian et al., 1987) has been
shown to inhibit human adrenocortical steroidogenesis in
vitro (Lebrethon et al., 1994) and to hinder growth of
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human fetal adrenocortical cells (Stankovic et al., 1994).

Receptors to peptides and neurotransmitters have
been identified on macrophages (Hartung et al., 1986,
Spengler et al., 1990). High numbers of B-receptors on
human macrophages (Maisel et al., 1989) are indicative
for the regulatory influence of the sympathetic system.
Vice versa, an exchange of information between the
immune system and adrenal endocrine tissues may take
place through the action of immune-derived products on
adjacent autonomic nerve fibres (Besedovsky and
delRey, 1992), as the presence of T cells can modulate
the peripheral sympathetic innervation (Besedovsky et
al., 1987). Cortisol down-regulates immune functions of
monocytes, including cytokine liberation (Jones
and Kennedy, 1993). A reduced number of gluco-
corticoid receptors on peripheral lymphocytes in de-
pressed patients might explain why adrenal cortex
activation does not result in features matching with
Cushingis symdrome in these subjects (Whalley et al.,
1986).

These examples clearly show that interactions
between endocrine, autonomic and immune mechanisms
can operate between locally produced and released
hormones, neurotransmitters and cytokines at organ and
tissue levels (Besedovsky and delRey, 1992).

Sympathetic (paravertebral) innervation Vagal innervation

NA ACWVIP
NA/NPY ACH/VIP/SP
(ACh)/CGRP ACWVIP/SP/NPY

(ACh)/VIP/NPY
(ACH)/CGRP/VIP

(ACH)//VIP/SOM

NOS/VIP
L ADRENAL CORTEX
CGRP/SP NA
CGRP/SP/NOS NA/NPY
CGRP/SP/DYN NOS
CGRP/SP/CCK SOM
CCK
VIP
SP/CCK
SP/DYN
SP/NOS

L

Sensory innervation Intraadrenal innervation

Fig. 7. Putative chemical codes of the extrinsic and intrinsic adreno-
cortical innervation in man.

Other sources

There is some evidence for adrenocortical effects by
mostly blood-borne messengers, with extrapituitary
origins. Histamine, probably derived from perivascular
mast cells, in rat and dog directly stimulates aldosterone
and cortisol secretion and induces hypertrophy of the
glomerulosa zone (Mikolajczyk, 1965; Hirose et al.,
1978). Moreover, it has been shown that heparin, also
present in mast cells, decreases human cortical
aldosterone secretion, probably through inhibition of the
renin-angiotensin system (Schlatmann et al., 1964) and
that in rat it causes an atrophy of the glomerulosa layer
(Mikolajczyk, 1965). In rat, heparin even depresses
adrenocortical reactions to starvation, known to be one
of the most powerful stress factors (Boulouard, 1963).
The demonstration of specific binding sites for
angiotensin Il in the human zona glomerulosa
(Gonzalez-Garcia and Keiser, 1990) works in favour of
an involvement of this peptide in the aldosterone
metabolism of man as well. Finally, two members of the
interferon family appear to be involved in steroido-
genesis with different effects. While in rats interferon-a
stimulates corticosterone release (Gisslinger et al.,
1993), in human fetal adrenal cells interferon-y inhibits
ACTH-induced IGF-expression (Ilvesmiki et al., 1993),
suggesting a similar action to TNF-a on adrenocortical
growth and differentiation.

Concluding remarks

The immunological and immunohistochemical
presence of a multitude of compounds in the human
adrenal cortex, that are derived from extrinsic and
intrinsic nerve fibres, from cortical and medullary
endocrine cells, from immune- and from mast cells,
suggest a prominent participation of extrapituitary
factors in adrenocortical regulation (Fig. 7). It is
hypothesized, that nervous, paracrine, and autocrine
mechanisms provide control and fine-regulation of basic
adrenocortical stimulation by the endocrine axis.

Acknowledgements. The original investigations by the author, compiled
in this review have been supported by the German Research
Foundation, grants He/7-(1-3). The author is greatly indebted to Silke
Langenstein, Ulrike Sonnek and Claudia Koksch for their skillful
technical assistance.

References

Abraham E. (1991). Effects of stress on cytokine production. Methods
Arch. Exp. Pathol. 14, 45-62.

Aguilera G., Harwood J.P. and Catt K.J. (1981). Somatostatin
modulates the effects of angiotensin Il in adrenal glomerulosa zone.
Nature 292, 262-263.

Alpert L.K. (1931). The innervation of the suprarenal glands. Anat. Rec.
50, 221-233.

Amsterdam J.D., Winokur A., Abelman E., Lucki I. and Rickels K.



577

Human adrenocortical innervation

(1983). Cosyntropin (ACTH ,4.54) stimulation test in depressed
patients and healthy subjects. Am. J. Psych. 140, 907.

Amsterdam J.D., Marinelli D.L., Arger P. and Winokur A. (1986).
Assessment of adrenal gland volume by computed tomography in
depressed patients and healthy volunteers: a pilot study. Psychiatry
Res. 21, 189-197.

Andreis P.G., Belloni A.S., Caavallini L., Mazzocchi G. and Nussdorfer
G.G. (1988). Evidence that long-term administration of a methionine-
enkephalin analogue stimulates the growth and steroidogenic
capacity of rat inner adrenocortical cells. Neuropeptides 12, 165-
170.

Andreis P.G., Neri G., Belloni A.S., Mazzocchi G. and Kasprzak A.
(1991). Interleukin 1B enhances corticosterone secretion by acting
directly on the rat adrenal gland. Endocrinology 129, 53-57.

Ang V.T. and Jenkins J.S. (1984). Neurohypophysial hormones in the
adrenal medulla. J. Clin. Endocrinol. Metab. 58, 688-691.

Assoian R.K., Fleurdelys B.E., Stevenson H.C., Miller P.J., Madtes D.K.,
Raines E.W., Ross R. and Sporn M.B. (1987). Expression and
secretion of type beta transforming growth factor by activated
human macrophages. Proc. Natl. Acad. Sci. USA 84, 6020-6024.

Axelrod J. and Reisine T.D. (1984). Stress hormones: their interaction
and regulation. Science 224, 452-459.

Bachmann R. (1954). Die Nebenniere. In: Handbuch der
mikroskopischen Anatomie des Menschen. Bd. VI/5. Springer.
Berlin-Gottingen-Heidelberg.

Baffi J., Gorcs T., Slowik F., Horvath M., Lekka N., Pasztor E. and
Palkovits M. (1992). Neuropeptides in the human superior cervical
ganglion. Brain. Res. 570, 272-278.

Bartfai T., Anderson C., Bristulf J., Schultzberg M. and Svenson S.
(1990). Interleukin-1 in the noradrenergic chromaffin cells in the rat
adrenal medulla. Ann. NY Acad. Sci. 594, 207-213.

Bauer F.E., Hacker G.W., Terenghi G., Adrian T.E., Polak J.M. and
Bloom S.R. (1986). Localization and molecular forms of galanin in
human adrenals: elevated levels in pheochromocytomas. J. Clin.
Endocrinol. Metab. 63, 1372-1378.

Benchimol S. and Cantin M. (1977). Ultrastructural cytochemistry of the
human adrenal medulla. Histochemistry 54, 9-26.

Besedovsky H.O. and delRey A. (1992). Immune-neuroendocrine
circuits: integrative role of cytokines. Front. Neuroendocrinol. 13, 61-
94.

Besedovsky H.O., delRey A., Sorkin E., Burri R., Honegger C.G.,
Schlumpf M. and Lichtensteiger W. (1987). T lymphocytes affect the
development of sympathetic innervation of mouse spleen. Brain
Behav. Immunol. 1, 185-193.

Bevilacqua M., Vago T., Raggi U., Scorza D., Proverbio M., Malacco E.
and Norbiato G. (1982). In vitro steroidogenic properties of FK
33824, a stable analog of methionine-enkephalin. Opiate-dopamine
interaction in the control of aldosterone production. J. Endocrinol.
Invest. 5, 277-280.

Blalock J.E. (1989). A molecular basis for bidirectional communication
between the immune and neuroendocrine systems. Physiol. Rev.
69, 1-32.

Bloom S.R., Edwards A.V. and Jones C.T. (1987). Adrenal cortical
responses to vasoactive intestinal peptide in conscious hypo-
physectomised calves. J. Physiol. 391, 441-450.

Bornstein S.R., Ehrhart-Bornstein M., Scherbaum W.A., Pfeiffer E.F.
and Holst J.J. (1990). Effects of splanchnic nerve stimulation on the
adrenal cortex may be mediated by chromaffin cells in a paracrine
manner. Endocrinology 127, 900-906.

Bornstein S.R., Gonzalez-Hernandez J.A., Erhart-Bornstein M., Adler G.
and Scherbaum W.A. (1994). Intimate contact of chromaffin and
cortical cells within the human adrenal gland forms the cellular basis
for important intraadrenal interactions. J. Clin. Endocrinol. Metab.
78, 225-232.

Boscaro M., Scaroni C., Edwards C.R.W. and Mantero F. (1982).
Inhibitory effect of somatostatin on the aldosterone response to
angiotensin |l: in vitro studies. J. Endocrinol. Invest. 5, 173-178.

Boulouard R. (1963) Effects of cold and starvation on adrenocortical
activity of rats. Fed. Proc. 22, 750-754.

Bredt D.S., Hwang P.M. and Snyder S.H. (1990). Localization of nitric
oxide synthase indicating a neural role for nitric oxide. Nature 347,
768-770.

Bryant M.G., Polak J.M., Modlin I., Bloom S.R., Alburquerque R. and
Pearse A.G. (1976). Possible dual role for vasoactive intestinal
peptide as gastrointestinal hormone and neurotransmitter
substance. Lancet 1, 991-993.

Bucsics A., Saria A. and Lembeck F. (1981). Substance P in the adrenal
gland: origin and species distribution. Neuropeptides 1, 329-341.
Charlton B.G. (1990). Adrenal cortical innervation and glucocorticoid

secretion. J. Endocrinol. 126, 5-8.

Charlton B.G. (1995). Noradrenergic innervation to the adrenal cortex is
responsible for control of basal glucocorticoid section: a model. Med.
Hypotheses 44, 214-216.

Charlton B.G., Nkomazana O.F., McGadey J. and Neal D.E. (1991). A
preliminary study of acetylcholinesterase-positive innervation in the
human adrenal cortex. J. Anat. 176, 99-104.

Charlton B.G., McGadey J.M., Russell D. and Neal D.E. (1992). Nor-
adrenergic innervation of the human adrenal cortex as revealed by
dopamine-beta-hydroxylase immunohistochemistry. J. Anat. 180,
501-506.

Chrousos G., Schnermeyer T., Doppman J., Oldfield E., Schuite H.,
Gold P. and Loriaux, D. (1985). Clinical application of corticotropin
releasing factor. Ann. Internal Med. 102, 344.

Colombo-Benkmann M., Klimaschewski L. and Heym C. (1996).
Immunohistochemical heterogeneity of nerve cells in the human
adrenal gland with special reference to substance P. J. Histochem.
Cytochem. (in press).

Coupland R.E., Parker T.L., Kesse W.K. and Mohamed A.A. (1989).
The innervation of the adrenal gland. Ill. Vagal innervation. J. Anat.
163, 173-181.

Crawley J.N., Austin M.C., Fiske S.M., Martin B., Consolo S., Berthold
M., Langel U., Fisone G. and Bartfai T. (1990). Activity of centrally
administered galanin fragments on stimulation of feeding behavior
and on galanin receptor binding in the rat hypothalamus. J.
Neurosci. 10, 3695-3700.

Dagerlind A. and Ho6kfelt T. (1991). Intrinsic ganglion cells and
chromaffin cells in the rat adrenal gland. In: Genes, products,
signals, receptors. 6th International Symposium on Chromaffin Cell
Biology. Marburg, Germany. August 18-23, 1958.

De Lellis R.A., Tischler A.S. and Wolfe H.J. (1984). Multidirectional
differentiation in neuroendocrine neoplasms. J. Histochem.
Cytochem. 32, 899-904.

Dorovini-Zis K. and Zis A.P. (1991). Innervation of the zona fasciculata
of the adult human adrenal cortex: a light and electron microscopic
study. J. Neural Transm. (GenSect) 84, 75-84.

Edwards A.V. and Jones C.T. (1987). The effects of splanchnic nerve
stimulation on adrenocortical activity in conscious calves. J. Physiol.
382, 385-396.



578

Human adrenocortical innervation

Edwards A.V. and Jones C.T. (1990). Adrenal responses to intra-aortic
infusions of acetylcholine in conscious, functionally hypophy-
sectomised calves. J. Physiol. 423, 13P.

Edwards A.V. and Jones C.T. (1994). Adrenal responses to the petide
PACAP in conscious, functionally hypophysectomised calves. J.
Physiol. 266, E870-E876.

Ehrhart-Bornstein M., Bornstein S.R., Scherbaum W.A., Pfeiffer
E.F. and Holst J.J. (1991). Role of the vasoactive intestinal
peptide in a neuroendocrine regulation of the adrenal cortex.
Neuroendocrinology 54, 623-628.

Ehrhart-Bornstein M., Bornstein S.R. and Scherbaum W.A. (1996)
Sympathoadrenal system and immune system in the regulation of
adrenocortical function. Eur. J. Endocrinol. 135, 19-26.

Engeland W.C. and Dallman M.F. (1975). Compensatory adrenal growth
is neurally mediated. Neuroendocrinology 19, 352-362.

Engeland W.C. and Gann D.S. (1989). Splanchnic nerve stimulation
modulates steroid secretion in hypophysectomised dogs.
Neuroendocrinology 50, 124-131.

Eranké O., Lempinen M. and Raisanen L. (1966). Adrenaline and
noradrenaline in the organ of Zuckerkandl and adrenals of newborn
rats treated with hydrocortisone. Acta Physiol. Scand. 66, 253-254.

Evans C.J., Erdelyi E., Weber E. and Barchas J.D. (1983).Identification
of pro-opiomelanocortin-derived peptides in the human adrenal
medulla. Science 221, 957-960.

Fawcett D.W., Long J.A. and Jones A.L. (1969). The ultrastructure of
endocrine glands. Recent Prog. Horm. Res. 25, 315-380.

Fehm H.L., Klein E., Holl R. and Voigt K.H. (1984). Evidence for
extrapituitary mechanisms mediating the morning peak of plasma
cortisol in man. J. Clin. Endocrinol. Metab. 58, 410-414.

Fischer A., Mundel P., Mayer B., Preissler U., Philippin B. and Kummer
W. (1993). Nitric oxide synthase in guinea pig lower airway
innervation. Neurosci. Lett. 149, 157-160.

Fuchs E., Shigematsu K. and Saavedra J.M. (1986). Binding sites of
atrial natriuretic peptide in tree shew adrenal gland. Peptides 7, 873-
876.

Fusari R. (1890).0Osservazioni sulle terminazioni nervose e sullo
sviluppo delle capsule surrenali. Rendic della R. Accad. dei lincei.
Classe di sc. fis. mat. e nat. vol. VI, fase 11.

Garcia-Alvarez F. (1970). Estudio ultraestructural sobre la inervacién de
la corteza suprarenal. An. Anat. Zaragoza 19, 267-279.

Gisslinger H., Svoboda T., Clodi M., Gilly B., Ludwig H., Havelec L. and
Luger A. (1993). Interferon-a stimulates the hypothalamic-pituitary
adrenal axis in vivo and in vitro. Neuroendocrinology 57, 489-495.

Gold P.W., Chrousos G., Kellner C., Post R., Roy A., Augerinos P.,
Schulte H., Olfield E. and Loriaux D.L. (1984). Psychiatric
implications of basic and clinical studies with corticotropin-releasing
factor. Am. J. Psychiat. 141, 619-627.

Goltzman D. and Mitchell J. (1985). Interaction of calcitonin and
calcitonin-gene-related peptide at receptor sites in target tissues.
Science 227, 1343-1345.

Gonzalez-Garcia C. and Keiser H.R. (1990). Angiotensin Il and
angiotensin converting enzyme binding in human adrenal gland and
pheochromocytomas. J. Hypertens. 8, 433-441.

Gonzalez-Hernandez J.A., Bornstein S.R., Ehrhart-Bornstein M.,
Geschwend J.E., Adler G. and Scherbaum W.A. (1994a). Macro-
phages within the human adrenal gland. Cell Tissue Res. 278, 201-
205.

Gonzalez-Hernandez J.A., Bornstein S.R., Ehrhart-Bornstein M., Spath-
Schwalbe E., Jirikowski G.F. and Scherbaum W.A. (1994b)

Interleukin-6 mRNA expression in human adrenal gland in vivo: New
clue to a paracrine or autocrine regulation of adrenal function. J.Clin.
Endocrinol. Metab. 79, 1492-1497.

Gonzéalez-Hernandez J.A., Bornstein S.R., Ehrhart-Bornstein M.,
Geschwend J.E., Gwosdow A., Jirikowski G.E. and Scherbaum W.A.
(1995). Interleukin 1 is expressed in human adrenal gland in vivo.
Possible role in a local immune-adrenal axis. Clin. Exp. Immunol. 99,
137-141.

Gonzalez-Hernandez J.A., Ehrhart-Bornstein M., Spath-Schwalbe E.,
Scherbaum W.A. and Bornstein S.R. (1996). Human adrenal cells
express TNFa-mRNA: evidence for a paracrine control of adrenal
function. J. Clin. Endocrinol. Metab. 81, 807-813.

Guillon G., Trueba M., Joubert D., Grazzini E., Chouinard L., Cote M.,
Payet M.D., Manzoni O., Barberis C., Robert M. and Gallo-Payet N.
(1995). Vasopressin stimulates steroid secretion in human adrenal
glands: comparison with angiotensin-Il effect. Endocrinology 136,
1285-1295.

Gwosdow A.R., O'Connell N.A., Spencer J.A. and Kumar M.S.A. (1992).
Interleukin-1-induced corticosterone release occurs by an
adrenergic mechanism from rat adrenal gland. Am. J. Physiol.
Endocrinol. Metab. 263, E461-E466.

Hadjian A.J., Cultey M. and Chambaz E.M. (1982). Cholinergic
muscarinic stimulation of steroidogenesis in bovine adrenal cortex
fasciculata cell suspensions. Biochim. Biophys. Acta 714, 157-163.

Hamlyn J.M., Bladstein M.P., Bova S., Du Charme D.W., Harris D.W.,
Mandel F., Mathews W.R. and Ludeus H. (1991). Identification and
characterization of a ouabain-like compound from human plasma.
Proc. Natl. Acad. Sci. USA 88, 6259-6263.

Hartung H.P., Wolter K. and Joyka K.V. (1986). Substance P: binding
properties and studies on cellular responses in guinea pig
macrophages. J. Immunol. 136, 3856-3863.

Hawthorn J., Nussey S.S., Henderson J.R. and Jenkins J.S. (1987).
Immunohistochemical localization of oxytocin and vasopressin in the
adrenal gland of rat, cow, hamster and guinea pig. Cell Tissue Res.
250, 1-6.

Hayashi Y., Hilyoshi T., Takemura T., Kurashima C. and Hirokawa K.
(1989). Focal lymphocytic infiltration in the adrenal cortex of the
elderly: immunohistological analysis of infiltrating lymphocytes. Clin.
Exp. Immunol. 77, 101-105.

Helen P., Panula P., Yang H.Y., Hervonen A. and Rapoport |. (1984).
Location of substance P, bombesin-gastrin-releasing peptide, [Met5]
enkephalin- and [Met5] enkephalin-Arg6-Phe’-like immuno-
reactivities in adult human sympathetic ganglia. Neuroscience 12,
907-916.

Hervonen A., Linnoila |., Vaalasti A., Alho H. and Pelto-Huikko M.
(1989). Electron microscopic localization of enkephalin-like
immunoreactivity in the human adrenal medulla. J. Electron Microsc.
Tech. 12, 380-388.

Heym C., Korr H., Thomeczek E.M. and Wedel C. (1985). Effect of
maternal immobilization on catecholamine-storing cells in the
neonatal rat superior cervical ganglion. Acta Endocrinol. 108, 57-58.

Heym C., Colombo-Benkmann M. and Mayer B. (1994). Immunohisto-
chemical demonstration of the synthesis enzyme for nitric oxide and
of comediators in neurons and chromaffin cells of the human
adrenal medulla. Ann. Anat. 176, 11-16.

Heym C., Braun B., Klimaschewski L. and Kummer W. (1995a).
Chemical codes of sensory neurons innervating the guinea-pig
adrenal gland. Cell Tissue Res. 279, 169-181.

Heym C., Braun B., Yin S., Klimaschewski L. and Colombo-Benkmann



579

Human adrenocortical innervation

M. (1995b). Immunohistochemical correlation of human adrenal
nerve fibres and thoracic dorsal root neurons with special reference
to substance P. Histochem. Cell Biol. 104, 233-243.

Higuchi K., Nawata H., Kato K.I., Ibayashi H. and Matsuo H. (1986).
Human atrial natriuretic polypeptide inhibits steroidogenesis in
cultured human adrenal cells. J. Clin. Endocrinol. Metab. 62, 941-
944,

Hinson J.P. (1990). Paracrine control of adrenocortical function: A new
role for the medulla? J. Endocrinol. 124, 7-9.

Hinson J.P. and Vinson G.P. (1990). Calcitonin gene-related peptide
stimulates adrenal cortical function in the isolated perfused rat
adrenal gland in situ. Neuropeptides 16, 129-133.

Hinson J.P., Vinson G.P. and Whideholse B.J. (1987). Oxytocin and
arginine vasopressin stimulate steroid secretion by the isolated
perfused rat adrenal gland. Neuropeptides 10, 1-9.

Hirose T., Matsumoto J. and Aikawa T. (1978). Direct effect of histamine
on cortisol and corticosterone production by isolated dog adrenal
cells. J. Endocrinol. 146, 290-314.

Holzwarth M.A., Cunningham L.A. and Kleitman N. (1987).The role of
adrenal nerves in the regulation of adrenocortical functions. Ann. NY
Acad. Sci. 512, 449-464.

llvesmaki V., Jaattela M., Saksela E. and Voutilainen R. (1993). Tumor
necrosis factor-alpha and interferon-gamma inhibit insulin-like
growth factor |l gene expression in human fetal adrenal cell cultures.
Mol. Cell Endocrinol. 91, 59-65.

Ishii T., Sugimoto T. and Matsuoka H. (1985). Clinical investigation of -
human atrial natriuretic polypeptide («~hANP) on blood pressure,
renal function and blood pressure - body fluid regulatory hormones.
Folia Endocrinol. Jpn. 61, 323.

Itoh S., Hirota R. and Katsuura G. (1982). Effect of cholecystokinin
octapeptide and vasoactive intestinal polypeptide on adrenocortical
secretion in the rat. Jpn. J. Physiol. 32, 553-560.

Jackson R. and McNicol A.M. (1988). Class Il MHC expression in
normal adrenal cortex and cortical cells in autoimmune Addison's
disease. J. Pathol. 155, 113-120.

Jaattela M., livesmaki V., Voutilainen R., Ulf-Hakan S. and Saksela E.
(1991). Tumor necrosis factors as a potent inhibitor of adrenocortico-
tropin-induced cortisol production and steroidogenic P 450 enzyme
gene expression in cultured human fetal adrenal cells.
Endocrinology 128, 623-629.

Jarvi R., Helen P., Hervonen A. and Pelto-Huikko M. (1989).Vasoactive
intestinal peptide (VIP)-like immunoreactivity in the human
sympathetic ganglia. Histochemistry 90, 347-351.

Jessop D.S., Chowdrey H.S., Larsen P.J. and Lightman S.L. (1992).
Substance P: Multifunctional peptide in the hypothalamo-pituitary
system? J. Endocrinol. 132, 331-337.

Jingami H., Nakanishi S., Imura H. and Numa S. (1984) Tissue
distribution of messenger RNAs coding for opioid peptide precursors
and related RNA. Eur. J. Biochem. 142, 441-417.

Jones T.H. and Kennedy R.L. (1993). Cytokines and hypothalamic-
pituitary function. Cytokine 5, 531-538.

Ju G., Hokfelt T., Brodin E., Fahrenkrug J., Fischer J.A., Frey P., Elde
R.P. and Brown J.C. (1987). Primary sensory neurons of the rat
showing calcitonin gene-related peptide immunoreactivity and their
relation to substance P-, somatostatin-, galanin-, vasoactive
intestinal polypeptide- and cholecystokinin-immunoreactive ganglion
cells. Cell Tissue Res. 247, 417-431.

Khoury E.L., Greenspan J.S. and Greenspan F.S. (1987). Adreno-
cortical cells of the zona reticularis normally express HLA-DR

antigenic determinants. Am. J. Pathol. 127, 580-591.

Kleitman N. and Holzwarth M.A. (1985). Catecholaminergic innervation
of the rat adrenal cortex. Cell Tissue Res. 241, 139-147.

Klimaschewski L., Kummer W. and Mayer B. (1994). Co-localization of
nitric oxide synthase with vasoactive intestinal polypeptide and
neuropeptide Y in the guinea pig heart. Cell Vision 1, 131-137.

Klimaschewski L., Tran T.D., Nobiling R. and Heym C. (1994). Plasticity
of postganglionic sympathetic neurons in the rat superior cervical
ganglion after axotomy. Microsc. Res. Tech. 29, 120-130.

Konishi S., Otsuka M., Folkers K. and Rosell S. (1983). A substance P
antagonist produces non-cholinergic slow excitatory postsynaptic
potential in guinea pig sympathetic ganglia. Acta Physiol. Scand.
117, 1567.

Krieglstein K. and Unsicker K. (1996). Bovine chromaffin cells release a
transforming growth factor-B-like molecule contained within
chromaffin granules. J. Neurochem. 65, 1423-1426.

Krieglstein K., Deimling F., Suter-Crazzolara C. and Unsicker K. (1997).
Expression and localization of GDNF in developing and adult
adrenal chromaffin cells. Cell Tissue Res. (in press).

Kuramoto H., Kondo H. and Fujita T. (1987). Calcitonin gene-related
peptide (CGRP)-like immunoreactivity in scattered chromaffin cells
and nerve fibers in the adrenal gland of rats. Cell Tissue Res. 247,
309-315.

Landsberg L. and Young J.B. (1985). Catecholamines and the adrenal
medulla. In: Williams textbook of endocrinology. 7th ed. Wilson 1.D.
and Foster D.W. (eds). WB Saunders Co. Philadelphia. pp 891-965.

Lebrethon M.C., Jaillard C., Naville D., Begeot M. and Saez J.M. (1994).
Effects of transforming growth factor-81 on human adrenocortical
facsiculata-reticularis cell differentiated functions. J. Clin. Endocrinol.
Metab. 79, 1033-1039.

LeDouarin N.M. (1982). The neural crest. Cambridge University Press.
Cambridge.

Linnoila R.l., Diaugustine R.P., Hervonen A. and Miller R.J. (1980).
Distribution of (Met®)- and (Leu®)-enkephalin-, vasoactive intestinal
polypeptide- and substance P-like immunoreactivities in human
adrenal glands. Neuroscience 5, 2247-2259.

Livett B.G., Marley P.D., Wan D.C.C. and Zhou X.F. (1990). Peptide
regulation of adrenal medullary function. J. Neural Transm. (Suppl).
29, 77-89.

Lloyd R.V., Shapiro B., Sisson J.C., Kalff V., Thompson N.W. and
Beierwaltes W.A. (1984). An immunohistochemical study of pheo-
chromocytomas. Arch. Pathol. Lab. Med. 108, 541-544.

Lolait S.J., Lim A.T.W., Toh B.H. and Funder J.W. (1984). Immuno-
reactive beta-endorphin in a subpopulation of mouse spleen macro-
phages. J. Clin. Invest. 73, 277-280.

Lundberg J.M., Hamberger B., Schultzberg M., Hokfelt T., Granberg P.-
0., Efendic S., Terenius L., Goldstein M. and Luft R. (1979).
Enkephalin- and somatostatin-like immunoreactivities in human
adrenal medulla and pheochromocytoma. Proc. Natl. Acad. Sci.
USA 76, 4079-4083.

Lundberg J.M., Rékaeus A., Hokfelt T., Rosel S., Brown M. and
Goldstein M. (1982). Neurotensin-like immunoreactivity in the
preganglionic sympathetic nerves and in adrenal medulla of the cat.
Acta Physiol. Scand. 114, 153-155.

Lundberg J.M., Hokfelt T., Hemsen A., Theodorsson-Norheim E.,
Pernow J., Hamberger B. and Goldstein M. (1986). Neuropeptide Y-
like immunoreactivity in adrenaline cells of adrenal medulla and in
tumors and plasma of pheochromocytoma patients. Regul. Peptides
13, 169-182.



580

Human adrenocortical innervation

Lundberg J.M., Martling C.R. and Hokfelt T. (1988). Airways, oral cavity
and salivary glands: classical transmitters and peptides in sensory
and autonomic motor neurons. In: Handbook of chemical
neuroanatomy. Vol 6. Bjorklund A., Hokfelt T. and Owman C. (eds).
Elsevier. Amsterdam. New York, Oxford. pp 391-445.

Lupka A. and Syczundlik S. (1985). Dexamethasone suppresses cortisol
but not ACTH and beta-endorphin plasma concentrations in healthy
men. Horm. Metab. Res. 17, 547.

MacFarland W.E. and Davenport H.A. (1941). Adrenal innervation. J.
Comp. Neurol. 75, 219-233.

Maisel A.S., Fowler P., Rearden A., Motulsky H.J. and Michel M.C.
(1989). A new method for isolation of human lymphocyte subsets
reveals differential regulation of B-adrenergic receptors by
terbutaline treatment. Clin. Pharmacol. Ther. 46, 429-439.

Malendowicz L.K. (1993) Involvement of neuropeptides in the regulation
of growth, structure and function of the adrenal cortex. Histol.
Histopathol. 8, 173-186.

Malendowicz L.K., Lésniewska B. and Miskowiak B. (1990).
Neuropeptide Y inhibits corticosterone secretion by isolated rat
adrenocortical cells. Experientia 46, 721-722.

Malendowicz L.K., Markowska A. and Zabel M. (1996) Neuropeptide Y-
related peptides and hypothalamo-pituitary adrenal axis function.
Histol. Histopathol. 11, 485-494.

Maubert E., Dupouy J.P. and Bernet F. (1993). Effect of the adrenal
demedullation on neuropeptide Y content of the capsule/
glomerulosa zone of the rat adrenal gland. Neurosci. Lett. 156, 5-8.

Maurer R. and Reubi J.C. (1986). Distribution and coregulation of three
peptide receptors in adrenals. Eur. J. Pharmacol. 125, 241-247.

Mazzocchi G. and Nussdorfer G.G. (1987). Neuropeptide-Y acutely
stimulates rat zona glomerulosa in vivo. Neuropeptides 9, 257-262.

Mazzocchi G., Robba C., Malendowicz L.K. and Nussdorfer G.G.
(1987). Stimulatory effect of vasoactive intestinal peptide (VIP) on
the growth and steroidogenic capacity of rat adrenal zona
glomerulosa. Biomed. Res. 8, 19-23.

Mazzocchi G., Malendowicz L.K., Meneghelli V. and Nussdorfer G.G.
(1990). Acute effect of dynorphin on rat adrenocortical secretion in
vivo. Neuroendocrinol. Lett. 12, 95-99.

Mazzocchi G., Malendowicz L.K., Rebuffat P. and Nussdorfer G.G.
(1992) Effects of galanin on the secretory activity of the rat adrenal
cortex: in vivo and in vitro studies. Res. Exp. Med. 192, 373-381.

McNicol A.M., Richmond J. and Charlton B.G. (1994). A study of
general innervation of the human adrenal cortex using PGP 9.5
immunohistochemistry. Acta Anat. 151, 120-123.

Mikolajczyk H. (1965). Urinary output of 17-ks and microscopic changes
in the adrenal cortex of rats treated with heparin, histamine or
serotonin. Endokrynologia Polska, 347-358.

Mikhail Y. and Amin F. (1969). Intrinsic innervation of the human
adrenal gland. Acta Anat. 194, 105-112.

Murakami M., Hiromichi S., Nakajima S., Nakamoto H., Kageyama Y.
and Saruta T. (1989). Calcitonin gene-related peptide is an inhibitor
of aldosterone secretion. Endocrinology 125, 2227-2234.

Nemeroff C.B., Krishnan K.R., Reed D., Leder R., Beam C. and Dunnick
N.R. (1992). Adrenal gland enlargement in major depression. A
computed tomographic study. Arch. Gen. Psychiatry 49, 384-387.

Neri G., Andreis P.G. and Nussdorfer G.G. (1990a). Inhibitory effect of
dynorphin on the secretory activity of isolated rat adrenocortical
cells. Biomed. Res. 11, 277-281.

Neri G., Andreis P.G. and Nussdorfer G.G. (1990b). Effects of neuro-
peptide Y and substance P on the secretory activity of dispersed

zona-glomerulosa cells of rat adrenal gland. Neuropeptides 17, 121-
125.

Parker T.L., Kesse W.K. Mohamed A.A. and Afework M. (1993). The
innervation of the mammalian adrenal gland. J. Anat. 183, 265-276.

Payet N. and Lehoux J.P. (1980). A comparative study of the role of
vasopressin and ACTH in the regulation of growth and function of rat
adrenal glands. J. Steroid Biochem. 12, 461-467.

Pedersen R.C., Brownie A.C. and Ling N. (1980) Pro-adreno-
corticotropin/endorphin-derived peptides: coordinate action on
adrenal steroidogenesis. Science 208, 1044-1046.

Perraldis V., Delarue C., Lefebre H., Contesse V., Kihn J.M. and
Vaudy H. (1993). Vasopressin stimulates cortisol secretion from
human adrenocortical tissue through activation of VI receptors. J.
Clin. Endocrinol. Metab. 76, 1522-1528,

Pelto-Huikko M. and Salminen T. (1987). Localization of calcitonin gene-
related peptide (CGRP) in chromaffin cells and nerve terminals in
adrenal medulla. Exp. Brain Res. Series 16, 73-77.

Porter 1.D., Whitehouse B.J., Taylor A.H. and Nussey S.S. (1988). Effect
of arginine vasopressin and oxytocin on acetylcholine-stimulation of
corticosteroid and catecholamine secretion from the rat adrenal
gland perfused in situ. Neuropeptides 12, 265-271.

Pratt J.H., Turner D.A., Bowsher R.R. and Henry D.P. (1987). Dopamine
in rat adrenal glomerulosa. Life Sci. 40, 811-816.

Quartu M., Diaz G, Floris A, Lai M.L., Priestley J.V. and Del Fiacco M.
(1992) Calcitonin gene-related peptide in the human trigeminal
sensory system at developmental and adult life stages: immuno-
histochemistry, neuronal morphometry and coexistence with
substance P. J. Chem. Neuroanat. 5, 143-157.

Racz K., Glaz E., Kiss R., Lada G., Varga ., Vida S., Di Gleria K.,
Medzihradszky K., Lichtwald K. and Vecsei P. (1980). Adrenal
cortex - a newly recognized peripheral site of action of enkephalins.
Biochem. Biophys. Res. Commun. 97, 1346-1353.

Ravid R., Oosterbaan H.P., Hansen B.L. and Swaab D.F. (1986).
Localization of oxytocin, vasopressin and parts of precursors in the
human neonatal adrenal. Histochemistry 84, 401-407.

Rebuffat P., Robba C., Mazzocchi G. and Nussdorfer G.G. (1984).
Inhibitory effect of somatostatin on the growth and steroidogenic
capacity of rat adrenal zona glomerulosa. J. Steroid. Biochem. 21,
387-390.

Rebuffat P., Malendowicz L.K., Belloni A.S., Mazzocchi G. and
Nussdorfer G.G. (1988). Long-term stimulatory effect of neuro-
peptide Y on the growth and steroidogenic capacity of rat adrenal
zona glomerulosa. Neuropeptides 11, 133-136.

Roh M.S., Drazenovich K.A., Barbose J.J., Dinarello C.A. and Cobb
C.F. (1987). Direct stimulation of the adrenal cortex by interleukin-1.
Surgery 102, 140-146.

Rubin R.T., Phillips J.J., Sadow T.F. and McCracken J.T. (1995).
Adrenal gland volume in major depression. Increase during the
depressive episode and decrease with successful treatment. Arch.
Gen. Psychiat. 52, 213-218.

Rundle S.E., Canny B.J., Robinson R.M. and Funder J.W. (1988).
Innervation of the sheep adrenal cortex: an immunohistochemical
study with rat corticotropin releasing factor antiserum.
Neuroendocrinology 48, 8-15.

Schalling M., Seroogy K. Hékfelt T., Chai, S., Haliman H., Persson H.,
Larhammer D., Ericsson A., Terenius L., Graffi J., Massoulle J. and
Goldstein M. (1988). Neuropeptide tyrosine in the rat adrenal gland -
immunohistochemical and in situ hybridization studies.
Neuroscience 24, 337-349.



581

Human adrenocortical innervation

Schlatmann R.J., Jansen A.P., Prenen H., van den Korst J.K. and
Majoor C.L. (1964). The natriuretic and aldosterone-suppressive
action of heparin and some related polysulfated polysaccharides. J.
Clin. Endocrinol. Metab. 24, 35-47.

Schmitt M., Kummer W. and Heym C. (1988). Calcitonin gene-related
peptide (CGRP)-immunoreactive neurons in the human cervico-
thoracic paravertebral ganglia. J. Chem. Neuroanat. 1, 287-292.

Schrieber R.C., Hyatt-Sachs H., Bennett T.A. and Zigmond R.E. (1994)
Galanin expression increases in adult rat sympathetic neurons after
axotomy. Neuroscience 60, 17-27.

Silver A. (1974) The biology of cholinesterases. Elsevier. New York.

Smith E.M. and Blalock J.E. (1981). Human lymphocyte production of
corticotropin and endorphin-like substances: association with
leukocyte interferon. Proc. Natl. Acad. Sci. USA 78, 7530-7534.

Smith E.M., Morrill A.C., Mayer W.J. and Blalock J.E. (1986).
Corticotropin releasing factor induction of leukocyte-derived
immunoreactive ACTH and endorphins. Nature 321, 881-882.

Spath-Schwalbe E., Born J., Schrezenmeier H., Bornstein S.R.,
Stromeyer P., Drechsler S., Fehm H.L. and Porzsolt F. (1994). Inter-
leukin-6 (IL-6) stimulates the hypothalamus-pituitary-adrenocortical
axis in man. J. Clin. Endocrinol. Metab. 79, 1212-1214.

Spengler R.N., Allen R.M., Remick D.G., Streiter R.M. and Kunkel S.L.
(1990). Stimulation of alpha adrenergic receptor augments the
production of macrophage-derived tumor necrosis factor. J.
Immunol. 145, 1430-1434.

Stankovic A.K., Grizzle W.E., Stockard C.R. and Parker C.R. Jr. (1994).
Interactions between TGF-beta and adrenocorticotropin in growth
regulation of human adrenal fetal zone cells. Am. J. Physiol. 266,
E495-E500.

Stern N., Ozaki L. and Tuck M.L. (1986). Evidence for dopaminergic
binding sites in the human adrenal cortex. Metabolism 35, 1154-
1158.

Stoéhr P. jr. (1935). Zur Innervation der menschlichen Nebenniere.
Ztschr. f. Anat. u. Entw. 104, 475-490.

Suda T., Tomori H., Demura H., Shizume K., Mouri T., Miura Y. and
Sasano, N. (1984). Immunoreactive corticotropin and corticotropin
releasing factor in human hypothalamus, adrenal, lung cancer and
pheochromocytoma. J. Clin. Endocrinol. Metab. 58, 919-924.

Swinyard C.A. (1937). The innervation of the supraadrenal glands. Anat.
Rec. 68, 417-428.

Szalay K.S. (1971). The effect of ouabain on aldosterone production in
the rat. Acta Endocrinol. Copenh. 68, 477-484.

Szalay K.S. (1993). Ouabain - A local, paracrine, aldosterone synthesis
regulating hormone? Life Sci. 52, 1777-1780.

Talmage E.K., Pouliot W.A., Schemann M. and Mawe G.M. (1996).
Structure and chemical coding of human, canine and opossum
gallbladder ganglia. Cell Tissue Res. 284, 289-302

Tominaga T., Fukata J., Naito Y., Usui T., Murakami N., Fukushima M.,
Hirai Y. and Imura H. (1991). Prostaglandin-dependent in vitro
stimulation of adrenal steroidogenesis by interleukins. Endocrinology

128, 526-531.

Tomlinson A. and Coupland R.E. (1990). The innervation of the adrenal
gland. IV. Innervation of the rat adrenal medulla from birth to old
age. A descriptive and quantitative morphometric and biochemical
study of the innervation of chromaffin cells and adrenal medullary
neurons in Wistar rats. J. Anat. 169, 209-236.

Torda T., Cruciani R.A. and Saavedra J.M. (1988). Localization of
neuropeptide Y binding sites in the zona glomerulosa of the bovine
adrenal gland. Neuroendocrinology 48, 207-210.

Unsicker K. (1971). On the innervation of the rat and pig adrenal cortex.
Z. Zellforsch. 116, 151-156.

Unsicker K., Habura-Fliih O. and Zwarg U. (1978). Different types of
small granule-containing cells and neurons in the guinea-pig adrenal
medulla. Cell Tissue Res. 189, 109-130.

Unsicker K. and Heym C. (1996). Innervation of the adrenal cortex. In:
Neuro-endocrine interactions. Unsicker K. (ed). Handbook «The
autonomic nervous system». Burnstock G. (ed). Harwood Acad.
Publ. Amsterdam. pp 257-285.

Unsicker K. and Krieglstein K. (1996). Growth factors in chromaffin cells.
Prog. Neurobiol. 48, 307-324.

Varndell I.M., Tapia F.J., DeMey J., Rush R.A., Bloom S.R. and Polak
J.M. (1982). Electron immunocytochemical localization of
enkephalin-like material in catecholamine-containing cells of the
carotid body, the adrenal medulla, and in pheochromocytomas of
man and other mammals. J. Histochem. Cytochem. 30, 682-690.

Vincent S.R. and Hope B.T. (1992). Neurons that say NO. Trends
Neurosci. 15, 108-113.

Vizi E.S., Téth LLE., Ors6 E., Szalay K.S., Szabé D., Baranyi M. and
Vinson G.P. (1993). Dopamine is taken up from the circulation by,
and released from, local noradrenergic varicose axon terminals in
zona glomerulosa of the rat: a neurochemical and immunocyto-
chemical study. J. Endocrinol. 139, 213-226.

Wakade A.R., Guo R.X., Strong R., Arimura A. and Haycock J. (1992).
Pituitary adenylate cyclase-activating polypeptide (PACAP) as a
neurotransmitter in rat adrenal medulla. Regul. Peptides 37, 331
(Abstract).

Weiss L. (1983). Histology, cell and tissue biology. Elsevier Science
Publishing Co. Inc. New York?7.

Whalley L.J., Borthwick N., Copolov D., Dick H., Christie J.E. and Fink
G. (1986). Glucocorticoid receptors and depression. Br. Med. J. 292,
859.

Wick G., Hu Y., Schwarz S. and Kroemer G. (1993). Immunoendocrine
communication via the hypothalamo-pituitary-adrenal axis in
autoimmune diseases. Endocr. Rev. 14, 539-563.

Winter J.S.D., Gow K.W., Perry Y.S. and Greenberg H.A. (1990). A
stimulatory effect of interleukin 1 on adrenocortical cortisol secretion
mediated by prostaglandins. Endocrinology 127, 1904-1909.

Wurtman R.J. and Axelrod J. (1966). Control of enzymatic synthesis of
adrenaline in the adrenal medulla by adrenal cortical steroids. J.
Biol. Chem. 241, 2301.



