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Neuroendocrine Properties of Adrenocortical Cells
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Recent data suggest that adrenocortical cells under
pathological as well as under physiological conditions show
neuroendocrine properties. Within the normal adrenal, this
neuroendocrine differentiation seems to be restricted to cells
of the zona glomerulosa and might be important for an auto-
crine regulation of adrenocortical function. In addition, such
neuroendocrine differentiation is a common phenomenon in
adrenocortical carcinomas and is therefore of clinical impor-
tance. In our studies, the expression of neuronal cell adhesion
molecule (NCAM) could be shown in the zona glomerulosa of
the normal human adrenal and in the human adrenocortical
cell line NCI-l-I295 that also produces synaptophysin, a synaptic
vesicle associated protein. In this chapter, data on neuroendo-
crine characteristics of adrenocortical cells are summarized and
discussed.
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Introduction

Without doubt, adrenocortical steroidogenesis is, besides the
regulation via the hypothalamus-pituitary-adrenal (HPA) axis,
under the paracrine influence of locally produced factors.
These factors are produced by adrenomedullary chromaffin
cells (1), by immune cells, nerves and the vascular system (ar-
ticles in this issue, [2]). However, several of these factors that
influence adrenocortical steroidogenesis are, in addition, pro-
duced by adrenocortical cells themselves. Adrenocortical cells
have been shown to produce cytokines such as IL-i, IL-6 and
TNF a (articles by Marx et al. and Judd in this issue), and a local
RAS system was idendified in the zona glomerulosa (see article
by Mulrow in this issue). In addition, there is increasing evi-
dence that adrenocortical cells could also show a neuroendo-
crine differentiation.

Neuroendocrine differentiation in adrenocortical carcinomas

A neuroendocrine differentiation of adrenocortical cells first
became obvious in adrenocortical carcinomas. Histology and

electron microscopy are frequently used to characterize adre-
nal tumors (3,4). The immunohistochemical characterization
of cortical versus meduliary tumors provided evidence for the
expression of proteins by adrenocortical tumours that are typi-
cally expressed by neuroendocrine cells. These include synap-
tophysin, neuronal cell adhesion molecule (NCAM), neuron-
specific enolase (NSE) and neurofilaments (3,5,6). These pro-
teins are located in different cellular compartments such as
the cytoplasm (NSE), the membrane of secretory vesicles (sy-
naptophysin) or the cell membrane (NCAM). NCAM is involved
in cell-cell interactions during synaptogenesis, morphogen-
esis, and plasticity of the nervous system. We studied the ex-
pression of these markers in the human adrenocortical carci-
noma cell line NCI-H295.

The cells were grown at 37°C in a 5% CO2 humidified atmo-
sphere in RPM! 1640 Medium (Gibco BRL, Eggenstein, Germa-
ny) containing hydrocortison (3.625 mg/I), insulin 5 mg/I,
transferrin (10mg/mi), ]3-estradiol (2.742 mg/I), selenite
(5mg/mi), 2% fetal calf serum (all obtained from Sigma
Aldrich, Deisenhofen, Germany) and antibiotics. For immuno-
characterization antibodies against NCAM (mouse anti-human
NCAM, clone NCAM-OB1I,Sigma Aldrich, Deisenhofen, Ger-
many) and synaptophysin (mouse anti-human, Dako, Ham-
burg, Germany) were used.

The human adrenocortical cell line NCI-H295 expressed neu-
roendocrine features as revealed by immunohistochemistry
and Western blotting. The cells exhibited strong NCAM immu-
noreactivity, which was confined to their cell surfaces and was
particulary intense at cell — cell contact sites (Figs.la,c). The
major molecular form expressed by NCI-H295 cells was the
140 kDa band. The 180 kDa band was not present (Fig. 2). In ad-
dition, these cells showed a cytoplasmic immunostaining for
NSE (not shown) and synaptophysin, a protein associated with
the membrane of synaptic vesicles (Figs. 1 b, d). Synaptophysin
immunoreactivity from NCI cells is identical to synaptophysin
from rat or human cortex with a molecular weight of 38 kDa
(Fig. 3).
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Fig.1 NCI-H295 cells immunstained for
NCAM (a, c) or synaptophysin (b, d) using ACE
(3-amino-9-ethylcarbazole) chromogen
(Immunotech, Hamburg, Germany) and were
counterstained with hematoxylin. Control
staining was performed with mouse lgG
instead of the primary antibodies and no
unspecific staining was detectable (not
shown). a, b: x 200; c, d:>< 540.

Fig.2 Immuno-
chemical characteri-
zation of NCAM in
extracts from
NCI-H295 cells and
human adrenal by
Western blotting.
Proteins were ex-
tracted as described
(26) and were
electrophoresed on
8% polyacrylamide
gels under reducing
conditions and
blotted onto
nitrocellulose.
Western blot
analysis was carried

out using ECL-sys-
tem (Amersham Life
Science, England).
Lane 1: human adre-

nal (40l.Lg protein),
lane 2: NCI-H295

(60 jig protein).

Is there evidence for a neuroendocrine differentiation
in normal adrenocortical cells?

In addition to the carcinoma cell line, NCAM was immunohis-
tochemically stained in normal human adrenals. Besides the
expression on adrenomedullary chromaffin cells, NCAM was
localized in the adrenal cortex (Fig.4). In the rabbit (7) and
the human adrenal cortex (Fig. 4), staining was restricted to
the cells of the zona glomerulosa with no staining of other
zone cells, while staining of all zones was observed in the rat
adrenal cortex (8). The antibody used on our studies binds to
the high molecular weight forms of NCAM. In normal human
adrenals as well as in NCI-H295 cells, the 140 kDa form of
NCAM predominates while the 180 kDa form was not present
(Fig. 2). Therefore, the adrenocortical carcinoma cells express
the same pattern of NCAM, as does the adrenal medulla and

Fig. 3 Immunochemical characterization of
synaptophysin in extracts from NCI-H295
cells and human adrenal by Western blotting.
Proteins were extracted as described (26) and
were electrophoresed on 10% polyacrylamide
gels under reducing conditions and blotted
onto nitrocellulose. Western blot analysis
was carried out using ECL-system. Lane 1: rat
cortex (2olig protein), lane 2: human cortex
(20 jig protein), lane 3: NCI-H295 (60 jig pro-
tein).

other neuroendocrine tissues (9,10). In contrast to the adrenal
medulla, NCAM on zona glomerulosa cells seems not to be
highly sialated, since immunostaining for polysialic acid was
restricted to the adrenal medulla and adrenal nerves in the
normal human adrenal with no staining in the cortex (11).

It was suggested that the expression of NCAM especially, on
cells of the zona glomerulosa, reflects the regenerative feature
of these cells and that they lose NCAM immunoreactivity after
moving to the zona fasciculata (8). However, together with
other data on neuroendocrine properties of zoria glomerulosa
cells, NCAM expression on these cells may reflect a neuroendo-
crine differentiation of these cells.

There is increasing evidence that the cells of the zona glomer-
ulosa indeed share characteristics with neuroendocrine cells
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Fig. 4 Paraffin sections of human adrenals
immunostained for NCAM. Immunostaining
was carried out using 4-amino-9-ethyl-
carbazole (AEC; Dinanova, Hamburg,
Germany) as described previously (1) and
were counterstained with hematoxylin.
Staining for NCAM was restricted to the zona
glomerulosa (zg) and the adrenal medulla
(m); a: X 20; b: x 200.

including the production of neuropeptides. Adrenomedullin is
a novel hypotensive peptide that has originally been isolated
from a human pheochromocytoma (12) and was immunohis-
tochemically located to the adrenal medulla (13). Recent im-
munohistochemistry and in situ hybridization studies now
showed that, in addition to the adrenal medulla, adrenocorti-
cal cells of the rat adrenal zona glomerulosa produce this pep-
tide (14). Given the regulatory influence of adrenomedullin on
aldosterone secretion (article byJ. P. Hinson in this issue), adre-
nomedullin may have an autocrine role in the regulation of the
adrenal zona glomerulosa. In addition, another peptide that in-
fluences adrenocortical steroidogenesis, the vasoactive intes-
tinal polypeptide (VIP) was shown to be produced by cells of
the zona glomerulosa (15). Therefore, in the normal adrenal
cortex, the cells of the zona glomerulosa, in addition to their
function as steroid-producing cells, produce peptides that are
typically produced by neuroendocrine cells including adreno-
medullary cells. These cells therefore share neuroendocrine
properties with adrenomedullary cells. Another factor shared
by adrenocortical and adrenomedullary cells is a zona glomer-
ulosa specific factor that has recently been identified (16,17).
This membrane-spanning protein that has been cloned from
zona glomerulosa cells is structurally related to the Notch and
Delta superfamily (17), proteins involved in neurogenesis (18).
In the adrenal cortex, this protein is present in zona glomeru-
losa cells exclusively. However, in addition to this location, this
factor is produced by the chromaffin cells of the adrenal me-
dulla and is therefore another protein shared by adrenocortical
cells and neuroendocrine cells. This factor is also expressed in
human adrenal tumor tissue, such as aldosteronoma and
pheochromocytoma (16,17).

Such a neuroendocrine differentiation is not restricted to the
steroid-producing cells of the zona glomerulosa but has also
been observed in other steroidogenic cells. In the testes, NCAM
was shown on the cell membrane of Leydig cells (19,20). In ad-
dition, a subpopulation of Leydig cells expresses neuroendo-
crine peptides and proteins that could influence Leydig cell
function in an autocrine manner (21). These data even led to
the suggestion that Leydig cells belong to the diffuse neuroen-
docrine system (DNES) (22). Like adrenocortical carcinomas,
human Leydig cell tumors express neuroeridocrine markers
and may therefore originate from the subset of Leydig cells
with neuroendocrine nature (21).

As with Leydig cell tumors, the observed neuroendocrine
properties of adrenocortical tumors implicated that adreno-
cortical tumors may originate from zona glomerulosa cells
with a neuroendocrine differentiation (5). This origin would
explain the very common involvement of the adrenal cortex
in the multiple endocrine neoplasia Type 1 (MEN-i) syndrome
(5,23), although the adrenal cortex is not considered to be an
intrinsic part of the diffuse neuroendocrine system (24). In ad-
dition, a long list of clinical data describes patients with adre-
nal cortical tumors clinically mimicking pheochromocytorna
(for review [2]). While these observations in many cases can
probably be explained by a paracrine stimulation of the adre-
nal medulla by the adrenal cortical tumor, a neuroendocrine
differentiation of these adrenocortical carcinomas with dense
cored granules in the tumors themselves has also been de-
scribed (6,25).

In conclusion, the expression of neuroendocrine properties in
adrenocortical cells and other steroid-producing cells seems
to be a common phenomenon, and may have important clini-
cal implications, besides its involvement iii autocrine regula-
tions of steroidogenesis.
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