American Journal of Pathology, Vol. 137, No. 3, September 1990

Copyright © American Association of Pathologists

Histogenesis of the Human Adrenal Medulla

An Evaluation of the Ontogeny of Chromaffin and

Nonchromaffin Lineages

Mark J. Cooper,* Grover M. Hutchins,t

and Mark A. Israel*

From the Molecular Genetics Section,* Pediatric Branch,
National Cancer Institute, National Institutes of Health,
Bethesda, and the Department of Pathology,t The Jobns
Hopkins Medical Institutions, Baltimore, Maryland

The authors previously evaluated the expression of
a panel of chromaffin-related genes during bisto-
genesis of the buman adrenal medulla. In these
studies, cbhromaffin and nonchromaffin adrenal
neuroblasts were identified. To better characterize
these nonchromaffin neuroblasts, the authors eval-
uated two additional markers: HNK- 1, an antibody
recognizing the migratory neural crest cell; and S-
100, a protein expressed by sustentacular cells of
the adrenal medulla. HNK- 1 immunoreactivity was
JSound in both chromaffin and nonchromaffin cell
types at different times during development, mark-
ing the nonchromaffin lineage during the second
trimester of gestation as well as the chromaffin lin-
eage in the neonatal period. In addition, S-100 ex-
Dression was noted in some nonchromaffin neuro-
blasts, and sustentacular cells were first identified
at approximately 28 weeks of gestational age.
These data suggest a model of buman adrenal med-
ullary bistogenesis that incorporates the chro-
maffin, ganglionic, and sustentacular lineages
known to constitute the adult adrenal medulia.
(AmJ Pathol 1990, 137:605-615)

The histogenesis of human organs from muitipotent pre-
cursor cells undoubtedly requires complex and sensi-
tively regulated control mechanisms that direct the dif-
ferentiation of primitive cells along the different cellu-
lar lineages that constitute adult tissues. During
organogenesis, progenitor cells from multiple lineages si-
multaneously proliferate and differentiate to generate the
complex structural and functional organization that char-
acterizes differentiated tissues. The adrenal medulla, a

neuroendocrine tissue that is enveloped by the mesoder-
mally derived adrenal cortex,' provides a model system
to evaluate the expression of genes that mark different
cellular lineages during tissue development.

The adrenal medulla is composed of three different
neural crest-derived lineages: chromaffin,>* gangli-
onic,>”7 and sustentacular.® Chromaffin cells constitute
most of the adult adrenal medulla® and release catechol-
amines'®"" and possibly neuropeptides'®'2'? into the cir-
culation. The adrenal medulla also contains a small num-
ber of ganglion cells interspersed among the chromaffin
cells.>7 Ganglion cells can be identified by their large size,
and electron micrographs of adrenal sections have identi-
fied neuronal processes associated with these cells.® The
adult adrenal medulla also is composed of sustentacular
celis,® Schwann-like cells that are closely associated with
adrenal chromaffin cells. The adrenal medullary susten-
tacular cell is distinguished by its expression of the S-100
protein as well as its characteristic electron microscopic
appearance.®

In previous studies, we have identified chromaffin and
putative nonchromaffin precursor cells during develop-
ment of the human adrenal medulla.'*'s While evaluating
the expression of chromaffin-related genes in a panel of
fetal and neonatal adrenal glands, we delineated succes-
sive stages during the chromaffin maturation of adrenal
neuroblasts by the sequential expression of tyrosine hy-
droxylase (TH), the rate-limiting enzyme in catecholamine
biosynthesis'®; chromogranin A (CGA), a major constitu-
ent of the neurosecretory granule®; pG2, an anonymous
chromaffin-related gene that we previously cloned from a
pheochromocytoma cDNA library'”; and beta-2-micro-
globulin (B2M), the light chain component of the class |
major histocompatibility complex.® In addition to adrenal
chromaffin cells, a population of adrenal neuroblasts that
did not express any of these markers was found in some
adrenal specimens until 24 weeks of gestational age.
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These marker-negative cells could be identified also by
their distinctive cellular morphology. They had a small nu-
cleus with condensed chromatin that contrasted sharply
with the more open chromatin and larger nuclear size
found in chromaffin cells.'®

To further characterize these presumptive nonchro-
maffin adrenal medullary progenitor cells, we evaluated
adrenal gland specimens over the course of development
for the expression of S-100 protein and HNK-1 immunore-
activity. S-100 protein has previously been shown to be
expressed by adrenal sustentacular cells.® We found it
useful in marking development of the sustentacular lin-
eage. Although most cells found in the adult adrenal me-
dulla, including chromaffin cells, are immunoreactive with
HNK-1," this antibody has been shown previously to label
primitive, migratory neural crest cells.2>-2 HNK-1 recog-
nizes a variety of proteins, including neural cell adhe-
sion molecule (N-CAM),2* neuronal-glial cell adhesion
molecule (Ng-CAM), % myelin-associated glycoprotein
(MAG),? a protein found in adrenal medullary chromaffin
granules,?” and a cell-surface protein found on natural
killer cells.2® We found that HNK-1 marks the presumptive
nonchromaffin adrenal neuroblast population, lending fur-
ther support for their neural crest origin. The combination
of S-100, HNK-1, TH, CGA, pG2, and B2M therefore can
be used to delineate stages during the differentiation of
adrenal neuroblasts and to identify branch points in this
maturational program during histogenesis of the adrenal
medulla.

Materials and Methods

Adrenal Glands

Paraffin-embedded blocks of 34 fetal and neonatal adre-
nal glands ranging in age from approximately 42 days
postconception to 5 years after birth were evaluated by
immunohistochemistry for the expression of CGA, HNK-
1, and S-100. These research specimens were obtained
from either the Central Laboratory of Embryology (Dr.
Thomas H. Shepard, University of Washington, Seattle,
WA\) or from the Pathology Department of the Johns Hop-
kins Hospital (Dr. Grover M. Hutchins, Baltimore, MD).
Paraffin-embedded blocks of adult adrenal glands were
obtained from the Pathology Department of the East Car-
olina University School of Medicine (Dr. Richard P. Bo-
lande, Greenville, NC). All tissue samples were fixed in
4% formaldehyde before being embedded in paraffin for
immunohistochemical analysis.

Immunohistochemistry

Five-micron sections of paraffin-embedded blocks of fe-
tal, neonatal, and adult adrenal glands were evaluated for
CGA, HNK-1, and S-100 immunoreactivity using an avi-
din-biotin complex immunoperoxidase-linked detection
system (Vectastain ABC Immunoperoxidase Kit) accord-
ing to the manufacturer’s instructions (Vector Labora-
tories, Burlingame, CA). Primary antibodies included a
mouse IgG; anti-human chromogranin A monoclonal anti-
body (clone LKH210) at a dilution of 10 ug/ml (Boehringer
Mannheim Biochemicals, Indianapolis, IN); HNK-1, a
mouse IgM monoclonal antibody used at a dilution of 10
ug/mi (Becton-Dickinson, Mountain View, CA); a rabbit
anti-bovine brain S-100 antisera used at a dilution of
1:1500 (Accurate Chemicals, Westbury, NY); an IgG;
mouse anti-leukocyte common antigen antibody used at
a dilution of 1:20 (Dako Corp., Santa Barbara, CA); and a
rabbit anti-human neuron-specific enolase antisera used
at a dilution of 1:500 (Accurate Chemicals, Westbury,
NY). Control antibodies included isotype matched mouse
anti-mouse H2 antigen-specific monoclonal antibodies
(provided by Dr. David Sachs, National Institutes of
Health, Bethesda, MD) and purified rabbit immunoglobu-
lin (Accurate Chemicals, Westbury, NY). Antibodies were
incubated with sections overnight at room temperature.
Diaminobenzidine (0.05%) was used as the chromogen
(Sigma, St. Louis, MO). Sections were counterstained
with hematoxylin and eosin (H&E) using standard tech-
niques. Each experimental assay also included sections
of adult adrenal glands, with adrenal medullary and corti-
cal cells serving as positive and negative tissue controls,
respectively. The staining intensity of adult adrenal medul-
lary cells was essentially identical in each assay, and all
fetal and neonatal adrenal glands were evaluated in two
consecutive experiments to minimize variations in experi-
mental conditions.

Maturation Index

The expression of HNK-1 in chromaffin adrenal medullary
cells was independently evaluated by two authors (MJC,
GMH) using an index that takes into account staining in-
tensity as well as the percentage of medullary cells scor-
ing positively at a given signal intensity level. Maturation
index = sum (i) (n;)/3N, where i is the level of signal inten-
sity; n; is the number of cells with signal intensity i; and N
is the total number of cells counted (usually two to five
high-power fields containing 100 to 200 cells). The level
of signal intensity, i, was graded as 0 (no stain), 1 (mini-
mal), 2 (moderate), and 3 (marked). An adrenal chromaffin
medullary cell was recognized by the expression of CGA



and by its characteristic morphology, with a relatively
large nucleus and open chromatin.

Results

In previous studies we identified fetal adrenal medullary
cells that did not express a panel of chromaffin-related
markers, including TH, CGA, pG2, and B2M."*'® These
marker-negative adrenal medullary cells morphologically
resembled neuroblasts, and were easily distinguishable
from the surrounding fetal adrenal cortical cells. The pos-
sibility that these cells could be of hematopoietic origin
was investigated by examining adrenal sections for immu-
noreactivity to a monoclonal antibody that recognizes the
anti-leukocyte common antigen. The absence of any
staining by this antibody in these adrenal sections (data
not shown) added further support to the possibility that
these marker-negative cells were nonchromaffin adrenal
neuroblasts. To better understand the developmental fate
of these nonchromaffin adrenal neuroblasts, we evalu-
ated human fetal and neonatal adrenal glands for immu-
noreactivity to the HNK-1 antibody. HNK-1 recognizes an
oligosaccharide determinant found in a family of proteins
that may be important in cell-cell recognition, 2% and de-
tects primitive, migratory neural crest cells®®-® as well as
neural crest-derived cell types that have differentiated
along the Schwann cell,?>?® neuronal,?* and chromaffin?’
lineages.

In Figure 1, adjacent sections from representative ex-
amples of fetal adrenal glands that contain both chro-
maffin and nonchromaffin adrenal neuroblasts were evalu-
ated for the expression of CGA and for HNK-1 immunore-
activity. Chromogranin A expression is detectable
throughout chromaffin maturation of adrenal medullary
cells,’ and therefore distinguishes between chromaffin
and nonchromaffin adrenal neuroblasts. In panels A1 and
A2, afirst-trimester adrenal gland (estimated age, 57 days
of gestation) that was evaluated for CGA expression and
HNK-1 immunoreactivity, respectively, is shown. In panel
A1, CGA-positive adrenal neuroblasts can be seen in
clusters surrounding a central collection of CGA-negative,
nonchromaffin neuroblasts. Evaluation of an adjacent
section for HNK-1 immunoreactivity, shown in panel A2,
did not indicate that either adrenal neuroblast population
was immunoreactive. A similar pattern of immunoreactiv-
ity is found in other first-trimester adrenal glands, such as
the example evaluated in panels B1 and B2 (estimated
age, 76 days of gestation). In this sample, both chromaffin
and nonchromaffin adrenal neuroblasts, as identified by
the presence or absence of CGA expression in panel B1,
are negative for HNK-1immunoreactivity, as seen in panel
B2. In contrast, HNK-1 immunoreactivity is exclusively de-
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tected in the nonchromaffin adrenal neuroblast population
of adrenal glands from older fetuses. In panels C1 and C2,
an adrenal gland of estimated gestational age 20 weeks is
evaluated for CGA expression and HNK-1 immunoreactiv-
ity, respectively. The central collection of nonchromaffin
adrenal neuroblasts, as identified by the lack of detect-
able CGA expression in panel C1, has low levels of HNK-
1-specific staining, as seen in panel C2. The CGA-posi-
tive adrenal neuroblasts in this adrenal gland, however,
are not immunoreactive with HNK-1.

The mutually exclusive pattern of CGA and HNK-1 im-
munoreactivity in chromaffin and nonchromaffin adrenal
neuroblasts, respectively, is further demonstrated in the
adrenal gland (estimated gestational age of 24 weeks)
shown in Figure 2. As seen in panel A1, clusters of CGA-
positive chromaffin neuroblasts can be identified as well
as other collections of CGA-negative, nonchromaffin
adrenal neuroblasts. The CGA-positive neuroblasts are
not immunoreactive with HNK-1, whereas the CGA-nega-
tive neuroblasts are markedly reactive with HNK-1, as
seen in panel A2. These sections are viewed at higher
magnification in panels B1 and B2, where the distinctive
morphologies of these two populations of adrenal neuro-
blasts can be appreciated. Chromaffin neuroblasts, as
identified by the arrow in panel B2, have a larger nucleus
with more open chromatin than the nonchromaffin neuro-
blasts. Nonchromaffin neuroblasts, as identified by the ar-
row in panel B1, have a smaller nuclear size than the chro-
maffin neuroblasts and a darkly staining nucleus with con-
densed chromatin.

In adrenal glands from older fetuses, this nonchro-
maffin adrenal neuroblast population could no longer be
detected by either morphologic criteria or HNK-1 immuno-
reactivity. Seventeen adrenal specimens ranging in age
from 28 weeks of gestation to 5 years after birth were
evaluated for the presence of nonchromaffin adrenal neu-
roblasts, and these cells were not present in any of these
samples. Therefore, HNK-1 is a late marker of the non-
chromaffin adrenal medullary lineage, detectable in these
cells for several weeks before this population apparently
disappears during gestation.

HNK-1 immunoreactivity was not detectable in any
chromaffin adrenal neuroblasts during the first two trimes-
ters of development. However, as this marker is detected
in adult adrenal medullary chromaffin cells,'® we evaluated
the temporal pattern of HNK-1 immunoreactivity in third
trimester and neonatal adrenal glands. In Figure 3, panels
A1 and A2, adjacent sections from a third-trimester adre-
nal gland (estimated age, 30 weeks of gestation) were
evaluated for CGA expression and HNK-1 immunoreactiv-
ity, respectively. There is a homogeneous pattern of CGA
expression among nearly all identifiable adrenal medullary
cells, as seen in panel A1. Rather than CGA-positive neu-
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Figure 1. HNK-1 immunoreac-
tivity in first and second trimes-
ter adrenal medullary neuro-
blasts. Adjacent sections from
representative adrenal glands
were analyzed by immunobis-
tochemistry for expression of
CGA (panels A1, B1, and C1)
and HNK-1 immunoreactivity
(panels A2, B2, and C2). The es-
timated gestational age of the
adrenal gland in panels A1 and
A2 is 56 days; in panels B1 and
B2 is 76 days; and in panels C1
and C2is 20 weeks. Bar in panel
Al, 20 p. Figure 2. CGA and
HNK-1 immunoreactivity in
chromaffin and nonchromaffin
neuroblasts in a 24-week gesta-
tional age adrenal gland. Adja-
cent sections from this specimen
were evaluated by immunobis-
tochemistry for CGA expression
(panels A1 and B1) and HNK-1
immunoreactivity (panels A2
and B2). Arrows in panels B1
and B2 identify nonchromaffin
and chromaffin adrenal neuro-
blasts, respectively. Bar in panel
Al, 20 u; in panel B1, 10 u.




roblasts being distributed in individual groups or clusters,
as seen in Figures 1 and 2, the chromaffin medullary cells
in adrenal glands during the third trimester have coa-
lesced to form the distinct, centrally placed medullary
zone characteristic of the adult adrenal gland. No HNK-1
immunoreactivity is detectable in this third-trimester speci-
men, as seen in Figure 3, panel A2.

In contrast, HNK-1 immunoreactivity is detected in
neonatal chromaffin cells. In Figure 3, an adrenal gland
from a 4-week-old child was evaluated for CGA and HNK-
1 immunoreactivity in panels B1 and B2, respectively.
Nearly all identifiable medullary cells express CGA, and
some of these chromaffin cells are moderately immunore-
active with HNK-1. A similar pattern of CGA expression
and HNK-1 immunoreactivity was seen in the adrenal
medullary cells of an adrenal gland from a 2-year-old child,
in panels C1 and C2, respectively. The pattern of HNK-1
staining in an adult adrenal gland is more intense than
that found in neonatal samples, resembling the staining
pattern seen for CGA. A representative example of an
adult adrenal gland evaluated for CGA expression and
HNK-1 immunoreactivity is presented in panels D1 and
D2, respectively. The maturation index for HNK-1 during
development of the chromaffin adrenal medullary lineage
is presented in Figure 4. Chromaffin adrenal medullary
cells are not HNK-1 immunoreactive until the neonatal pe-
riod. The level of immunoreactive staining in neonatal
adrenal glands gradually increases, with the oldest non-
adult specimen evaluated in this study, at 5 years after
birth, having a maturation index of approximately 0.4.
Subsequently, the time course of HNK-1 staining remains
to be defined, although the maturation index for HNK-1
eventually reaches 1.0, the value characteristic of adult
adrenal medullary cells.

To evaluate the sustentacular lineage during histogen-
esis of the adrenal medulla, we analyzed fetal and neona-
tal adrenal glands for expression of the S-100 protein, a
marker previously established to be expressed by adrenal
medullary satellite or sustentacular cells and not by adre-
nal chromaffin cells.® Two patterns of staining were recog-
nized in first- and second-trimester fetal adrenal glands:
S-100 positive spindle-shaped cells were associated with
nerve tracks that were detected running through the adre-
nal gland by antisera recognizing neuron-specific enolase
(data not shown) and S-100-positive cells were some-
times seen associated with collections of nonchromaffin
neuroblasts. The former type of S-100-positive cell ap-
pears to be a Schwann cell associated with neurons that
innervate the adrenal gland, and these cells probably are
not precursors of the sustentacular lineage. The S-100-
positive cells associated with nonchromaffin adrenal neu-
roblasts also were spindle shaped and were typically lo-
calized around the perimeter of these collections of cells
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in firsttimester adrenal glands (data not shown). Later
during gestation, however, the pattern of S-100 expres-
sion in these nonchromaffin adrenal neuroblasts
changed. At this time, S-100-positive cells were ob-
served within collections of nonchromaffin cells. An exam-
ple of this type of S-100-positive cell is seen in Figure
5A, in an adrenal gland of 20 weeks estimated gesta-
tional age.

During the third trimester of fetal development, another
pattern of S-100 cellular staining was recognized. In con-
trast to earlier times during development, when S-100-
positive cells were associated with nonchromaffin adrenal
neuroblasts, these S-100-positive cells were found in
close proximity to surrounding chromaffin cells. Further-
more these cells have cellular processes that interdigitate
between the chromaffin cells. Because these histologic
features are characteristic of the adult adrenal sustentac-
ular cell, these third-trimester S-100-positive cells proba-
bly belong to the sustentacular lineage. An example of
this cell type is found in an adrenal gland of estimated
gestational age 30 weeks, as seen in Figure 5, panel B. A
similar pattern of S-100 expression was found in a repre-
sentative adult adrenal gland (Figure 5, panel C).

As sustentacular cells are difficult to identify by light
microscopy in fetal and neonatal adrenal glands based on
morphologic criteria alone, it was not possible to devise
a maturation index to quantitate the expression of S-100
during maturation of the sustentacular lineage. Despite
this limitation, S-100 expression was evaluated in 30 fetal
and neonatal adrenal glands, including most of those pre-
viously evaluated for CGA and HNK-1. An S-100-positive
cell was designated a sustentacular cell if it had spindle-
like processes interdigitating between chromaffin medul-
lary cells. Based on these criteria, all 14 fetal adrenal spec-
imens of gestational age less than 28 weeks were devoid
of recognizable sustentacular cells, whereas 16 speci-
mens of gestational age 28 weeks and older contained S-
100-positive sustentacular cells.

Discussion

The evaluation of lineage-related gene expression during
histogenesis of a tissue provides a biologic context in
which to investigate the molecular mechanisms regulating
organogenesis. The adrenal medulla, a tissue composed
of cell types from three different neural crest-derived lin-
eages, provides a provocative model system in which to
study tissue histogenesis. In prior studies we have delin-
eated successive stages of adrenal medullary chromaffin
maturation by analyzing the temporal regulation of chro-
maffin-related gene expression during development.'#1®
In this report we extend these studies to include nonchro-
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Figure 3. HNK-1 immunoreac-
tivity in third trimester, neona-
tal, and adult adrenal medul-
lary cells. Adjacent sections
from representative adrenal
glands were evaluated for CGA
expression (panels Al, Bl, Cl,
and D1) and HNK-1 immunore-
activity (panels A2, B2, C2, and
D2). The estimated ages of the
adrenal glands in panels Al
and A2 is 30 weeks; in panels B1
and B2 is 2 months after birth;
and in panels C1 and C2 is 2
years after birth. In panels D1
and D2 an adult adrenal gland
is shown. Bar in panel D2, 20 p.
Figure 5. Expression of S-100
during hbistogenesis of the hu-
man adrenal medulla. Repre-
sentative adrenal glands dem-
onstrating the pattern of S-100
expression during development
of the adrenal medulla are
shown. A shows an adrenal
gland of 20 weeks estimated ges-
tational age. The arrow in this
section points to an S-100-posi-
tive cell within an island of non-
chromaffin  adrenal  neuro-
blasts. A collection of sustentac-
ular cells in a field of adrenal
medullary chromaffin cells is
identified in an adrenal gland
of 30 weeks estimated gesta-
tional age (B) and an adult
adrenal gland (C). The arrows
in these panels identify typical
sustentacular cells with  pro-
cesses interdigitating between
surrounding chromaffin cells.
BarinC, 10u.




maffin adrenal medullary lineages, describing each of the
neural crest-derived cell types thought to give rise to the
adult adrenal medulla.

Our data suggest a model of adrenal medullary histo-
genesis (Figure 6) that extends our earlier description of
chromaffin cell maturation.’® Clonal analyses of the de-
scendants of primordial neural crest cells using in vivo
labeling techniques®' and in vitro cell cultures®3 have
determined that primitive neural crest cells can give rise
to cells that differentiate along multiple lineages. These
multipotent neural crest stem cells may give rise to one or
more classes of migratory neuroblasts that invade the fe-
tal adrenal cortex to become adrenal medullary precursor
cells. The chromaffin, sustentacular, and ganglionic adre-
nal medullary lineages may arise from a common adrenal
medullary precursor cell. Alternatively, adrenal medullary
precursor cells may have limited plasticity to differentiate
along chromaffin and nonchromaffin lineages, consistent
with the committed neuronal progenitors observed in in
vitro cultures of quail neural crest.® Local environmental
factors, possibly produced by the fetal adrenal cortex,
then may initiate a program of cellular proliferation and
differentiation along chromaffin and nonchromaffin lin-
eages.>¥

We have shown previously that stages during matura-
tion of the chromaffin lineage are delineated by the suc-
cessive expression of TH, CGA, pG2, and B2M: TH and
CGA are expressed early in the first trimester of develop-
ment; pG2 is a mid-gestational marker expressed at high
levels by 20 weeks of gestation; and B2M is a late marker
of the adrenal medullary chromaffin lineage expressed at
high levels soon after birth."*'> Our current study indi-
cates that HNK-1 also marks the neonatal chromaffin cell,
as shown in Figure 4, although the maturation index for
this marker, unlike these other chromaffin-related genes,
has not yet approached the adult value of 1.0 even at 5
years of age. The gradual onset of HNK-1 immunoreactiv-
ity is indicated by the open arrow in Figure 6.

In addition to chromaffin cells, the adult adrenal me-
dulla is composed of a very small number (<1%) of gan-
glion cells® (unpublished data). We believe the ganglionic
lineage arises from a nonchromaffin precursor cell. Early
during development, nonchromaffin neuroblasts are not
immunoreactive with HNK-1 (Figure 1, panels A2 and B2),
and such a precursor cell is designated as a ganglionic
progenitor cell in Figure 6. By 20 weeks of gestation, how-
ever, HNK-1 immunoreactivity is detectable in nonchro-
maffin neuroblasts (Figure 1, panel C2). Several weeks
later these cells can no longer be recognized in fetal adre-
nal glands. HNK-1 is therefore a late marker of the non-
chromaffin adrenal neuroblast population. We believe that
these cells belong to the ganglionic lineage, as indicated
in Figure 6, although it is also possible that some mem-
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bers of the HNK-1-positive nonchromaffin population
could give rise to nonganglionic adrenal medullary cell
types. The reactivity of nonchromaffin adrenal neuro-
blasts with HNK-1 is of importance because it provides
further evidence of a neural crest origin for this population
of cells. Moreover, as many adult adrenal medullary gan-
glion cells are immunoreactive with HNK-1 (unpublished
data), it is likely that nonchromaffin neuroblasts are pre-
cursors of the ganglionic lineage.

Adrenal medullary precursor cells also may give rise
to the sustentacular lineage (Figure 6). The adult adrenal
medullary sustentacular cell is characterized by a spindle-
shaped cytoplasm, the expression of S-100, and the ex-
tension of cellular processes interdigitating between chro-
maffin cells. During histogenesis of the adrenal medulla,
cells with these features were first detected in an adrenal
gland from approximately 28 weeks of gestation (Figure
5, panel B), 22 to 23 weeks after migratory neural crest
cells first invade the fetal adrenal cortex. Before this time,
spindle-shaped cells expressing S-100 were seen in fetal
adrenal sections, although most of these appeared to be
Schwann cells closely associated with nerves innervating
the adrenal gland. However, we have identified S-100-
positive cells associated with the nonchromaffin adrenal
neuroblast population in adrenal specimens from approxi-
mately 20 to 24 weeks of gestation (Figure 5, panel A).
We believe these cells are likely to be sustentacular pro-
genitor cells, although without additional markers of the
sustentacular lineage we cannot be certain of the lineage
to which these cells belong.

These findings suggest that nonchromaffin adrenal
neuroblasts may include precursors of both sustentacular
and ganglion cells, and that the ganglionic and sustentac-
ular lineages may be more closely related to one another
ontogenetically than either lineage is to the chromaffin
medullary lineage. The developmental fate of these non-
chromaffin neuroblasts, however, remains undefined.
There are proportionately many fewer nonchromaffin pa-
renchymal cells in the adult adrenal than in fetal adrenal
glands of 20 to 24 weeks of gestational age. Moreover,
nonchromaffin adrenal neuroblasts are not detectable in
adrenal glands from fetuses older than 24 weeks of gesta-
tion. These data raise the possibility that many of these
cells die during development. This outcome is consistent
with the programmed developmental cell death observed
in a variety of other systems, including the hermaphrodite-
specific neurons of Caenorhabditis elegans,® and spinal
and ganglionic neurons that have unsuccessfully inner-
vated target tissues.3® Moreover, neuronal cell death has
been observed to occur in cultures of rat adrenal medul-
lary cells in response to environmental manipulations.*

As sympathetic neural crest cells have the plasticity
to differentiate along multiple lineages in vitro, it is also
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Figure 4. HNK-1 immunoreactivity in chromaffin neuroblasts during development of the buman adrenal medulla. HNK-1 staining
was evaluated in 34 adrenal specimens using a maturation index as defined in Methods. The abscissa indicates times during fetal
development of the adrenal medulla, with a break in the axis after postnatal week 16 and after 5 years of age. The best-fit curve was
determined by a nonlinear regression analysis using a sigmoid equation (correlation coefficient, 0.75). Chromaffin medullary cells
in four adult adrenal glands each bad a maturation index of 1.0 for HNK-1 staining, indicated by (Q). B, birth; A, adult.

possible that some HNK-1-immunoreactive nonchro-
maffin neuroblasts may differentiate into chromaffin or
sustentacular cells. In the presence of glucocorticoids,
neonatal rat sympathetic cervical ganglia cells differenti-
ate to cells with adrenal chromaffin characteristics, includ-
ing the production of phenylethanolamine-N-methyltrans-
ferase, the synthesis of epinephrine, and the presence
of large granular vesicles.3* Dexamethasone also induces
the transcription of several chromaffin-specific cDNAs in
a human neuroblastoma cell line."” In contrast, when rat
neonatal chromaffin adrenal medullary cells are cultured
in the presence of nerve growth factor, these cells can
differentiate into cells with neuronal features, including the
presence of synapses, the loss of chromaffin granules,
and the expression of neurofilament protein.® Nerve
growth factor also induces the transcription of a neuron-
specific cDNA in rat pheochromocytoma cells.® In addi-
tion, human neuroblastoma cells can be induced to ex-
press the S-100 protein in the presence of 5-bromo-2-
deoxyuridine, suggestive of differentiation along a
Schwann cell lineage.*” These findings suggest another
possible explanation for the precipitous fall in the number
of HNK-1-immunoreactive nonchromaffin neuroblasts af-
ter week 24 of gestation; namely, the differentiation of
these cells along chromaffin or sustentacular pathways.
Subpopulations of human fetal adrenal neuroblasts
with distinct morphologies have been previously re-

ported.*¥-*° Coupland® conducted a morphologic evalua-
tion of human adrenal medullary development and noted
cell types, including pheochromoblasts and chromaffin
cells, with different nuclear morphologies. In addition,
primitive sympathetic cells were found within the fetal
adrenal gland, and these cells were considered to be the
multipotent precursor cell of both the adrenal chromaffin
and ganglionic lineages. Primitive sympathetic cells were
recognized within adrenal glands from fetuses up to the
150-mm stage, a size that corresponds to approximately
17 weeks of gestational age. These cells are probably the
nonchromaffin adrenal medullary population seen in our
study. Our model of adrenal medullary histogenesis ex-
tends these earlier observations, although our data sug-
gest that adrenal medullary nonchromaffin neuroblasts
may be committed to a nonchromaffin lineage(s) and do
not give rise to chromaffin cells.

Expression of the S-100 protein has been examined
previously in human fetal adrenal glands of approximately
20 weeks of gestational age.*' This study reported sev-
eral patterns of S-100 staining by fetal medullary cells. S-
100-positive cells were identified around the perimeter
and occasionally within the center of clusters of nonargyr-
ophilic adrenal neuroblasts. Within clusters of chromaffin
cells, identified by positive staining with Grimelius’ silver
impregnation method, S-100-positive cells were inter-
preted to be adrenal sustentacular cells. Our observations
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Figure 6. Model of adrenal medullary bis-
togenesis. The neural crest stem cell repre-
sents a primordial, multipotent cell before
neural crest migration. Descendants of
these stem cells that invade the fetal adre-
nal cortex and give rise to the adrenal me-
dulla are designated as adrenal medul-
lary precursor cells. As the precise develop-
mental potential of such precursor cells bhas
not been defined, it is represented using a
dashed line. Successive stages during mat-
uration of chromaffin medullary cells are
identified by the sequential expression of
TH, CGA, pG2, and B2M, as previously de-
scribed.”’> An additional stage in chro-
maffin maturation is identified by HNK-1
immunoreactivity, although the open ar-
row preceding the HNK-1-positive chro-
maffin cell signifies that the maturation in-
dex for this adrenal marker bas not yet
reached the adult value of 1.0 by 5 years of
age. The sustentacular lineage is marked

by the expression of S-100 and may arise from a nonchromaffin adrenal neuroblast. The ganglionic lineage also may arise from
such precursors. An early stage during maturation of this lineage is represented by the ganglionic progenitor cell, which is not
immunoreactive with HNK-1. Later during development, this cell type becomes immunoreactive with HNK-1.

parallel these patterns of S-100 expression in fetal adrenal
glands at comparable gestational ages, although we did
not observe sustentacular cells until approximately 28
weeks of gestational age.

Neuroblastoma, an embryonal tumor of the adrenal
medulla, differentiates spontaneously along multiple cell
lineages* and in response to a variety of exogenous
agents in cell culture.®"*3-%% This tumor has also been re-
ported to differentiate in vivo,*6*” sometimes associated
with spontaneous tumor regression.*®“° Although many
neuroblastoma tumors appear histologically to be com-
posed of small, undifferentiated round cells,* resembling
the histology of primitive neuroblasts found early during
development of the adrenal medulla, other tumors have
more differentiated features, resembling Schwann cells*’
and ganglion cells.® In addition, some neuroblastoma tu-
mors express the chromaffin-related marker, CGA,%' indi-
cating differentiation along a neuroendocrine pathway.
These findings suggest that neuroblastoma tumors can
differentiate along several different lineages physiologic
for precursor cells of the adrenal medulla. Moreover, as
neuroblastoma is a tumor of early childhood, it is possible
that some neuroblastoma tumors may arise during fetal
development of the adrenal medulla, perhaps associated
with a phenotypic differentiation arrest. An analysis of
adrenal medullary lineage-related gene expression in neu-
roblastoma cell lines and tumors therefore may identify
neuroblastomas that correspond to adrenal medullary
precursor cells arrested at different stages of develop-
ment. Also, because the biologic behavior of neuroblasto-
mas may mimic the cellular characteristics of primitive
neuroblasts, including the ability of primitive, migratory
neural crest cells to traverse tissue barriers and invade
adjacent structures, it is possible that a differentiation-
based classification of neuroblastoma tumors may pro-

vide insight into biologic activities key in determining the
pathologic behavior of individual tumors.
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