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ABSTRACT

Chromaffin cells, sympathetic neurons of the dorsal ganglia, and the intermediate small intensely
fluorescent cells derive from a common neural crest progenitor cell. Contrary to the closely related
sympathetic nervous system, within the adult adrenal medulla a subpopulation of undifferentiated
progenitor cells persists, and recently, we established a method to isolate and differentiate these
progenitor cells from adult bovine adrenals. However, no studies have elucidated the existence of
adrenal progenitor cells within the human adrenal medulla. Here we describe the isolation, charac-
terization, and differentiation of chromaffin progenitor cells obtained from adult human adrenals.
Human chromaffin progenitor cells were cultured in low-attachment conditions for 10-12 days as
free-floating spheres in the presence of fibroblast growth factor-2 (FGF-2) and epidermal growth
factor. These primary human chromosphere cultures were characterized by the expression of sev-
eral progenitor markers, including nestin, CD133, Notch1, nerve growth factor receptor, Snai2, Sox9,
Sox10, Phox2b, and Ascl1 on the molecular level and of Sox9 on the immunohistochemical level. In
opposition, phenylethanolamine N-methyltransferase (PNMT), a marker for differentiated chromaf-
fin cells, significantly decreased after 12 days in culture. Moreover, when plated on poly-L-lysine/
laminin-coated slides in the presence of FGF-2, human chromaffin progenitor cells were able to
differentiate into two distinct neuron-like cell types, tyrosine hydroxylase (TH)*/B-3-tubulin™ cells
and TH™/B-3-tubulin™ cells, and into chromaffin cells (TH*/PNMT™). This study demonstrates the
presence of progenitor cells in the human adrenal medulla and reveals their potential use in re-
generative medicine, especially in the treatment of neuroendocrine and neurodegenerative
diseases. STEM CELLS TRANSLATIONAL MEDICINE 2012;1:000—-000

phenotype and in contrast to sympathetic neu-
rons, chromaffin cells are also characterized by
their plastic properties, which include the ability
to proliferate throughout life and the capacity to
acquire a neural-like phenotype in response to
neurogenic stimulation [4-9]. These properties
promoted the study of chromaffin cells for their
potential in the treatment of neurodegenerative
diseases and chronic pain [10-15]. Already in
1985, Backlund et al. reported the first autolo-
gous transplant of human medullary tissue in pa-
tients with Parkinson’s disease (PD) [10]. Since
that time, a substantial number of groups have

INTRODUCTION

Chromaffin cells, sympathetic neurons of the
dorsal ganglia, and the intermediate small in-
tensely fluorescent cells develop from a common
neural crest-derived sympathoadrenal (SA) pro-
genitor cell. Along their migratory route, SA pro-
genitors become catecholaminergic, aggregate
at the dorsal aorta, and then further migrate to
the secondary sympathetic ganglia and the adre-
nal medulla, where they differentiate into ma-
ture sympathetic neurons and chromaffin cells,
respectively (reviewed in [1]). In the adrenal me-
dulla, chromaffin cells acquire an endocrine phe-

notype and specialize in the synthesis and secre-
tion of catecholamines. In addition, chromaffin
cells produce and secrete, by exocytosis, a “cock-
tail” of bioactive substances, including neuro-
peptides, cytokines, enkephalines, and neu-
rotrophic factors [2, 3]. Despite this endocrine

reported the use of chromaffin cells for trans-
plantation in PD patients, showing clinical im-
provements that unfortunately disappeared
within 1-2 years after transplantation because of
low survival rates of the grafts in the brain (re-
viewed in [11]).
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In the last few years, the research in stem cell biology has
opened new perspectives concerning the potential use of adult
stem cells from different tissues for cell therapy and regenera-
tive medicine. Recently, we isolated chromaffin progenitor cells
from bovine adrenal medulla [16, 17]. Analogous to neural stem
cells, these progenitor cells grow in suspension as free-floating
spheres, which we named chromospheres, and differentiate into
functional neurons. The proliferation and differentiation of
these cells into functional neurons might be a promising strategy
in the regenerative treatment of neurodegenerative diseases
[18-20]. However, until now no studies have elucidated the iso-
lation of chromaffin progenitor cells from the adult human adre-
nal medulla. Thus, in this study, we aimed to isolate and charac-
terize these cells from adult human adrenal glands as a
prerequisite for their future use in transplantation trials.

MATERIALS AND METHODS

Cell Culture of Human Adrenal Medulla Progenitor Cells

The ethical committees of the University of Dresden and the
University of Coimbra approved this study. Human adrenal
glands were obtained from kidney transplant donors (Coimbra)
and from patients undergoing nephrectomy where the ipsilat-
eral adrenal was removed together with the kidney (Dresden). A
cell digest from the medullary tissue was obtained as previously
described [21]. Briefly, the glands were cleaned of fat tissue and
opened, and the medullae were separated from the majority of
the cortex by scraping off the brown interdigited islets of chro-
maffin cells with a scalpel. Medullary tissue was collected in 0.2%
collagenase Type H solution (Sigma-Aldrich, St. Louis, MO,
http://www.sigmaaldrich.com) and incubated for 45 minutes at
37°C.The digested tissue was washed twice with culture medium
and filtered through a 100-um strainer. For chromosphere cul-
ture, the cell digest was resuspended in Dulbecco’s modified
Eagle’s medium/F-12 with GlutaMAX, 100 U/ml penicillin, and
100 ug/ml streptomycin, and supplemented with 1% B27, 10
ng/ml fibroblast growth factor-2 (FGF-2), 10 ng/ml endothelial
growth factor (EGF; all from Invitrogen, Carlsbad, CA, http://
www.invitrogen.com), and 5 wg/ml heparin (Sigma-Aldrich).
Chromospheres were allowed to grow for 10-12 days in low-
attachment flasks at 37°Cin a 5% CO, atmosphere. The medium
was changed every 4th day.

RNA Extraction and Reverse Transcription-Polymerase
Chain Reaction

Cells were collected and disrupted in RNeasy lysis buffer with 1%
B-mercaptoethonal and total RNA was extracted using the
RNeasy Plus Mini kit (Qiagen, Hilden, Germany, http://www.
giagen.com) according to the manufacturer’s instructions. M-
MLV reverse transcriptase, 5X reverse transcriptase buffer, oli-
go(dT) 15 primer, and RNase inhibitor (Promega, Madison, WI,
http://www.promega.com) were used for the reverse transcrip-
tion (RT) of 1 ug of total RNA. cDNA amplifications were done
using specific primer pairs (Table 1) in NH, reaction buffer with
1.5 mM MgCl,, 250 uM dNTPs, 0.5 uM of each primer, and 2.5
U/20 ul Tag DNA polymerase (Stratec, Berlin, Germany, http://
www.stratec.com). Thermal cycler conditions were as follows:
denaturation at 94°C for 5 minutes, followed by 40 cycles at 94°C
for 15 seconds, optimal annealing temperature (Table 1) for 15
seconds, and 72°C for 15 seconds, with a final extension step at

Table 1. cDNA amplifications

Annealing
temperature  Product size
Gene Primer sequence (5’-3’) (°c) (base pairs)

Nestin F: ACCTCAAGATGTCCCTCAGC 60 186
R: TCAGGACTGGGAGCAAAGAT

CD133 F: TCGACAATGTAACTCAGCGTCTTCC 60 200
R: GCCACACAGTAAGCCCAGGTAGTAA

Notch1 F: CTCACGCTGACGGAGTACAAGTG 60 198
R: CTTCTGGCCACACTCGTTGACAT

NGFR F: TGCTGCTGTTGCTGCTTCTG 60 785
R: GTTCCACCTCTTGAAGGCTATG

Snai2 F: GCGATGCCCAGTCTAGAAAA 57.5 203
R: GCAGTGAGGGCAAGAAAAAG

Sox9 F: AGTACCCGCACTTGCACAAC 60 177
R: CGTTCTTCACCGACTTCCTC

Sox10 F: GCAAGGCAGACCCGAAGC 60 140
R: GTCCAACTCAGCCACATCAAAG

Phox2b F: AACCAGAATAACGACCGCGA 60 243
R: AAAAAGGTGAACCGACTCGG

Ascl1 F: CTCGACTTCACCAACTGGTTCTGAG 58 203

(Hash1) R: GGGTTGGTTGACTGTTTTCGTTTTT

TH F: AACCAGAATAACGACCGCGA 60 243
R: AAAAAGGTGAACCGACTCGG

PNMT F: GCCTACCTCCGCAACAACTA 60 196
R: TGGTGATGTCCTCAAAGTGG

MC2R F: CCCAGAAAGTTCCTGCTTCA 60 222
R: TGCTGTGTTGTTGATGTTTTCA

GAPDH F: GAAGGTGAAGGTCGGAGTCA 60 199
R: GACAAGCTTCCCGTTCTCAG

B-actin F: GCCGTCTTCCCCTCCATCGTG 65 209
R: GGAGCCACACGCAGCTCATTGTAGA

Abbreviations: F, forward; MC2R, melanocortin receptor 2; NGFR,
nerve growth factor receptor; PNMT, phenylethanolamine
N-methyltransferase; R, reverse; TH, tyrosine hydroxylase.

72°C for 1 minute. The housekeeping gene GAPDH was amplified
from each cDNA sample. Polymerase chain reaction (PCR) ampli-
fication products were analyzed on 1% agarose gel containing
ethidium bromide.

Real-Time RT-PCR

Expression levels of nestin, phenylethanolamine N-methyltrans-
ferase (PNMT), and melanocortin receptor 2 (MC2R) were mea-
sured using SYBR Green master mix (Qiagen) in a light cycler
(Light Cycler 1.5; Roche Applied Science, Basel, Switzerland,
https://www.roche-applied-science.com), as previously de-
scribed [16, 22]. To generate standard curves for real-time PCR
quantification, DNA fragments were amplified, cloned into plas-
mid vectors (pCRII-TOPO), and transformed into competent
Escherichia coli using the TOPO TA Cloning kit (Invitrogen). Plas-
mids were purified (Maxi Plasmid kit; Qiagen) and their concen-
tration was measured by spectroscopy. A serial dilution of plas-
mid was used to generate a linear regression standard curve.
PCRs were performed in capillaries with initial denaturation at
94°C for 4 minutes; 45-50 cycles of amplification at 94°C for 15
seconds, annealing for 20 seconds, and elongation at 72°C for 15
seconds; and a final extension at 72°C for 4 minutes. The expres-
sion level of each gene was calculated by relative quantification
to the expression of the reference gene B-actin.

Cell Differentiation

Chromospheres were mechanically dissociated, as described
previously for neurosphere cultures [23], plated on slides coated
with 50 ug/ml poly-L-lysine (PLL) and 5 wg/ml laminin (both from
Sigma-Aldrich), and cultured for 1 additional day to allow cell
attachment and expansion. Removing EGF from the medium and
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increasing the FGF-2 concentration to 20 ng/ml induced cell dif-
ferentiation. Cells were allowed to differentiate for 6 days at
37°Cin 5% CO, atmosphere. Half of the medium was replaced by
fresh medium every 2nd day.

Immunofluorescence Staining

Chromospheres embedded in OCT (Tissue-Tek; Sakura Finetek,
Torrance, CA, http://www.sakura.com) were cut into 7-um cryo-
sections using a cryostat (Leica, Wetzlar, Germany, http://www.
leica.com) and collected to Super Frost Plus glass slides (R. Lan-
genbrinck, Emmendingen, Germany, http://www.langenbrinck.
com). For immunostaining, cryosections were fixed in 4%
paraformaldehyde for 20 minutes at room temperature and in-
cubated in 0.1 M glycine solution for 30 minutes at room tem-
perature. Cells were permeabilized with 1% Triton X-100 for 5
minutes, and nonspecific binding was prevented by incubating
cells with blocking solution (3% [wt/vol] fatty acid-free bovine
serum albumin supplemented with 0.2% Tween 20) for 1 hour at
room temperature. Cryosections were then incubated with the
primary antibody rabbit anti-SOX9 (1:200; Abcam, Cambridge,
U.K., http://www.abcam.com) overnight at 4°C. Cells were
washed three times with phosphate-buffered saline (PBS) and
incubated for 1 hour at room temperature with the secondary
antibody donkey anti-rabbit Cy5 (1:200; Jackson Immu-
noresearch Laboratories, West Grove, PA, http://www.
jacksonimmuno.com). Nuclei were stained with Hoechst (1 ug/
ml; Sigma-Aldrich) for 5 minutes. All antibody solutions were
prepared in blocking solution. A negative control, without pri-
mary antibody, was performed to check for nonspecific binding
and identify background due to cell autofluorescence. Cells were
visualized with a fluorescent microscope (PALM Laser microdis-
section; Carl Zeiss, Jena, Germany, http://www.zeiss.com), cou-
pled to an AxioCam HRc camera (Zeiss).

Differentiated cells were stained using a similar protocol. The
primary antibodies and secondary antibodies used were the fol-
lowing: mouse anti-B-3-tubulin (1:500; Covance, Princeton, NJ,
http://www.covance.com), rabbit anti-tyrosine hydroxylase (1:
1,000; Chemicon, Temecula, CA, http://www.chemicon.com)
and rabbit anti-PNMT (1:250; Enzo Life Sciences, Inc., Farm-
ingdale, NY, http://www.enzolifesciences.com), anti-mouse Al-
exa Fluor 594 (1:200; Invitrogen), goat anti-rabbit Alexa Fluor
488 (1:200; Invitrogen), and donkey anti-rabbit Cy5 (1:200; Jack-
son Immunoresearch). Differentiated cells were visualized using
a laser scanning confocal microscope, LSM 510 META (Zeiss).

Immunostaining of Tissue

Human adrenals were immunostained for tyrosine hydroxylase
(TH) (rabbit anti-human, 1:2,000; Chemicon, Temecula, CA,
http://www.chemicon.com) and nestin (rabbit anti-human,
1:100; Sigma-Aldrich). Paraformaldehyde-fixed human adrenals
were cut in serial section at 4 um, washed with PBS for 5 minutes
at room temperature, post fixed (4% paraformaldehyde for 10
minutes), washed with PBS (three times for 5 minutes at room
temperature), incubated with 3% H,0, (15 minutes at room tem-
perature), washed again, and incubated in blocking solution
(1/30 normal goat serum in 1% BSA, 0.3% Triton X-100 in PBS for
1 hour at room temperature). After a 1-hour incubation of serial
sections with the primary antibody at room temperature, slides
were washed with PBS and incubated with the secondary anti-
body goat anti-rabbit conjugated to horseradish peroxidase (Bio-
Rad, Munich, Germany, http://www.bio-rad.com) in blocking so-
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lution (1:250; 1 hour at room temperature), washed, and
developed using 3-amino-9-ethylcarbazole (Dako, Hamburg,
Germany, http://www.dako.com).

Array-Comparative Genomic Hybridization

Array-comparative genomic hybridization (CGH) was carried out
on the SurePrint G3 Human CGH Microarray Kit 2x400K (design
ID 021850; Agilent Technologies, Santa Clara, CA, http://www.
agilent.com) according to the manufacturer’s protocol. Scanning
was done on an Agilent microarray scanner, and raw data were
processed by Feature Extraction 9.5 (Agilent). Deleted and am-
plified regions were determined on Agilent’s Genomic Work-
bench Standard Edition 5.0.14. Cell preparations were compared
with themselves at different stages of cultivation (day 0 vs. day
12).

RESULTS

Nestin-Positive Cells Are Present in Human Adult
Adrenal Medulla

To evaluate the existence of undifferentiated cells within the
adult human adrenal medulla, sections of human adrenals were
immunostained for nestin, a marker for neural stem cells. Figure
1 shows the presence of nestin-positive cells within the human
adrenal medulla, identified by immunoreactivity for TH, the rate-
limiting enzyme in catecholamine synthesis.

Free-Floating Chromospheres Obtained from Human
Adult Adrenal Medulla

Recently, we isolated chromaffin progenitor cells from bovine
adrenal medulla and established their culture as free-floating
spherical colonies, named chromospheres [16]. To investigate
whether chromaffin progenitor cells could also be isolated from
human adrenal medulla we prepared a cell digest from medul-
lary tissue of human adrenal glands. The digested cells were fur-
ther cultured in low-attachment conditions, to avoid adherence
of the cells to the surface, and in the presence of growth factors
(EGF and FGF-2, 10 ng/ml). Under these conditions some of the
cells were maintained in suspension, and after 10—-12 days free-
floating spheres, morphologically similar to bovine chromo-
spheres, could be observed with an average diameter of 42.2 +
1.1 wm (minimum = 15.8 um and maximum = 86.9 um;
mean = SD of 130 spheres from three independent cell culture)
(Fig. 2). The number of isolated cells differed among the three
glands investigated. At day 12, the total number of spheres ob-
tained was 26,577 per 1,912,000 total isolated chromaffin cells
from gland 1; 284,850 per 26,375,000 total isolated chromaffin
cells from gland 2; and 88,281 per 7,062,500 total chromaffin
cells from gland 3. This corresponds to 1.24 + 0.155 spheres (day
12) per 100 chromaffin cells (day 0) (mean = SD from three
independent cell culture).

To see whether during the time of cultivation the cells ac-
quired genetic aberrations we performed array-CGH. Each cell
preparation was compared with itself at different stages of cul-
tivation. Array-CGH analysis did not indicate any loss or gain of
genetic material for both preparations tested (day O vs. day 12).
This analysis was thought to display differences between the
samples (supplemental online Fig. 1). Existing copy numbers
were not captured with this analysis.
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Figure 1. Immunohistochemical staining of human adrenal gland. Serial sections of a human adrenal immunostained for tyrosine hydroxylase
to identify the adrenal medulla (scale bar = 1 mm) (A) and for nestin (B) revealed nestin™-cells within the adrenal medulla. The three areas

identified in (A) are depicted in (B).

Figure 2. Morphology of human chromospheres. Cells from human
adrenal medulla were isolated and cultured in low-attachment con-
ditions in the presence of growth factors (epidermal growth factor
and fibroblast growth factor-2; 10 ng/ml). Free-floating spheres
were observed after 12 days in culture. Phase-contrast images. Scale
bars = 20 um.

Human Chromospheres Express Different Progenitor
Cell Markers

RT-PCR analysis of mMRNA expression revealed the expression of
several progenitor markers in human chromospheres after 12
days in culture that were not detectable or were present at low
levels in primary chromaffin cells (day 0). These included nestin,
CD133 (prominin-1), notchl, nerve growth factor receptor
(NGFR), Snai2, Sox9, Sox10, Phox2b, and Ascl1 (Hash1). Primary
chromaffin cells expressed the chromaffin cell marker PNMT, the
enzyme catalyzing the final step of epinephrine synthesis (Fig.
3A). Quantitative real-time PCR revealed a significant effect of
sphere formation on PNMT and nestin expression. Expression of
PNMT drastically decreased after 12 days in culture; in parallel,
nestin expression increased threefold over the time of culture
(Fig. 3B). Primary cultures of human chromaffin cells also contain
adrenocortical cells as revealed by the expression of MC2R,
which was significantly reduced during sphere culture for 12
days (Fig. 3B). Immunofluorescent staining revealed nuclear
staining for Sox9 in chromosphere cells, with 46 = 7% Sox9-
positive cells (mean £ SD of 50 spheres from two independent
cell cultures); the negative control, where the first antibody was
omitted, showed no unspecific staining (Fig. 3C).

Human Chromaffin Progenitor Cells Differentiate into
Neuron-Like Cells

To characterize the differentiation potential of isolated human
chromaffin progenitor cells into neuronal cells, chromospheres

STEM CELLS TRANSLATIONAL MEDICINE
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were dissociated and cells were plated onto PLL/laminin-coated
slides. Over the following 24 hours the cells adhered to the sur-
face; then EGF was removed from the medium and the FGF-2
concentration was increased to 20 ng/ml, inducing cell differen-

www.StemCellsTM.com

Figure 3. Characterization of human
chromospheres. (A): Reverse transcrip-
tion-polymerase chain reaction (RT-PCR).
mRNA levels of neural progenitor cell
markers and sympathoadrenal progeni-
tor cell markers were increased in chro-
mosphere cultures (day 12) compared
with primary chromaffin cells (day 0).
PNMT, a marker for differentiated chro-
maffin cells, was downregulated in chro-
mospheres (day 12). (B): Quantitative RT-
PCR. The expression of the neural stem
cell marker nestin was increased after 12
days in culture. In opposition, PNMT ex-
pression was drastically reduced when
compared with primary chromaffin cells
(day 0). Chromospheres (day 12) showed
lower adrenocorticotropic hormone re-
ceptor (MC2R) expression, a marker for
adrenocortical cells, than primary chro-
maffin cells (day 0). n = 6; *, p <.05; s,
p < .001 (Student’s t test for paired sam-
ples). (C): Immunofluorescent staining of
chromosphere cryosections. Cells ex-
pressing Sox9 (green), a neural crest
marker, were found in human chromo-
spheres; cell nuclei were stained with
Hoechst 33342 (blue). A negative control,
without the first antibody, was per-
formed to identify unspecific binding or
background due to autofluorescence.
Scale bars = 20 um. Abbreviations:
GAPDH, glyceraldehyde-3-phosphate de-
hydrogenase; MC2R, melanocortin re-
ceptor 2; Neg., negative; NGFR, nerve
growth factor receptor; PNMT, phenyle-
thanolamine N-methyltransferase; TH,
tyrosine hydroxylase.

tiation. After 2 days, the development of neurites was observed;
6 days after plating some cells revealed long neurites (Fig. 4C).
The differentiating cells were characterized by immunofluores-
cent staining for the early neuronal marker -3-tubulin and the
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Figure 4. Immunofluorescent staining of differentiated chromosphere cells. Different types of neuron-like cells were obtained after plating the
dissociated chromosphere cells on poly-t-lysine/laminin-coated slides in a medium supplemented with fibroblast growth factor-2 (20 ng/ml):
TH™/B-3-tubulin™ cells (A) and TH* /B-3-tubulin™ cells (B-D). Differentiated chromaffin cells (TH* /PNMT™") were also present in culture (E). Nuclei:
Hoechst 33342 (blue). Scale bars = 20 um. Abbreviations: PNMT, phenylethanolamine N-methyltransferase; TH, tyrosine hydroxylase.

catecholaminergic marker TH. Double staining revealed the pres-
ence of neuron-like cells with a catecholaminergic phenotype,
B-3-tubulin™/TH™ (Fig. 4B—4D). Noncatecholaminergic neuro-
nal cells, B-3-tubulin™/TH™, could also be observed (Fig. 4A). As
expected, some of the cells differentiated into chromaffin cells,
as shown by the immunoreactivity to PNMT and TH (Fig. 4E).

DiscussioN

In the present study, human chromaffin progenitor cells were
isolated from adult human adrenals by adapting a method pre-
viously established by our group for bovine adrenals [16]. Similar
to chromaffin progenitor cells from bovine [16, 17, 19], free-
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floating spherical colonies (chromospheres) were enriched in hu-
man chromaffin progenitor cells when cultured in low-attach-
ment conditions and in the presence of EGF and FGF-2. During
chromosphere formation, levels of nestin mRNA, a marker for
neural progenitor cells, were significantly increased. In contrast,
the selective culture conditions led to a dramatic reduction of
the expression of PNMT, a marker of mature chromaffin cells.
This drastic decrease of PNMT expression after 12 days suggests
a selective enrichment of the progenitor cell population existing
within human adrenals. In fact, the majority of cells obtained
from primary cultures of adrenal medullae are differentiated
chromaffin cells, which express PNMT and require adherent con-
ditions to survive. Furthermore, the first unpublished datafroma
transgenic mouse model where green fluorescent protein is ex-
pressed under the regulation of the nestin promoter [24] indi-
cate that the nestin-expressing progenitor cells selectively pro-
liferate under these culture conditions (M.F. Rubin de Celis and
M. Ehrhart-Bornstein, unpublished data). Chromospheres from
adult human adrenals also show similarities to PNMT-negative
progenitor cell-enriched spheres previously observed in primary
cultures of human fetal chromaffin cells [25].

The “stemness” of human chromosphere cells is indicated by
the expression of several progenitor markers. In contrast to pri-
mary chromaffin cells, chromosphere cells expressed genetic
markers for neural stem cells (nestin, CD133, NGFR, and Snai2).
These cells also expressed Sox9, a member of the SoxE subgroup
with an important role in embryonic migration and differentia-
tion of neural crest derivatives [26, 27]. In addition, Sox9 has
been identified as a common marker for multiple tissue-specific
progenitors [28] and neural stem cells in the brain [29]. Sox9 also
induces the expression of Sox10 in neural crest cells, which in
turn is required for the specifications and survival of chromaffin
precursors [30, 31]. Sox10 expression is downregulated in adult
adrenal medulla, and its importance is restricted to the early
stages of adrenal medulla development [32—-35]. The increase in
Sox10 expression in human chromospheres is therefore in agree-
ment with an enrichment in chromaffin progenitor cells.

The sympathoadrenal development is regulated by a com-
plex network of interacting transcription factors that are acti-
vated to specify both neural and chromaffin cell lineages. The
pro-neural gene Mash1, or Hash1 in humans, is the mammalian
homolog of the Drosophila achaete-scute complex encoding the
helix-loop-helix-type transcription factor Acsll, which is ex-
pressed in the majority of sympathoadrenal progenitors during
embryogenesis and is a key factor in the development of chro-
maffin cells [36, 37]. Itis also present in developing brain [38, 39]
preceding neural differentiation [40] and recently was shown to
contribute to the conversion of human fibroblasts into dopami-
nergic neurons [41]. In rodents, Mash1 expression depends on
the expression of Phox2b, another transcription factor ex-
pressed in all central and peripheral noradrenergic neurons,
which is essential for SA development and for the very early
steps of chromaffin cell and sympathetic neurons differentiation
[37,42—-44]. In accordance, both Acsl1 and Phox2b were upregu-
lated in human chromospheres.

Although the trophic factors required for the differential
specifications of sympathetic neurons or chromaffin cells remain
to be elucidated, it was suggested that FGF-2 would be a critical
factor for the neuronal fate in SA cells, promoting cell prolifera-
tion and neurite outgrowth and inducing dependence on nerve
growth factor (NGF), which is subsequently responsible for neu-
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ron maturation and survival [45, 46]. Accordingly, we induced
the differentiation of chromaffin progenitor cells by promoting
cell adherence in the presence of FGF-2. In these conditions,
chromaffin progenitor cells developed long neurites and differ-
entiated into two different neuronal phenotypes: catecholamin-
ergic neuron-like cells, characterized by the presence of the early
neuronal marker 3-3-tubulin and the catecholaminergic marker
TH, and noncatecholaminergic neuron-like cells, which were im-
munoreactive for 8-3-tubulin but not for TH. As expected, some
of the progenitor cells differentiated into chromaffin cells, which
were characterized by the presence of the enzymes TH and
PNMT. Although chromaffin progenitors were successfully dif-
ferentiated into neuronal cells, the percentage of differentiation
proved to be lower than the expected. In fact, evidence suggests
that FGF-2 might be required only for the early proliferative
stages of neuronal development, maintaining the proliferative
pool of neural stem cells [47, 48], whereas other factors would
be responsible for the maturation and survival of differentiated
neurons [49-53].

Thus, modifications of the differentiation protocol by addi-
tional factors, such as NGF, bone morphogenic proteins, leuke-
mia inhibitory factor, or retinoic acid, could be an alternative to
increase the percentage of neuron-like cells. For example, we
recently established protocols to differentiate bovine chromaffin
progenitor cells into electrophysiological functional neurons with
increased capacity to synthesize and secrete dopamine by treating
the cells with retinoic and ascorbic acid [17].

The knowledge of the mechanisms and signaling pathways
involved in chromaffin progenitor proliferation and differentia-
tion could also be crucial for the establishment of appropriate in
vitro culture conditions leading to increased yield and survival of
differentiated cells, allowing further use in cell transplantation.
In this context, the observed expression of Notchl in human
chromaffin progenitor cells is of interest. Different studies dem-
onstrated the importance of the Notch pathway during neuro-
genesis [54, 55]. In fact, we could show that the downstream
Notch effectors Hes1/5 are downregulated during neuronal dif-
ferentiation of bovine chromaffin progenitor cells [17], indicating
that the maintenance of bovine and human chromaffin progenitors
in an undifferentiated state and potentially their neural differen-
tiation are also mediated via the Notch pathway.

Unfortunately, the human adrenal gland is characterized by in-
tense intermingling of medullary and cortical cells [56], making the
separation of the two tissues a difficult task. Although adrenocorti-
cal cells were clearly reduced during sphere culture, as shown by the
decrease in the expression of the adrenocortical cell marker MC2R,
protocols need to be established to entirely remove these cells from
progenitor cultures for their therapeutic use in the future.

Despite this, the potential of these progenitor cells to acquire
both neuronal and chromaffin cell phenotypes is unquestion-
able, making them an interesting new cell source for cell-based
therapies. The currently available cell sources for cell transplan-
tation therapies in the field of neurodegenerative diseases in-
clude neural stem cells (NSCs), mesenchymal stem cells, embry-
onic stem cells (ESCs), and induced pluripotent stem cells.
However, the limited availability and the safety and ethical issues
associated with the use of the majority of these cells are limita-
tions to their use [57, 58]. Chromaffin progenitor cells seem to be
a promising cell source due to the potential use in autologous
transplantations avoiding immune rejection and the ethical and
political controversies related to the use of other cell sources,
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such as ESCs or NSCs [19, 20]. Moreover, the restricted growth
and differentiation potential and also the chromosomal stability
of these progenitor cells make them a safer option.
Nevertheless, the interest in these cells is far from being
limited to their use in cell transplantation. Chromaffin progenitor
cells might be related to stress-induced adrenal gland hyperpla-
sia [59—61]. Chronic stress induces several alterations in the adre-
nal medulla, which adapts to enhanced catecholamine synthesis by
increasing adrenal size and expression of catecholamine-synthetiz-
ing enzymes [62]. Moreover, chronic stress induces an upregulation
of several transcription factors, including Mash-1 [63], which, as
mentioned above, is essential for SA cell differentiation.

CONCLUSION

This study proves the existence of chromaffin progenitor cells in
the human adrenal medulla and demonstrates that they can be
isolated from adult adrenal glands. These cells open new per-
spectives and challenges in the field of regenerative medicine,
especially regarding their potential use in the treatment of neu-
rodegenerative and neuroendocrine diseases. Moreover, these
cells might also contribute to a better understanding of adrenal
medulla pathologies and dysfunctions, such as stress-induced
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