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ABSTRACT

Neural stem cells (NSCs) are promising tools for understanding nervous system plasticity and
repair, but their use is hampered by the lack of markers suitable for their prospective isolation
and characterization. The carotid body (CB) contains a population of peripheral NSCs, which sup-
port organ growth during acclimatization to hypoxia. We have set up CB neurosphere (NS) cul-
tures enriched in differentiated neuronal (glomus) cells versus undifferentiated progenitors to
investigate molecular hallmarks of cell classes within the CB stem cell (CBSC) niche. Microarray
gene expression analysis in NS is compatible with CBSCs being neural crest derived-multipotent
progenitor cells able to sustain CB growth upon exposure to hypoxia. Moreover, we have identi-
fied CD10 as a marker suitable for isolation of a population of CB mesectoderm-committed pro-
genitor cells. CD101 cells are resting in normoxia, and during hypoxia they are activated to
proliferate and to eventually complete maturation into mesectodermal cells, thus participating
in the angiogenesis necessary for CB growth. Our results shed light into the molecular and cellu-
lar mechanisms involved in CBSC fate choice, favoring a potential use of these cells for cell ther-
apy. STEM CELLS 2016;34:1637–1650

SIGNIFICANCE STATEMENT

This work extends our work on adult carotid body neural stem cells, which undergo neurogen-
esis and angiogenesis to contribute to hypoxic acclimatization. Herein, we elucidate mesecto-
dermal differentiation from carotid body stem cells by identifying CD10 as a marker for
mesectoderm-committed progenitors in the organ. We offer mechanistic insights and conclude
that CD10 contributes to define the onset of angiogenesis in response to hypoxia. Our data
shed light on the mechanisms underlying selective carotid body stem cell activation and fate
choice. We believe our manuscript is appealing, of technical quality, and should attract the
attention of a broad audience of stem cell biologists.

INTRODUCTION

The discovery of adult neural stem cells (NSCs)
has provided unprecedented opportunities for
studying plasticity and regeneration in the
nervous system, as well as for developing new
potential therapies for neurological disorders.
However, the mechanisms underlying NSC
homeostasis are still poorly known. As stem
cells in the niches are normally in relatively
small numbers and intermingled with other
cell types, NSC research is hampered by the
lack of specific markers suitable for their iden-
tification and prospective isolation. Therefore,
studies aiming at the molecular characteriza-
tion of NSCs in different functional stages are

necessary to progress in the understanding of
NSC biology and their biomedical applications.

The mammalian central nervous system
(CNS) contains two well-identified NSC niches;
the subgranular zone in the hippocampus [1],
and the subventricular zone (SVZ) lining the
lateral ventricles [2]. NSCs within the SVZ are
relatively well characterized, and, recently, sur-
face markers suitable for their prospective iso-
lation have been described [3, 4]. Multipotent
NSCs also exist in the adult peripheral nervous
system (PNS), although their actual physiologi-
cal role is thus far unknown. [5–7]. An excep-
tion is the carotid body (CB), a paired
chemoreceptor organ located at the bifurca-
tion of the carotid artery, which contains a
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population of neural crest-derived stem cells that support
organ growth during acclimatization to sustained hypoxia [8].
The CB is composed of clusters of neuron-like, O2-sensitive,
glomus cells (tyrosine hydroxylase positive [TH1]) enveloped
by long processes of glia-like (glial fibrillary acidic protein posi-
tive [GFAP1]) type II cells. We have shown that type II cells,
or a subpopulation of them, are multipotent stem cells [8, 9].
Glomus cells are presynaptic elements of “chemosensory syn-
apses,” which, in response to hypoxia, release transmitters
that stimulate sensory fibers activating the respiratory center
to elicit hyperventilation [10]. Interestingly, activation of CB
stem cells (CBSCs) in hypoxia is not cell autonomous but
depends on the O2-sensitive glomus cells, which form
“chemo-proliferative synapses” with type II cells, thus induc-
ing their exit from the quiescent state [11]. Activation of type
II cells during hypoxia involves a change of phenotype charac-
terized by the loss of GFAP and conversion into nestin1 proli-
ferative intermediate progenitors, which in turn differentiate
into glomus cells and other cell types [8, 9]. This switch in
expression of cytoskeletal proteins, from GFAP to nestin,
closely resembles the activation process in SVZ stem cells
[12–15]. However, no cell surface markers have been found
for either CBSCs or the intermediate progenitors.

As glomus cells are highly dopaminergic and produce large
amounts of the glial cell line-derived neurotrophic factor
(GDNF), the CB tissue has been successfully used for intrace-
rebral transplantation in animal models of Parkinson’s disease
(PD) [16–18]. However, CB autografts on PD patients have
demonstrated only modest clinical benefit, probably due,
among other factors, to the small amount of tissue in a
human CB that is available for transplantation [19]. Hence,
expansion of CB tissue in vitro from resident adult stem cells
is of major therapeutic interest for PD [8, 20]. CBSCs not only
generate neuronal cells but can also give rise to mesectoder-
mal derivatives, such as smooth muscle cells [8]. Therefore,
clinical application of CBSCs against PD depends on a better
understanding of the molecular mechanisms involved in cell
fate choice in CB progenitors.

Our study supports the neural crest origin of CBSCs, pro-
vides molecular insight into their biology, and identifies CD10,
a common zinc-dependent metalloendoprotease, as a highly
selective surface marker for mesectoderm-committed interme-
diate progenitors in the CB. Pharmacological blockade of
mesectodermal differentiation on CBSCs in vitro could help to
increase the yield of production of dopamine- and GDNF-
containing glomus cells, which could be potentially useful for
antiparkinsonian cell therapy.

RESULTS

Comparative Gene Expression Profiling in the CB Stem
Cell Niche

Neurospheres (NS) grown from CB progenitors typically have
a central core with nestin1 and GFAP1 undifferentiated cells,
and peripheral blebs composed of TH1 neuronal cells at the
surface of the core [8]. Following previous studies on NSCs
[11, 21, 22], we set up culture conditions to favor preferen-
tially proliferation of undifferentiated cells within the core,
resulting in NS with almost no blebs (UNDIFF-NS), or differen-
tiation into neuronal cells, resulting in NS full of blebs and

with very small cores (DIFF-NS) (Fig. 1A–1D). Differentiation
into neuronal cells was achieved by removing endothelin-1
(ET-1) and mitogens from the medium, and by culturing the
NS in hypoxic conditions. Indeed, removal of mitogens signifi-
cantly decreased the diameter of NS cores and increased the
size of differentiating blebs (Fig. 1E–1I), confirming the posi-
tive effect of mitogens on progenitor cell proliferation at the
expense of differentiation [11, 22]. The ratio of differentiated
(TH1) versus undifferentiated (nestin1) cells in the two types
of NS was determined by immunohistochemistry on thin sec-
tions (Fig. 1C, 1D), and by quantitative PCR (Fig. 1J).

To uncover molecular players in the biology of neuronal
or undifferentiated progenitor cells in the CB niche, we
performed gene expression analysis in UNDIFF-NS versus
DIFF-NS cultures using a rat whole-genome Affymetrix 1.0
array. Hierarchical clustering of the expression data from
all NS replicates grouped the samples according to their
culture condition, indicating high reproducibility of cultures
and RNA extraction protocols (Fig. 1K). Several differen-
tially expressed genes were used to confirm the microarray
data by quantitative PCR, with consistent results in all
cases (Fig. 1L).

To identify genes enriched in undifferentiated or differen-
tiated NS, we applied a stringent filter consisting on statistical
significance (false discovery rate (FDR)< 0.01), and at least a
1.5-fold-expression difference (fold change (FCH)> 1.5)
between the two samples. These conditions resulted in 835
genes highlighted in the UNDIFF-NS sample, and 1134 genes
underlined in the DIFF-NS sample (Fig. 2A). The biological sig-
nificance of these expression profiles was determined using
Ingenuity Pathway Analysis (IPA) software (Ingenuity Systems),
which highlights “Categories” (plus “Biofunctions” within
those categories) that are significantly represented in the
expression data (see “Experimental Procedures”). As expected,
categories associated to proliferation, such as “Cancer”,
“Cellular growth and proliferation”, or “Cell cycle”, appear in
UNDIFF-NS, while categories associated to the neuronal phe-
notype, such as “Neurological disease”, “Behavior”, “Molecular
transport”, or “Nervous system development and function”,
appear represented in DIFF-NS, demonstrating a clear differ-
ence in the nature of CB cells between the two samples (Sup-
porting Information Table S1). The appearance of categories
and biofunctions related to a mesectodermal phenotype in
the UNDIFF-NS sample (Supporting Information Table S1),
such as “Cardiovascular system development and function”,
“Skeletal and muscular system development and function”,
“Development of connective and epithelial tissue”, or
“Proliferation of diverse mesectodermal cells”, supports
mesectodermal differentiation capacity of CB undifferentiated
cells. Regarding specific genes, those selectively up-regulated
in DIFF-NS (Supporting Information Table S2) are related to
the neuronal phenotype, including neurotransmitter synthetiz-
ing enzymes (e.g. Ddc, Dbh, Th), neurotransmitter receptors
(e.g. Adora2a, P2ry12, Drd2), and synapse proteins (e.g. Syp,
Syt4). In contrast, genes preferentially expressed in UNDIFF-
NS (Supporting Information Table S3) are more diverse,
including ‘typical’ proliferation genes such as Myc, genes asso-
ciated to stem cell self-renewal signaling (e.g. Egfr, Fgfr1,
Wnt5a, Pdgfra, Tgfbr2, Fzd1), or genes like semaphoring 3A
(Sema3a) associated to cellular movement [23]. Together,
these genes define an undifferentiated proliferative and
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Figure 1. Microarray expression analysis of undifferentiated (UNDIFF) versus differentiated (DIFF) neurospheres (NS). (A and B):
Bright field pictures of neurospheres obtained from carotid body (CB) cells cultured in proliferation conditions (medium containing EGF,
FGF, IGF, ET1, and 21% O2; UNDIFF NS; (A)) versus differentiation conditions (without FGF, IGF, EGF, or ET1, and with 3% O2; DIFF NS;
(B)). Neuronal cells (blebs) are pseudocoloured in red. (C and D): Immunohistochemistry of CB undifferentiated (C) and differentiated
(D) NS thin sections, stained for TH (red) and nestin (green). Note the high amount of TH1 neuronal cells present in the DIFF NS sam-
ple, especially when compared to UNDIFF NS, which, on the other hand, are rich in nestin1 cells. (E): Bright field image of neuro-
spheres obtained from CB cells cultured with mitogens (EGF, FGF, and IGF). (F): Immunohistochemistry to detect TH (red) and nestin
(green) in a thin section of a NS cultured with mitogens. (G): Bright field picture of NS obtained from CB cells cultured without mito-
gens. (H): Immunohistochemistry to detect TH (red) and nestin (green) in a thin section of a NS cultured without mitogens. (I): Diameter
measured in NS cultured with or without mitogens. (J): Relative expression of TH (left) and nestin (right) in undifferentiated versus dif-
ferentiated NS, studied by qPCR, and confirming the results obtained by histology (C and D). (K): Hierarchical clustering, using the whole
set of 27,342 probes, of UNDIFF and DIFF NS samples used for microarray analysis (top), illustrating consistency of the applied culture
conditions. Heat-map showing the expression pattern of selected genes (fold change [FCH]> 4 and p value< .05) (bottom). (L): Valida-
tion of microarray results by qPCR of selected genes. Scale bars, 100 lm in (A, B, E, G), and 50 lm in (C, D, F, H).
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Figure 2. Gene expression analysis supports the neural crest origin of adult carotid body stem cells. (A): Scatter plot of differentially
expressed probesets in UNDIFF and DIFF neurospheres, showing in color differentially expressed genes obtained with a false discovery
rate (q value)< 0.01 and a fold change >1.5. (B): Overlapping study of UNDIFF-NS enriched cells with human neural crest-derived stem
cell (NCSC) signature. (C): Principal Component Analysis comparing UNDIFF-NS and DIFF-NS microarray data with different neural crest
cell microarray data sets (see references in Supporting Information Table S4). Shadows in different colors have been drawn to join simi-
lar samples. A background shadow changing from green color (undifferentiation) to reddish color (differentiation) has been drawn fol-
lowing the axis of differentiation status. (D): Table showing the top differentially expressed probesets of membrane proteins in UNDIFF
and DIFF NS samples. (E): Confirmation by qPCR of the difference in CD10 gene (Mme) expression observed in the microarray between
DIFF and UNDIFF samples. Abbreviations: UNDIFF, undifferentiated; DIFF, differentiated; NS, neurospheres.
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mobile cell phenotype in the UNDIFF-NS sample, fully compat-
ible with neural crest-derived stem cells (NCSCs) (Supporting
Information Table S3).

Cell fate mapping with genetic markers has shown that
CBSCs derive from the neural crest [8]. However, their
genetic profile has never been compared to other neural
crest cells. An important objective in the present study was
to uphold the neural crest origin of CB undifferentiated cells.
We first compared UNDIFF-NS enriched genes to a specific
gene signature for human neural crest-derived stem cells
defined by using differentiation from embryonic stem cells
[24]. Out of the 127 homologous genes present in this signa-
ture, 28 of them are enriched (FCH>1.5; p value< .01) in
UNDIFF-NS cells (Fig. 2B), a similarity that is significantly non-
stochastic (p< .001). The list includes relevant genes for the
development and function of the neural crest, such as Ednra,
Hoxa2, Snai2, etc. This comparison suggests that UNDIFF-NS
cells are indeed neural crest-derived. To further relate CB
cells to different populations of neural crest cells, we com-
pared the transcriptome-wide profile of both UNDIFF-NS and
DIFF-NS cells with publicly available microarray expression
data sets from different neural crest cell populations (Sup-
porting Information Table S4). Unbiased principal component
analysis (Fig. 2C) revealed that CB cells are similar to other
neural crest cell populations. Interestingly, the different cell
populations appeared ordered by differentiation status, with
undifferentiated cells more to the left of the graph (green
color of the background shadow), and more differentiated
cells to the right (reddish color of the background shadow).
Consistently, UNDIFF-NS samples appear to the left, next to
NCSC populations, while DIFF-NS cells appear to the right,
next to smooth muscle cells and melanocytes (Fig. 2C).
Whole CB samples, which include both progenitors and neu-
ronal cells among other cell types, appear in the middle of
the graph. Hence, our in silico comparison analysis supports
the neural crest origin of CB cells and reinforces the differ-
ence in differentiation status between UNDIFF-NS and DIFF-
NS cells.

We also focused our study on finding selective cell surface
markers that would allow the prospective isolation by flow
cytometry of specific cell populations. To this end, we selected
the most expressed plasma membrane proteins in the two
samples (Fig. 2D). In DIFF-NS these are neurotransmitter and
neurotrophic factor receptors, as well as adhesion (Amigo2),
and synapse-related (synaptotagmin XIII, Ecel1) proteins. In
UNDIFF-NS, the most highly expressed plasma membrane pro-
tein, whose level of mRNA expression was confirmed by PCR
(Fig. 2E), is a metallo endopeptidase (CD10, encoded by Mme
gene). The other highly expressed genes encoded proteins
involved in the production of extracellular components (Has2)
or membrane receptors (Ramp3, Steap1, and Ptgir). Interest-
ingly, UNDIFF-NS samples showed high levels of ET-1 receptor
type B mRNA, which is in fair agreement with the role of ET-1
and its receptors in the activation of CB progenitors during
adaptation to hypoxia [11, 25]. Among the antibodies tested
against these membrane proteins, anti-CD10 yielded the most
positive results for flow cytometry isolation of cells in the CB
niche. This allowed us to identify a specific subpopulation of
progenitors within the CB parenchyma that we proceeded to
characterize.

CD10 Positive Cells are Committed Progenitors of the
Mesectodermal Lineage of CBSCs

Standard immunohistochemical analyses showed the presence
of CD101 cells within the CB parenchyma, usually associated
to blood vessels (Fig. 3A). To determine whether these cells
belong to the germinal lineage of CBSCs, we used GFAP-cre/
floxed LacZ transgenic mice to perform a cell fate mapping in
vivo. We have previously used this transgenic system to label
GFAP1 CBSCs and their neuronal or mesectodermal progeny
[8]. Ex vivo analysis of dispersed CB cells from GFAP-cre/floxed
LacZ transgenic mice revealed the presence of b-galactosidase
expressing CD101 cells (Fig. 3B), confirming that these cells
are derived from GFAP1 CBSCs. Furthermore, we also analyzed
the coexpression of CD10 with other markers of CBSC germinal
lineage (Fig. 3C–3E). None of CB TH1 cells expressed CD10
(Figure 3D–3F), however we found double positive cells for
CD10 with GFAP, nestin, smooth muscle actin (SMA), and the
endothelium-specific markers lectin (GSA I) and CD31. About
26.756 4.95% and 3.66 0.6% of CD101 cells were also posi-
tive for GSA I and CD31 respectively, suggesting that a subpo-
pulation of endothelial cells express the endopeptidase (Figure
3G–3I). Since we have previous data in the group confirming
the capacity of CBSCs to differentiate into vascular endothelial
cells (Annese et al., unpublished), altogether the coexpression
data indicate an association of CD10 with the mesectodermal
lineage of CBSCs.

Flow cytometry analyses revealed that 18.8%6 1.5%
(n5 10) of cells in the CB express CD10 (dot plot in Fig. 4A),
and when these CD101 cells were separated by fluorescence-
activated cell sorting (FACS), a >3-fold increase in the effi-
ciency of NS formation was observed when compared to cul-
tures of CD102 cells (1.79%6 0.19% in CD101 cells vs.
0.54%6 0.10% in CD102 cells; p< .01) (Fig. 4B, 4C). More-
over, CD101 cell-derived NS had a significantly larger diame-
ter than those obtained from CD102 cells (67.36 2.4mm vs.
51.86 1.7 mm; p< .05) (Fig. 4D). However, differentiation
studies demonstrated the lack of peripheral blebs of
TH1 cells within NS derived from CD101 cells (Fig. 4E–4H).
In contrast, mesectodermal differentiation, studied by immu-
nocytochemistry in adherent NS (Fig. 4G), was indistinguish-
able between CD101 and CD102 cell-derived NS (Fig. 4I, 4J).
These results suggest that, similar to CD102 multipotent
cells, CD101 progenitors can differentiate into mesectodermal
lineage, but in this case have lost the potential to differenti-
ate into neuronal lineage. To further distinguish the pheno-
type of NS cells from CD101 and CD102 progenitors, we
performed qPCRs with genes described in the literature as
expressed in neural crest-derived mesectodermal cells (green
arrowheads in Fig. 4K) [24, 26–33] or in neural crest-derived
neural cells (red arrowheads in Fig. 4K) [24, 29, 30, 33–36].
As expected, mesectodermal genes are preferentially
expressed in CD101 cell-derived NS, while neural genes are
preferentially expressed in CD102 cell-derived NS (Fig. 4K),
corroborating the mesectodermal commitment of CD101 pro-
genitor cells. Genes described as expressed by neural crest
stem cells [24] are labeled in blue in Fig. 4K, and their expres-
sion is distributed throughout both samples, supporting once
more the neural crest origin of these cells. Hence, CD10
seems to label a subpopulation of mesectoderm-committed
progenitor cells within the CB parenchyma.
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Inhibition of CD10 Activates Mesectoderm-Committed
Progenitors to Generate Vascular Cell Types

In several cell types, CD10 is known to participate in the
cleavage of signaling peptides, making the cells insensitive to
low concentrations of these signals [37], along with modula-

tion of intracellular signaling [38]. Therefore, we investigated
whether inhibition of this protein altered the function of CB
progenitors expressing CD10. Addition of DL-Thiorphan, a
pharmacological inhibitor of CD10 endopeptidase activity [39],
to CD102 or CD101 cell-derived NS resulted in an increase
in the number of CD101 cell-derived NS with a slight,

Figure 3. Immunodetection and characterization of CD10 expression in the carotid body (CB). (A): Immunohistochemistry for CD10
(red) in rat CB, showing details of a magnified area (1). Note the proximity of CD101 cells (arrowheads) to blood vessels. (B): Immuno-
cytochemistry of dispersed CB cells from GFAP-cre/floxed LacZ transgenic mice to perform cell-fate mapping analyses, which corroborate
that CD101 cells lie within the CB progenitor lineage. (C): Example of an immunocytochemistry used for the quantifications shown in
(D) and (E). (D): Quantification of cells coexpressing CD10 with other markers, obtained by immunocytochemistry on whole rat CB dis-
persed cells. (E): Percentage of CD101 cells within GFAP1, nestin1, SMA1, or TH1 cell populations. (F): PCR analysis showing TH
expression in PC12, whole CB (CBA), and sorted CD102 and CD101 CB cells. PCR bands show that CD101 cells do not express TH. (G):
Representative dot-plots of sorted CD101 CB cells showing coexpression of GSA I (left) and CD31 (right). (H and I): Quantification of
GSA I1 (H) and CD311 (I) cells analyzed by flow cytometry within the CD101 cell population. Altogether, tissue expression and ex vivo
cellular coexpression data suggest that CD10 is associated to the mesectodermal lineage progression of CB stem cells. Scale bars, 50 lm
in (A), and 10 lm in (B and C). Abbreviations: MW, molecular weight.

1642 Mesectodermal Progenitors in Carotid Body Niche

VC AlphaMed Press 2016 STEM CELLS



Figure 4. Characterization of CD10 positive progenitors in vitro. (A): Dot-plot showing detection of CD101 cells in rat CB by flow
cytometry. (B): Bright field pictures of neurospheres obtained in culture from CD102 and CD101 FACS-sorted cells. (C): Neurosphere-
forming efficiency of CD102 and CD101 cells. Note the enrichment in neurosphere-forming cells when sorting for CD10. (D): Diameter
measured in NS obtained from CD102 and CD101 cells. Note how CD101 cells give rise to bigger neurospheres, suggesting that these
progenitors have a higher proliferation capacity than CD102 ones. (E): Details of areas squared in (B). Differentiating blebs are pseudo-
colored in red. (F): Immunohistochemistry of CD102 and CD101 cell-derived NS thin sections, stained for nestin (green) and TH (red).
(G): Immunocytochemistry for Lectin (GSA I; green) and SMA (red) performed in adherent NS obtained from CD102 or CD101 progeni-
tors. (H): Quantification of TH1 cells within NS sections, illustrating how CD101 progenitor cells have lost the ability to differentiate
into TH1 neuronal cells. (I and J): Quantification of GSA I1 (I) and SMA1 (J) cells in adherent NS obtained from CD102 or CD101 pro-
genitors. (K): Quantitative PCRs comparing gene expression of CD101 cell-derived NS versus CD102 cell-derived NS. Genes were chosen
according to their relationship to the neural crest. Note how mesectodermal genes tend to be expressed preferentially in
CD101 progenitor-derived NS samples while neural genes are preferentially expressed in CD102 progenitor-derived NS. Altogether,
these data suggest that CD101 progenitors are committed to the mesectodermal lineage. * p� .05; ** p� .01. Scale bars, 50 lm.
Abbreviations: FCH, fold change.
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nonsignificant, decrease in NS diameter (Fig. 5A–5C). Thio-
rphan also favored mesectodermal differentiation of cells
in CD101 cell-derived NS, cultured in adherent conditions
(Fig. 5D, 5E). A similar, but quantitatively stronger, effect
on NS-forming efficiency, NS size, and endothelial cell dif-
ferentiation was observed in preparations treated with

siRNA to down-regulate CD10 mRNA (Fig. 5F–5L). These
data suggest that CD10 activity contribute to maintain the
CD101 population of mesectoderm-committed progenitors
in a resting state, probably through inactivation of mito-
genic peptides, such as FGF2 or ET-1, present in the
medium [40, 41].

Figure 5. Role of CD10 on carotid body stem cell differentiation. (A): Bright field pictures of NS obtained in culture from CD101 cells
sorted by FACS, and treated or not with CD10 inhibitor DL-Thiorphan (10lM). Note the enrichment in NS-forming cells in the presence
of Thiorphan. (B): NS-forming efficiency of CD102 and CD101 cells cultured with or without Thiorphan. (C): Diameter measured in
CD102 and CD101NS. (D): Immunocytochemistry for GSA I (green) and SMA (red) performed in adherent NS obtained from
CD101 progenitors, cultured with or without Thiorphan. (E): Quantification of GSA I1 cells in NS obtained as explained in (D). Note
how Thiorphan does not affect CD102 progenitors, rather the observed effect is specific for CD101 progenitors. (F): Quantitative PCR
showing relative expression of CD10, 48h after downregulation by siRNAs (50 nM of siControl or siCD10) in cultured CB cells. 50nM
siRNA was chosen for subsequent experiments since it produced the highest downregulation without damage to the cells. Data was nor-
malized to relative expression of CD10 in non-transfected cells. (G): Western blot analysis of CD10 in transfected cells. (H): Representa-
tive bright field pictures of neurospheres transfected with the indicated siRNA. (I and J): Quantification of NS-forming efficiency (I) and
diameter (J) in NS from experiments shown in (H). (K): Immunocytochemistry to detect GSA I (green) and SMA (red), performed in
adherent NS from (H). (L): Quantification of GSA I1 cells from experiments shown in (K). * p� .05; ** p� .01; *** p� .001; n.s.: non-
significant difference. Scale bars, 100 lm in (A, H) and 50 lm in (D, K). Abbreviations: NS, neurospheres; THI, thiorphan.
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We hypothesized that the CD101 population of progeni-
tors should be much affected by exposure of animals to sus-
tained hypoxia, as this condition is known to produce
enlargement of the parenchyma as well as increase in angio-
genesis [42–44]. As expected, exposure of rats to hypoxia
(10% O2 tension) produced a time-dependent decrease in the
number of CD101 cells in the CB as well as in the content of
CD10 protein within positive cells (Fig. 6A–6C). Regular PCR
also showed a clear decrease of Mme expression in cells from
hypoxic animals (Fig. 6D). Correct exposure to hypoxia was
confirmed by increased expression of a typical HIF-dependent
gene, vascular endothelial growth factor (Vegf; Fig. 6D), and
by increased hematocrit measurements in hypoxic animals
(Figure 6E). Although NS in vitro seem to display higher per-
centage of CD101 cells when exposed to hypoxia (Fig. 6F,
6G), these hypoxic CD101 cells clearly display lower levels of
CD10 in the plasma membrane (Fig. 6H), provoked by a
decreased expression of Mme mRNA in hypoxic NS cells (Fig.
6I). In vitro exposure to hypoxia was also confirmed by an

increased expression of Vegf (Fig. 6I). Hence, hypoxia down-
regulation of CD10 in CB might facilitate activation of mesec-
todermal progenitors and their maturation into vascular cells.

ET-1 Induces Mesectodermal Differentiation in the CB

ET-1 is a pro-proliferation agent that is involved in the regula-
tion of mesenchymal differentiation and angiogenesis in dif-
ferent tissues including the CB [25, 45]. In addition, we have
previously shown a strong positive effect of ET-1 on the prolif-
eration of multipotent CB progenitors [11]. Treatment of CB-
derived NS with ET-1 increases the diameter of the NS (Fig.
7A) and the proportion of CD101 progenitors when com-
pared to non-treated controls (from 15.46 2.7% to
26.2%6 3.3%, p< .001) (Fig. 7B). The increase in CD10
expression within ET-1 treated NS was also clearly observed at
the level of mRNA (Fig. 7C). However, ET-1 treatment did not
seem to increase mesectodermal differentiation (number of
GSA I1 endothelial cells) within NS (Fig. 7D, 7E), although a
clear increase in CD101 cells was confirmed in these

Figure 6. Expression of CD10 is negatively regulated in the rat CB during hypoxia. (A): Representative dot-plots showing percentage
of CD101 CB cells from normoxic (Nx, 21% O2; left) or 21 days-hypoxic (Hx, 10% O2; right) rats analyzed by FACS. (B): Quantification of
CD101 cells obtained from FACS experiments shown in (A). (C): Median intensity levels of phycoerythrin (PE)-conjugated CD10 in
CD101 cells analyzed in (A and B). These values reflect the expression levels of CD10 in the plasma membrane. Note that both CD10
expression and the number of CD101 cells decrease at short-time hypoxic exposures, suggesting that CD10 expression is negatively
regulated in the CB during hypoxia. (D): Quantitative PCR showing relative expression of Mme and Vegf, a typical HIF-responsive gene,
in normoxic versus 21d-hypoxic whole CB. (E): Quantification of hematocrit in rats exposed to hypoxia (10% O2), and compared to nor-
moxic rats. (F): Representative FACS dot-plots showing percentage of CD101 cells in 10d-old neurospheres cultured in normoxic (Nx,
21% O2) or hypoxic (Hx, 3% O2) in vitro conditions. (G): Quantification of CD101 cells obtained from FACS experiments shown in (F).
(H): Median intensity levels of phycoerythrin (PE)-conjugated CD10 in CD101 cells analyzed in (F and G). (I): Quantitative PCR showing
relative expression of Mme and Vegf in normoxic and hypoxic neurospheres. * p� .05; ** p� .01; *** p� .001. Abbreviations: CB,
carotid body; NS, neurospheres.
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immunostained NS thin sections (Fig. 7D, 7F). Mesectodermal
differentiation induced by culturing NS in adherent substrate
was also unaffected by ET-1 (Fig. 7G–7I). However, this is
probably due to the adherent substrate being too strong

stimulus for mesectodermal differentiation in all conditions.
Interestingly, sorted CD101 cells from ET-1-treated NS
showed a decreased capacity to form NS (Fig. 7J, 7K), suggest-
ing that in fact these cells have undergone mesectodermal

Figure 7. Endothelin-1 promotes mesectodermal lineage by increasing the number of CD101 cells. (A): Bright field pictures of NS
obtained in culture from CB cells treated or not with Endothelin-1 (ET-1). (B): FACS quantification of CD101 cells in dispersed NS,
obtained as in (A). Note the increase in CD101 cells when NS are treated with ET-1. (C): Quantitative PCR showing higher expression of
CD10 in ET-1-treated NS compared to control ones. (D): Immunocytochemistry of thin sections of NS from (A), stained for GSA I (green)
and CD10 (red). (E and F): Quantification of positive area for GSA I (E) and CD10 (F) in NS sections as shown in (D). (G): Immunocyto-
chemistry performed in control and ET-1-treated NS cultured in adherent conditions, and stained for GSA I (green) and SMA (red). (H
and I): Quantification of the amount of GSA I1 (H) and SMA1 (I) cells in adherent NS treated or not with ET-1. (J): Representative
FACS dot-plots showing CD101 and CD102 cells from control and ET-1-treated NS. Note the increase in CD101 cells when NS are
treated with ET-1. (K): Secondary NS-forming efficiency of CD102 and CD101 sorted cells from NS shown in (A). Note the decrease of
NS-forming cells within the CD101 population when NS are cultured with ET-1, indicating that these CD101 cells have undergone
mesectodermal differentiation. * p� .05; ** p� .01; *** p� .001. Scale bars, 100lm in (A and D) and 50 lm in (G). Abbrevitions: NS,
neurospheres.
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differentiation in response to the vascular cytokine, even
though they are not yet mature endothelial cells.

DISCUSSION

In this paper, we report the result of a gene expression analy-
sis performed on the CBSC niche. We have set up conditions
to generate differentiated (enriched in neuronal cells) and
undifferentiated (enriched in multipotent progenitors) stem
cell-derived colonies (NS). The microarray data, and our in sil-
ico comparison to other neural crest cell profiles, support
CBSCs as neural crest-derived multipotent cells. Furthermore,
principal component analysis has further established the dif-
ferences in differentiation status between UNDIFF-NS and
DIFF-NS cells. Undifferentiated cells show a gene expression
pattern compatible with proliferative and migratory neural
crest-derived stem cells [46], thus distinguishing CBSCs from
other populations of adult NSCs in the CNS [3, 4]. Our gene
expression analysis has identified a number of molecules and
signaling pathways potentially important for CBSC biology,
which should be further studied in the future. In addition, it
has revealed potential surface markers for CB progenitor cells,
which could help the development of prospective isolation
methods that are not available so far. Indeed, growth as NS
has been used as an alternative to elucidate the molecular
signature of NSCs [47].

Among the most highly expressed genes encoding mem-
brane proteins in CB undifferentiated cells, we have character-
ized a zinc-dependent metallo-endopeptidase, named CD10 or
neprilysin, which is known to cleave signaling peptides [48,
49] in CNS synapses [48] and in the CB [50, 51]. Although its
precise functional role is poorly known, CD10 is widely distrib-
uted in human tissues [52], and in a variety of adult stem cell
niches [37, 38, 53–55]. Moreover, CD10 has recently gained
medical interest as it is expressed by several tumors that
present a cancer stem cell phenotype [56–58], and has been
used as a diagnostic marker in some solid tumors with strong
metastatic potential [59]. We have shown that CD10 is highly
expressed in a subpopulation of NS-forming mesectoderm-
committed progenitors in the CB. Our data suggest that nepri-
lysin maintains these cells in a “resting” condition character-
ized by active degradation of pro-angiogenic cytokines,
therefore inhibiting angiogenesis. These observations are com-
patible with the anti-angiogenic role described for neprilysin
in prostate cancer [60] and in a murine corneal model [40].
Interestingly, we have shown that CD10 is down-regulated
during exposure of the animals to hypoxia, which makes CB
progenitors more sensitive to the rise in pro-angiogenic cyto-
kines, and facilitates their mesectodermal differentiation and
vessel formation. Hence, reduction in CD10 expression con-
tributes to the onset of angiogenesis in the CB and the subse-
quent adaptation of the organ to sustained hypoxia.

Our in vitro studies also indicate that ET-1 induces the
conversion of multipotent CBSCs into CD101mesectodermal
progenitors. ET-1 is a vascular peptide known to influence the
biology of neural crest progenitors during development
[61–63]. It is transcriptionally up-regulated by hypoxia and in
adult life acts as a potent proliferative agent participating in
chronic hypoxia-induced vascular wall thickening, pulmonary
hypertension, and right cardiac hypertrophy [64–66]. ET-1 has

been suggested to be expressed in the CB to contribute to CB
plasticity (growth) under chronic hypoxia [25, 67, 68]. Indeed,
we have recently provided unequivocal evidence that ET-1 is
produced in CB glomus cells and that participates as a media-
tor in the O2-sensitive glomus cell-stem cell chemoprolifera-
tive synapse [11]. Hypoxia triggers ET-1 release from glomus
cells which binds to receptors in stem cells to induce prolifer-
ation [11]. The data presented here indicates that ET-1
released from glomus, and probably also from endothelial,
cells increases the number of CD101 progenitors, which are
committed to a mesectodermal fate. In parallel, hypoxia
down-regulates protein expression of the metalloendopepti-
dase, thus facilitating the action of pro-angiogenic cytokines
on mesectodermal progenitors, increasing their maturation
and the subsequent formation of new blood vessels necessary
for CB growth. Taken together, these data shed light on the
mechanisms underlying selective CBSC activation supporting
CB growth during physiological adaptation to sustained
hypoxia. They might also improve our ability to differentially
generate dopaminergic and GDNF-producing CB cells usable
for cell therapy against PD.

EXPERIMENTAL PROCEDURES

Animals

Transgenic mice, WT mice, and Wistar rats were housed and
treated according to the animal care guidelines of the Euro-
pean Community Council (86/609/EEC). All procedures were
approved by the Animal Research Committee at the University
of Seville.

In Vivo Hypoxic Treatments

Animals (rats and mice) were chronically exposed to a 10% O2

environment using a hermetic isobaric chamber with O2 and
CO2 controls and temperature and humidity monitoring (Coy
Laboratory Products, Grass Lake, MI; http://www.coylab.com).
Animals were maintained in the hypoxic environment for 2, 4,
7, or 21 days. Age-matched control rats were similarly housed
in ambient air outside the chamber.

Histo- and Cytochemical Studies

For detection of TH, nestin, a-SMA, CD10, GFAP, GSA I (lectin),
and CD31 in tissue sections, NS, and/or dispersed cells, we
used standard staining procedures. Specific details about
immunocytochemistry, immunohistochemistry, and X-Gal stain-
ing are given in the Supplemental Information.

Western Blot

The same quantity of total protein lysate (30lg) was sub-
jected to 10% SDS-PAGE and transferred onto PVDF mem-
brane, which was incubated with specific antibodies for the
detection of CD10, and a-Tubulin as a loading and transfer
control. Specific details are given in the Supplemental
Information.

Cell Dissociation and Neurosphere Assays

CB cell dissociation and NS assays were performed as
described in a previous paper from our laboratory [8]. Specific
details are given in the Supplemental Information.
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RT-PCR and siRNA Assays

Total RNA was extracted from intact CBs, NS, or dissociated
cells using a commercial kit (RNeasy MICRO kit; QIAGEN,
Valencia, CA; https://www.qiagen.com). For the extraction,
6–10 CBs, or the equivalent amount of tissue from NS was
used. Specific details of the procedures used for standard and
real-time quantitative PCR are given in the Supplemental
Information. Oligonucleotides are listed in Supporting Informa-
tion Table S5. Dispersed CB cells were transfected after 8
hour in culture with siRNA smart pools against NEP, or siRNA
control smart pool (50 nM; Sigma, St. Louis, MO; https://
www.sigmaaldrich.com/), using lipofectamine2000 (Life Tech-
nologies-Invitrogen). Cells were allowed to form NS. Specific
mRNA downregulation was analyzed 48 hour after transfec-
tion by qPCR.

Microarray and IPA Analysis

Expression analysis was performed using GeneChip microar-
rays Rat Gene 1.0 ST Array (Affymetrix, Santa Clara, CA;
http://www.affymetrix.com/) as per manufacturer’s instruc-
tions. An estimated number of 27.342 annotated genes were
analyzed. The data obtained from the microarray analysis
were validated by qRT- PCR using TaqMan Array 96-well FAST
plate (Applied Biosystems, Waltham, MA; https://www.ther-
mofisher.com/es/es/home.html) containing a group of genes
of interest, including endogenous control genes (18S RNA,
GAPDH, GUSB, and HRTP1), according to manufacturer’s
instructions. Statistical analysis of the microarray data was
done by LIMMA (Linear Models for Microarray Analysis) using
R software, which is recommended for this platform. This
analysis applies a t-test empirically adjusted by a Bayes test.
All microarray rough analysis files are available from the GEO
(http://www.ncbi.nlm.nih.gov/geo) database (accession num-
ber GSE67429). To generate expression signatures, we com-
pared UNDIFF-NS to DIFF-NS and selected significant genes
(FDR< 0.01), with high FCH, and high average expression
(>5). To obtain biological significance from genomic data, we
used IPA software from Ingenuity System, applying constrain
settings (FCH> 1.5 and FDR< 0.01).

Gene enrichment and PCA analysis

In order to calculate the overlapping among genes with
affected expression in different conditions, probes were
mapped to genes using Array manufacturer annotation. For
those human genes with no direct homologous in rats, puta-
tive orthologous genes where identified using the Homolo-
gene Database [69]. Rat genes were then mapped to probes
again using manufacturer annotations. Significance of overlap-
ping was assessed using a two-tailed fisher exact test. For

PCA analysis, expression matrices were downloaded from
GEO, and a similar process was followed. Probes were
mapped to genes using manufacturer provided annotation,
and putative orthologous genes in rat were identified using
Ensembl (release 82) [70]. Rat genes were in turn mapped to
probes in the array. When several original probes were
mapped to the same rat gene, values were averaged. All
probes not present in all samples were discarded and expres-
sion values were transformed to log 2. To remove variation
among experiments, a batch effect elimination procedure was
applied using the combat function of the sva R package [71].

Flow Cytometry

All sorts and analyses were performed as indicated before [8].
Details on staining and the procedures used are given in the
Supplemental Information.

Statistics

Data are given as mean6 SEM. Statistical significance was
estimated by paired or unpaired two-sample t test. Paired t
tests were used to analyze samples obtained from cell cul-
tures, and unpaired t tests were applied for the experiments
involving animals.
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