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The adrenal gland is a master regulator of the human body during
response to stress. This organ shows constant replacement of
senescent cells by newly differentiated cells. A high degree of
plasticity is critical to sustain homeostasis under different physi-
ological demands. This is achieved in part through proliferation
and differentiation of adult adrenal progenitors. Here, we report
the isolation and characterization of a Nestin+ population of ad-
renocortical progenitors located under the adrenal capsule and
scattered throughout the cortex. These cells are interconnected
with progenitors in the medulla. In vivo lineage tracing revealed
that, under basal conditions, this population is noncommitted and
slowly migrates centripetally. Under stress, this migration is greatly
enhanced, and the cells differentiate into steroidogenic cells. Nestin+

cells cultured in vitro also showmultipotency, as they differentiate into
mineralocorticoid and glucocorticoid-producing cells, which can be fur-
ther influenced by the exposure to Angiotensin II, adrenocorticotropic
hormone, and the agonist of luteinizing hormone-releasing hormone,
triptorelin. Taken together, Nestin+ cells in the adult adrenal cortex
exhibit the features of adrenocortical progenitor cells. Our study
provides evidence for a role of Nestin+ cells in organ homeosta-
sis and emphasizes their role under stress. This cell population
might be a potential source of cell replacement for the treatment of
adrenal insufficiency.

adrenal | cortex | progenitors | stem cells | stress

Stress is defined as a threat to homeostasis. The pituitary and
the adrenal glands are the major organs of the human body

involved in the response to stress. During an acute stress re-
sponse, catecholamines such as epinephrine and norepinephrine
are produced in the sympathetic nervous system and the adrenal
medulla within seconds. Instantly, the hypothalamo-pituitary-
adrenocortical (HPA) axis responds by producing glucocorti-
coids, which support the action of catecholamines. Proper con-
trol of the stress response and the restoration of homeostasis is
of critical importance, as inappropriate or prolonged HPA axis
activation is linked with numerous physiological and psycholog-
ical disease states (1). Tissue and organ maintenance in the body
is partly accomplished by proliferation and differentiation of
adult stem cells, by division of differentiated cells, or by con-
version of cell lineage. Adult stem cells reside in different tissues
and organs of the body, where they contribute to the renewal of
organ-specific cells. A proper balance between the proliferation
and differentiation of such stem/progenitor cells is crucial, as a
dysregulation of this mechanism might result in organ failure
(reviewed in ref. 2). Stem cells are dynamically regulated by
signals originating from their niches, helping to regulate appro-
priate proliferation and differentiation. We have previously
demonstrated a direct effect of adrenocortical growth factors

and androgens on proliferation and differentiation of adult
adrenomedullary chromaffin cells (3) and chromaffin progenitor
cells (4). We have also shown that Nestin+ stem-like cells in the
adrenal medulla play an important role under stress, pre-
dominantly differentiating into chromaffin cells (5). The adrenal
cortex of the mouse is formed by an outer layer, the zona glo-
merulosa (zG), and an inner layer, the zona fasciculata (zF).
Several studies have demonstrated that distinct populations of
adrenocortical progenitors are located in the subcapsular region
of the adrenal cortex, possibly in the zG (6–8), where they con-
tribute to regeneration of the adrenal gland (9). These cells are
displaced centripetally until they reach the cortical–medullary
boundary, where they become apoptotic (6, 10). The Sonic
hedgehog (SHH) signaling pathway plays an important role in
the development of the adrenal cortex, and SHH+ subcapsular
cells represent a population of undifferentiated cells that activate
GLI1 (Glioma-Associated Oncogene Homolog 1)-expressing
progenitor cells in the adrenal capsule (9, 11, 12). The GLI1+

/SF1− progenitors descend from the fetal FAdE-utilizing SF1+

cells of the adrenal primordium (ref. 13; reviewed in refs. 14 and
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15). This is supported by lineage tracing and specific deletion of
SF1 in the zG, which results in a disorganized zG, but a normal
zF (16). This suggests that progenitors might reside outside the
zG. Accordingly, Pignatti et al. (17) have recently suggested that
other cell populations may function to maintain adult homeo-
stasis, as there is a discrepancy between the continuous need for
new cortical cells and the infrequent capsular contribution of
well-characterized GLI1+/SF1− adrenocortical stem cells.
Previously, we have demonstrated that Nestin+ cells are pre-

sent in the adult human (18, 19) and murine (5) adrenal medulla.
In the present paper, we have characterized a distinct population
of Nestin+ progenitors in the murine adrenal cortex and analyzed
its role in stress. Under basal conditions, these progenitors very
slowly migrate centripetally through the different zones of the
adrenal cortex to the cortical–medullary boundary. However,
under stress, the progenitors migrate faster and differentiate into
steroidogenic cells. In addition, we have isolated the Nestin+ cells
from the adrenal cortex and characterized them in vitro. Thereby,
we have shown that they display progenitor characteristics and are
able to generate functional cells producing steroid hormones.

Results
Cells in the Adrenal Cortex Express Nestin-GFP. To investigate
Nestin+ cells in the adrenal cortex, we used the Nestin-GFP
transgenic mouse model (20), which has previously been vali-
dated to denote progenitors in a range of tissues (5, 21, 22).
Immunohistochemistry showed that, in addition to the adrenal
medulla, Nestin+ cells were also present in the cortex. In young
mice [postnatal day (P) 14], almost all Nestin+ cells were located
just underneath the capsule (Fig. 1A and SI Appendix, Fig. S1C).
In adult mice, the majority of Nestin+ cells were found under the
capsule, but some cells were also scattered through the zG and
the zF (Fig. 1A). To perform 3D imaging of 2–5-mm adrenal
sections and further characterize Nestin+ cells, we have developed
a lipid clearing protocol for murine adrenals based on the method
developed by Tomer et al. (23). Imaging of these adrenal sections
showed that Nestin+ cells in the adult adrenal cortex and medulla
were extensively interconnected (Fig. 1B and Movies S1 and S2).
Nestin+ cells with long cellular protrusions/extensions positive
for β-III tubulin or closely connected to β-III tubulin-positive neu-
rons crossed the whole adrenal, thereby connecting the medulla

with the capsule and making direct signaling possible. Further-
more, Nestin+ cells just underneath the capsule appeared to be
interconnected all around the capsule (Fig. 1B and Movies S1
and S2). In adult mice, nearly all Nestin+ cells under the capsule
were positive for the glial marker S100 (Fig. 1B and ref. 24),
which has previously been reported to also mark progenitors of
the adrenal medulla (5), neural progenitors of the intermediate
zone of the developing cerebral cortex (25), and progenitors of
hormone-producing cells in the anterior pituitary (26). In young
(P14) mice, the number of double-positive cells was lower (SI
Appendix, Fig. S1D).

Expression of Stem Cell Markers in Adrenocortical Nestin-Positive
Cells. To elucidate if Nestin marks a known population of pro-
genitors to steroidogenic cells, we performed immunohisto-
chemistry with a range of progenitor/stem cell and steroid
markers. DAX1 is critical for the maintenance of adrenocortical
progenitor cells (15), and we have previously shown that DAX1
is expressed in progenitors of the bovine adrenal cortex (27). In
adult mice, double-positive cells were rarely observed (Fig. 1C
and SI Appendix, Fig. S1A), and, in P14 mice, all Nestin+ cells
were DAX1-negative (SI Appendix, Fig. S1D). In young and
adult mice, we observed only a partial double staining with GLI1
and SHH (Fig. 1C and SI Appendix, Fig. S1A). Flow cytometry
showed that, in the adrenal cortex of adult mice, 1–2% of the
cells were Nestin+ (SI Appendix, Fig. S1E). The overlap with the
cell surface markers CD44, CD73, CD90, and CD105 identifying
mesenchymal stem cells (MSCs) (28) was also limited as ob-
served by flow cytometry of cells isolated from whole adrenals
(SI Appendix, Fig. S1F). Under normal conditions, the Nestin+
cells were negative for steroidogenic markers such as CYP11B1
and CYP11B2 (Fig. 1C and SI Appendix, Fig. S1B), SF1, and
CYP11A1 (24). These results show that Nestin+ cells in the
adrenal cortex are undifferentiated and differ from the known
stem/progenitor populations in the adrenal cortex. Furthermore,
they are highly connected around the capsule and throughout
the cortex.

Nestin-Positive Cells from the Adrenal Cortex Show Progenitor
Characteristics in Vitro. To characterize the properties of adre-
nocortical Nestin+ cells in vitro, the entire adrenal cortex from
Nestin-GFP mice was carefully separated from the medulla to
obtain a purely cortical culture (see ref. 24). Isolated cells, cul-
tured under low-attachment conditions, started to form aggre-
gates on the first day after isolation (Fig. 2A). The expression of
GFP in these aggregates was initially heterogeneous, but, after 6
d in culture, the GFP expression was increased. A statistically
significant increase in the expression of Nes (Nestin) was also
seen at the transcriptomic level (Fig. 2B). The highest expression
was found on day 6. An increase in the expression of Nr0b1
(Dax1) was also observed, whereas the expression of Shh and
Gli1 decreased. The expression of all steroidogenic markers and
the adrenocorticotropic hormone (ACTH) receptor Mc2r was
decreased after 9 d of culture under low-attachment conditions
(Fig. 2C), albeit not significantly. This suggests an enrichment of
Nestin+ cells within the aggregates, as the expression of Nestin
was maintained at a high level from day 6 of culture. We have
previously shown that the Nestin+ cells are able to proliferate
and self-renew (24). However, to elucidate if the Nestin+ cells
are able to form clonal spheres alone or if other cells are nec-
essary for the maintenance of the progenitors, adrenocortical
cells from Nestin-GFP mice were flow-sorted into GFP+ and
GFP− populations and cultured in stem cell-promoting cell cul-
ture medium. After 4 d, the GFP+ cells readily formed spheres
(SI Appendix, Fig. S2A), indicating that the Nestin+ cells have
proliferative potential that does not depend on the GFP− cell
fraction. In contrast, only ∼10% of the GFP− cells formed
spheres (SI Appendix, Fig. S2A). The GFP+ cells continued to
express GFP during culture (SI Appendix, Fig. S2A). Surprisingly,
the GFP− cells began to express GFP after 3–4 d in culture,
suggesting that other stem cell populations might express Nestin

m

c

100 μm1010010010010010010010010010000001001001100000100100100100000000100000000000000000000000001 00 μmμmμmμmμmμmμmμmmμmμmμmμmμmμmμmμmmμmmmμμμμμmmμμμmmmmmμμμμμμmmmmμmmmmmμ

m

c

c

m

A

B

C

Fig. 1. Nestin-GFP–positive cells in the adrenal cortex. (A) Localization of
Nestin+ cells in young (P14) and adult (2 mo old) mice. (B) Three-dimensional
imaging of cleared adrenal sections costained with antibodies against β-III
tubulin or S100. (C ) Costaining with a panel of known progenitor/stem
cell markers and steroidogenic enzymes. Double-positive cells are marked
with arrows. Dashed lines mark the border between the cortex (c) and
medulla (m).
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at later time points or that the cell culture conditions can induce
dedifferentiation in these cells. On the contrary, when this ex-
periment was repeated with adrenomedullary cells from Nestin-
GFP mice, the GFP− cells stayed negative during the culture
period (SI Appendix, Fig. S2A). This suggests a higher plasticity
of the cortical cells.

Cortical Nestin-Positive Progenitors Differentiate into Steroidogenic
Cells in Vitro. To further investigate the progenitor characteristics
of the Nestin+ cells, we decided to test their differentiation ca-
pability. As we noted the highest expression of stem cell markers
at day 6 of proliferation, we started the differentiation at that
day. Thus, we changed the culture conditions by transferring the
spheres from nonadherent plates to plates coated with poly-D-
lysine and fibronectin. Furthermore, basic FGF (bFGF) was
removed from the culture medium to promote differentiation
(Fig. 3A). After 1–2 d in culture, the adherent cells started to
migrate from the spheres and to differentiate (Fig. 2A). By using
bright-field microscopy, we previously observed that a portion
of the differentiated cells contained lipid droplets (24). Here,
we show by EM that differentiated cells also contain numer-
ous mitochondria, which is typical for steroid-producing cells of
the zG. Immunogold labeling of GFP demonstrated that these
mitochondria-rich cells were indeed the Nestin+ cells (Fig. 3B).
qRT-PCR showed that the expression of Nes was unchanged
during differentiation, whereas the expression of Nr0b1 and Shh
decreased significantly. The expression of Gli1 also decreased,
albeit not significantly (Fig. 3C). The expression of Star and
Cyp11a1 was stable, whereas the expression of Cyp11b2 was sig-
nificantly increased during differentiation. The expression of
Cyp11b1 and Cyp21a1 decreased, albeit not significantly (Fig. 3D).
By ELISA, we observed an increase in corticosterone secreted
into the growth medium until day 7 of differentiation, with a
subsequent decrease. The level of aldosterone was augmented
during the whole differentiation process (Fig. 3E). Further steroid
profiling was performed by liquid chromatography/tandem MS.
Here, we measured various steroids secreted to the culture me-
dium (SI Appendix, Fig. S3A). Cortisol, 11-desoxycortisol, corti-
sone, and 17-OH-progesterone were not detectable, which showed
that, as in adult mice in vivo (29), CYP17A1 was not expressed
in vitro. Pregnenolone, 11-desoxycorticosterone, and corticoste-
rone showed the highest levels at day 7 of differentiation, as also
shown by ELISA for corticosterone. The progesterone level also

had a peak at day 7, but, after a decrease until day 17, the level
started to increase. The aldosterone level increased until day 14.
These results demonstrate that adrenocortical progenitors can
be isolated and differentiated into zG and zF steroidogenic cells
in vitro. During extended differentiation conditions, adrenocor-
tical cells isolated from WT C57BL/6N or Nestin-GFP mice
partly lost their Nestin expression at the protein level while be-
coming positive for StAR and CYP11B2 (SI Appendix, Fig. S4A
and ref. 24). Therefore, we decided to isolate adrenocortical cells
from the tamoxifen-inducible Nes-CreERT/R26R-eYFP mouse
line and induce recombination in vitro, as the Nestin-derived
cells will remain YFP+ (described in ref. 5). After 6 d of pro-
liferation, cells in spheres were all YFP+ (SI Appendix, Fig. S4B).
One week of differentiation revealed that YFP+ cells became
positive for steroidogenic markers like StAR, SF1, CYP11A1,
CYP11B1, and CYP11B2, but negative for chromogranin A, a
marker for chromaffin cells (SI Appendix, Fig. S4C). To deter-
mine if the Nestin+ cells are able to differentiate into steroido-
genic cells without signals from other populations, Nestin-GFP+

cells were flow-sorted, cultured under conditions promoting their
proliferation for 9 d, and subsequently cultured under conditions
promoting their differentiation for 11 d. We observed that the
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GFP signal was diminished followed by acquisition of steroidogenic
markers like StAR and CYP11B2, indicating their differentiation
capacity (SI Appendix, Fig. S2 B and C).

Response to Angiotensin II and ACTH.Angiotensin II (Ang II) is the
key enzyme in the renin–angiotensin–aldosterone system and
known to regulate the biosynthesis of aldosterone in the zG
through the induction of HSD3B and CYP11B2 (30). Stimu-
lation with Ang II for 24 h on day 6 of differentiation increased
the levels of aldosterone (180%) and corticosterone (200%;
Fig. 3F).
ACTH produced in the pituitary during stress affects differ-

entiation and steroidogenesis partly through SF1-induced tran-
scription of steroidogenic enzymes leading to an increase in
glucocorticoids: cortisol in humans and corticosterone in mice
(31). The expression of the ACTH receptor Mc2r during the
differentiation of adrenocortical progenitors was investigated.
We observed that the highest expression was seen on day 6 of
differentiation, and the expression subsequently decreased (Fig.
3D). Therefore, we decided to look at the responses to ACTH
on day 6 of differentiation. The expression of the stem cell
markers Nes, Shh, and Gli1 was unchanged, but that of the ste-
roidogenic enzymes Star, Cyp11a1, and Cyp11b2 was significantly
increased (Fig. 3G). The levels of aldosterone and corticosterone
secreted into the culture medium were greatly augmented; the
aldosterone concentration increased by 670% and the cortico-
sterone concentration by 400% (Fig. 3F).
Previously, we tested various pharmacological agents for their

ability to influence the properties of a bioartificial bovine adrenal
cortex. In this former study, two peptides, triptorelin and bombesin,
were shown to increase cell functionality and proliferative potential
when applied to bovine adrenocortical cells encapsulated in alginate
(27). When we applied bombesin to our differentiating cells, the
production of corticosterone was unchanged. With triptorelin alone,
no changes were observed, but, in combination with ACTH, the
stimulatory effect of ACTH on corticosterone production was sig-
nificantly inhibited (Fig. 3H).

Nestin-Expressing Cortical Progenitors Migrate Centripetally Toward
the Medulla. To determine the fate of Nestin+ cells in the adrenal
cortex in vivo, we lineage-traced these cells by using the Nes-
CreERT/R26R-eYFP mouse model. In these animals, the ad-
ministration of tamoxifen transiently activated Cre in a pro-
portion of Nestin+ cells, resulting in a permanent expression of
YFP in those cells and their descendants. Mice treated with ta-
moxifen were analyzed at 2 d, 1 mo, 10 wk, 20 wk, and 1 y after
the injections (Fig. 4A). For 10 wk, the YFP+ cells were mainly
located in the zG underneath the capsule (Fig. 4 B and C).
However, after 10 wk, the numbers of YFP+ cells had increased
significantly, indicating that the cells were proliferating (Fig.
4D). After 20 wk, the distance of YFP+ cells to the capsule had
augmented significantly (Fig. 4C), even though the number of
YFP+ cells decreased (Fig. 4D), indicating that a proportion of
the cells had undergone apoptosis at the cortical–medullary
boundary. After 1 y, nearly all remaining YFP+ cells were lo-
cated in the zF close to the adrenal medulla (Fig. 4 B and C).
Two days after the injections of tamoxifen, all cells lost their
expression of S100 and a part became StAR-positive (∼25%) or
CYP11B2-positive (∼5%; Fig. 4E and SI Appendix, Fig. S5A).
After 1 y, ∼50% of the descendants of Nestin+ cells were StAR-
positive and ∼30% were CYP11B2-positive (Fig. 4E and SI
Appendix, Fig. S5A). These results clearly demonstrate a pattern
of slow centripetal migration toward the adrenal medulla,
whereby a proportion of the Nestin+ progenitors proliferate,
differentiate, and acquire steroidogenic markers.

Stress Promotes the Differentiation and Migration of Nestin-Expressing
Cells in the Adrenal Cortex. Previously, we have addressed the role
of adrenomedullary progenitors in stress (5). Nestin-GFP mice
were exposed to repeated stress of immobilization (2 h of restraint
stress per day for six consecutive days; Fig. 5A). In addition, mice

from the stress group were isolated in individual cages 2 d before
starting the stress experiments, whereas the mice in the control group
were kept together in one cage. Mice exposed to stress lost body
weight, whereas their adrenal weights increased significantly com-
pared with control mice (5). By using the same stress protocol,
we characterized the adrenocortical progenitors. We observed
that the total count of Nestin+ cells in the cortex was unchanged
(Fig. 5B), whereas the number of capsular Nestin+ cells decreased
(Fig. 5C), indicating fast centripetal migration under stress. The
concentrations of corticosterone and aldosterone in the serum
were the same in control mice and mice exposed to the stress of
immobilization (Fig. 5D). To lineage trace Nestin+ cells under
stress, we used Nes-CreERT/R26R-eYFP mice, in which the ex-
pression of YFP was induced upon tamoxifen administration for
5 d (Fig. 5E). After a resting period of 7 d, mice were subjected
to 6 d of immobilization stress as described here earlier. As in
the case of Nestin-GFP cells, the YFP+ cells migrated centripetally
from the capsule in the direction of the medulla. During this mi-
gration, they became positive for the steroidogenic markers StAR,
CYP11A1, and CYP11B2 (Fig. 5F and SI Appendix, Fig. S5B).
These results indicate that, under stress, the migration of Nestin+

cells from the adrenal capsule in the direction of the adrenal me-
dulla and their subsequent differentiation into steroidogenic cells
are greatly increased (Fig. 5G). This reveals an important supporting
role of Nestin+ progenitors in stress situations.

Discussion
Taken together, these in vitro and in vivo experiments suggest
that, under normal conditions, Nestin+ progenitors with long
processes are mainly located in the capsule or subcapsular region
of the adrenal. These cells are connected under the adrenal
capsule, and also physically interact with Nestin+ cells in the
medulla. Our results indicate that Nestin+ cells in the cortex and
medulla form a network of interconnected cells but belong to
two different populations, as their differentiation potentials are
distinct. In the dentate gyrus, Nestin+ adult radial glia with neural
stem cell properties also have long processes showing an intimate
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relationship with synapses, blood vessels, and astrocytes, providing
a link between their local niche and hippocampal neurogenesis
(22). Nestin+ MSCs in the bone marrow also display this mor-
phology (32), as do anterior pituitary stem cells (33). Furthermore,
catecholaminergic nerve fibers and hematopoietic stem cells were
shown to be closely associated with Nestin+ MSCs, indicating a
niche, which is regulated by paracrine cell–cell signaling and
endocrine signaling from hormones and the autonomic nervous
system (32). In addition, vascular Nestin+ cells in the testis,
whichtransform into Leydig cells, exhibit protrusions connecting
them with the vessels from which they were derived (34). These
observations fit with our observations in the adrenal, where we
see that the Nestin+ cells seem to be closely associated with the
nerve fibers crossing the adrenal cortex, thereby enabling para-
crine cell–cell signaling in the adrenal but also endocrine sig-
naling from the brain.
The lack of costaining with well-known adrenocortical stem

cell markers like DAX1, SHH, and GLI1 indicates that the
Nestin+ cells do not belong to the SHH+ or GLI1+ progenitors
known to be involved in daily cell renewal and regeneration in
the adrenal cortex (9). However, as the expression of Shh and
Gli1 decreased during culture of the total adrenocortical pro-
genitors and a proportion of Nestin− cells acquired expression of
Nestin, it is possible that Nestin+ progenitors are descendants of
a subpopulation of SHH+ or GLI1+ progenitors. As the Nestin+
progenitors have the potential to migrate and differentiate into
steroid-producing cells, an ability greatly enhanced during stress,
and also are highly reactive to ACTH, we suggest that they have
a unique role during stress adaptation. We have previously de-
scribed a similar situation in the adrenal medulla, where Nestin+
progenitors under normal conditions are able to differentiate

into glia and neuronal and chromaffin cells (5). However, under
stress, in which the adrenal shows an extremely adaptive re-
sponse, they preferentially differentiate into chromaffin cells. As
the adrenal medulla and cortex are two cellular systems united
under the capsule, it is obvious that, if one undergoes changes,
the other has to adapt in response. This is supported by the facts
that, during stress, when an acute activation of the adrenal me-
dulla by the splanchnic nerves triggers the release of epinephrine
and various neuropeptides, the release of adrenal glucocorticoids
and mineralocorticoids is also mediated in a paracrine way (35).
In reality, there is an active cellular and functional interaction of
cortical and chromaffin cells within the gland. Whereas adre-
nocortical glucocorticoids are required for the biosynthesis of
adrenomedullary epinephrine, catecholamines regulate the
release of steroids and the cellular function of the adrenal cortex
(36). Furthermore, patients with disorders of the adrenal cortex
such as Addison’s disease or congenital adrenal hyperplasia
display a dysfunction of the adrenal medulla, resulting in an
impaired stress response (37–39). Therefore, we suggest that
there could be a joint subset of progenitors in the adrenal me-
dulla and cortex that, in a synergistic way, share cellular pathways
for coordinating regeneration and adaptation to stress (Fig. 6).
The proposed model integrates the population of Nestin+ stress-
dependent subgroup of progenitors in the overall concept of
stem cell regulation. The proliferation- and differentiation-
inducing potential of stress on stem-like cells is of particular
interest because it cannot be excluded that hyperactivation of
those cells can lead to the development of cancer. Recently, we
also introduced the concept of stress-induced stem cells. Here,
we propose that the effects of stress on stem/progenitor cells
from a range of tissues, during the early stages of postnatal de-
velopment, may predispose to adult disease (40). Interestingly,
we did not observe any increase in the serum corticosterone and
aldosterone levels after stress. A possible explanation is that the
levels measured in control mice were already very high compared
with earlier reported values (41). This might be a result of the
CO2/O2 anesthesia, which has previously been shown to increase
serum corticosterone levels (42).
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Fig. 5. Stress induces the generation of steroidogenic cells from the Nestin-
population. (A) Nestin-GFP mice were subjected to restraint stress for 2 h
per day for 6 d. (B) On the last day, mice were killed, and adrenals were
processed for immunostaining. The total number of Nestin+ cells was counted.
(C) Number of capsular Nestin+ cells. (D) Plasma corticosterone and aldoste-
rone levels as measured by ELISA (n = 6). (E) To trace Nestin+ cells in vivo
after stress, Nes-CreERT/R26R-eYFP mice were injected with tamoxifen for
five consecutive days. After a resting period, the mice were subjected to
restraint stress. (F) Immunostaining of adrenals from control mice and mice
injected with tamoxifen and subjected to immobilization stress (n = 5).
Double-positive cells are marked with arrows. Representative images are
shown. (G) Schematic representation of the function of Nestin+ progenitors
in the adrenal cortex. Under normal conditions, Nestin+ progenitors are
mainly located in the capsule or subcapsular region. Over time, they very
slowly migrate centripetally in the direction of the adrenal medulla. Under
stress, migration and differentiation are greatly increased. Data in B and C
are presented as mean ± SEM. ns, not significant; ***P < 0.001.
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Fig. 6. Progenitor cells in the adrenal. The adrenal cortex and medulla are
two cellular systems under the adrenal capsule. In the cortex, SHH+ and
GLI1+ progenitors are involved in daily cell renewal and regeneration and
first differentiate into zG cells and then transdifferentiate into zF cells. In the
medulla, SOX10+ progenitors are fundamental for regeneration by differ-
entiating into neuronal, glial, and chromaffin cells. Under stress, Nestin+

progenitors, which are potentially subpopulations of SHH/GLI1 cells in the
cortex and SOX10 cells in the medulla, are important for synergetic
remodeling and adaptation. Although the Nestin+ progenitors in the cortex
and medulla are distinct subpopulations, they are both induced by stress in a
coordinated manner. Blue arrows mark differentiation under normal con-
ditions, red arrows mark differentiation under stress, and red double arrows
mark cell–cell interactions under stress.
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We have been able to isolate the adrenocortical Nestin+
progenitors and culture them in vitro. The differential expression
of various progenitor markers in adrenocortical cells, isolated
from mice, is similar to what we observed in cultures of bovine
adrenocortical cells, in which we also saw the highest expression
on days 6–7 of culture (27). On day 7 of differentiation, the cells
were highly reactive to Ang II and ACTH, indicating that, at this
point, there is a mixture of zG and zF cells. However, in the
culture conditions used in this study, the differentiation into
corticosterone-producing cells was stopped after 7 d. The cell
phenotype with few lipid droplets, numerous mitochondria, and
the elevated expression of CYP11B2 also indicates that we mostly
saw zG-like cells. However, as murine adrenal cells do not pro-
duce cortisol, and aldosterone is synthesized from corticosterone
(SI Appendix, Fig. S3B), it is not possible to draw a conclusion. By
optimizing the culture conditions and growth factors, this process
can probably be refined and further controlled. When we added
the synthetic peptide triptorelin, an LHRH agonist, which, in
addition to stimulating the secretion of luteinizing hormone and
follicle-stimulating hormone from the pituitary, can increase the
release of cortisol from adrenocortical cells (43, 44), we did not
observe any change in corticosterone production under basal
conditions. However, triptorelin inhibited the stimulatory effect
of ACTH on corticosterone production. Another compound,
the neuropeptide and growth factor bombesin that activates GLI1

and regulates proliferation in many progenitor cell types (45), did
not show any effect, again suggesting that the Nestin+ cells are
distinct from the GLI1+ cells and that bombesin receptors are
not expressed on the Nestin+ progenitors.
Lineage-specific stem cells from adult tissues are important sources

for cell-replacement therapies. Recently, we have shown that the
expression of progenitor markers is associated with the function-
ality of a bioartificial adrenal cortex (27). Our demonstration that
Nestin+ progenitors can be cultured in vitro and differentiated
into mineralocorticoid- and glucocorticoid-producing cells there-
fore provides a source of cells to address, for example, adrenal
insufficiency, which makes this study very relevant clinically.

Materials and Methods
Detailed materials and methods are described in SI Appendix, SI Materials
and Methods. All animal experiments were approved according to the
German Animal Welfare Act by the Landesdirektion Sachsen, Germany.
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