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The effects of stress on brain and adrenal stem cells
MFR de Celis1, SR Bornstein1,2, A Androutsellis-Theotokis1, CL Andoniadou3, J Licinio4, M-L Wong4 and M Ehrhart-Bornstein1,✠

The brain and adrenal are critical control centers that maintain body homeostasis under basal and stress conditions, and
orchestrate the body’s response to stress. It is noteworthy that patients with stress-related disorders exhibit increased vulnerability
to mental illness, even years after the stress experience, which is able to generate long-term changes in the brain's architecture and
function. High levels of glucocorticoids produced by the adrenal cortex of the stressed subject reduce neurogenesis, which
contributes to the development of depression. In support of the brain–adrenal connection in stress, many (but not all) depressed
patients have alterations in the components of the limbic-hypothalamic-pituitary-adrenal (LHPA) axis, with enlarged adrenal cortex
and increased glucocorticoid levels. Other psychiatric disorders, such as post-traumatic stress disorder, bipolar disorder and
depression, are also associated with abnormalities in hippocampal volume and hippocampal function. In addition, hippocampal
lesions impair the regulation of the LHPA axis in stress response. Our knowledge of the functional connection between stress, brain
function and adrenal has been further expanded by two recent, independent papers that elucidate the effects of stress on brain
and adrenal stem cells, showing similarities in the way that the progenitor populations of these organs behave under stress, and
shedding more light into the potential cellular and molecular mechanisms involved in the adaptation of tissues to stress.
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The central dogma of neuroscience posited that the adult
mammalian brain is incapable of generating new neurons.1 Although
evidence against this doctrine has existed since the 1960s,2 it has
been only in recent years that we accept as established knowledge
the fact that the adult mammalian brain is capable of neurogenesis.
This realization has opened many new research avenues, including in
new approaches for neurodegenerative disease therapy. It has also
given rise to new concepts in terms of the plasticity of the brain and
the way it communicates with other organs. For example, stress has
emerged as a powerful regulator of neurogenesis, suggesting novel
means by which the endocrine system may be able to regulate brain
plasticity. Elucidating the mechanisms by which the brain and the
adrenal glands coordinate these complex tasks may lead us towards
improved treatments for patients with stress-related disorders. We
discuss reports that demonstrate how stress regulates progenitor
cells in the brain and adrenal,3,4 and note similarities between
the progenitor cell systems of these two organs. Studying the
progenitor cell populations of the brain and adrenal may be an
essential task for the advancement of our understanding of stress
and its effects on the endocrine system, neuroendocrine regulation
and brain plasticity.

ADULT NEUROGENESIS
In the adult brain, neural stem cells (NSCs) convincingly able to
contribute to neurogenesis reside in two well-defined germinal
areas: the ventricular-subventricularzone (V-SVZ) and the sub-
granular zone (SGZ) in the dentate gyrus of the hippocampus.
These cells share features with glial cells, including astrocytes and
radial glia, such as the expression of GFAP and S100b, among

others. NSCs also express the intermediate filament protein nestin,
as well as vimentin and brain lipid-binding protein, which are
also expressed by reactive astrocytes, activated by injury, for
example.5–8 Despite the similarities in marker expression between
NSCs and glial cells, cell culture and in vivo tracing experiments
demonstrate that they have the hallmarks of multipotent stem
cells, namely the ability to self-renew and the ability to clonally
generate neurons, astrocytes and oligodendrocytes.9

The V-SVZ and SGZ are the most established neurogenic areas.
In the V-SVZ, NSCs generate neurons that migrate to the olfactory
bulb.10 In the hippocampal SGZ, the radial glia-like NSCs give rise
to new dentate granule neurons, and consequently contributing
to memory and cognitive functions, as well as to the processing of
emotions and the regulation of stress responses.11–14 Owing to its
prominent involvement in stress responses, we will, in this article,
focus on the hippocampal SGZ.

THE ADRENAL GLAND
The adrenal is composed of two different endocrine tissues: the
adrenal cortex and the adrenal medulla, derived from two distinct
embryonic origins, the mesoderm and the ectodermic neural
crest, respectively.15 Through the release of distinct hormones
they regulate homeostasis. The mammalian adrenal cortex
predominantly produces steroid hormones, of which glucocorti-
coids constitute a major group. The catecholamines epinephrine
and norepinephrine are the major secretory products of the
adrenal medulla. Despite the distinct origin and hormone
production profiles, the communication between the cortex and
medulla is important to the proper function of the gland and to its
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adaptation to stress. For example, early studies by Wurtman and
Axelrod16,17 demonstrated that the biosynthesis of adrenomedul-
lary epinephrine is regulated by adrenocortical glucocorticoids.
Medulla-to-cortex regulation is now also accepted to occur via
paracrine control by adrenomedullary chromaffin cells.18,19

Adrenocortical glucocorticoids are the most widely studied
adrenal product with clear effects on brain function. These have a
major role in stress responses, in the context of basal and
stress-related homeostasis.20 The glucocorticoid receptor (GR) is
expressed in almost all mammalian cells and mediates the
transcription of genes involved in development, and the control
of metabolism and immune responses.20 Specifically, GR is
expressed in several areas of the adult brain such as the
hypothalamus, pituitary, hippocampus and amygdala, centers
involved in glucocorticoid feedback. Of these, the hypothalamus
and pituitary are primarily responsible for the maintenance of
body homeostasis, whereas the other two areas are involved in
memory and fear control, essential to ensuring survival.
Just as it is the case for the adult brain, the adult adrenal gland

also contains a population of immature cells. In the medulla,
chromaffin progenitor cells have been described and demon-
strated to have the ability to self-renew in culture and differentiate
into hormone-producing chromaffin cells.3,21–26 In the adrenal
cortex, a distinct population of progenitor cells exists beneath the
adrenal capsule. The potential role of these cells in adaptation to
stress is becoming an important new focus in the field of
endocrinology.

BRAIN AND ADRENAL GLANDS: CO-WORKERS IN STRESS
The ability of an organism to adapt to stresses that are normally
encountered throughout its lifespan involves the sympathoadre-
nal system and the limbic-hypothalamic-pituitary-adrenal (LHPA);
interactions between these two systems have a central role in
adaptation.19,27 For example, the pituitary gland contains a
recently identified population of stem cells that are capable of
contributing to all hormone-secreting lineages.28,29 Physiological
stimuli elicit a response in these cells to enable adaptation to
immediate demand; in severe experimental models, such as
following adrenalectomy, a transient wave of mitoses is initiated in
the pituitary gland and uncommitted stem cells are activated to
preferentially generate terminally differentiated adrenocorticotro-
pic hormone-secreting corticotrophs.30,31 In some severe stress
contexts, the sympathoadrenal and LHPA systems intercept at the
level of the adrenal gland where interactions between the adrenal
cortex (a component of the LHPA axis) and the adrenal medulla (a
component of the sympathoadrenal neuroendocrine system) are
key in terms of adaptation.27,32

The brain and adrenal are critical control centers that maintain
body homeostasis under basal and stress conditions, and
orchestrate the body’s response to stress. It is noteworthy that
patients with stress-related disorders exhibit increased vulner-
ability to mental illness, even years after the stress experience,
which is able to generate long-term changes in the brain's
architecture and function. As mentioned above, high levels of
glucocorticoids produced by the adrenal cortex of the stressed
subject reduce neurogenesis, which contributes to the develop-
ment of depression.33 In support of the brain–adrenal connection
in stress, many (but not all) depressed patients have alterations in
the components of the LHPA axis, with enlarged adrenal cortex
and increased glucocorticoid levels.34,35 Other psychiatric
disorders, such as post-traumatic stress disorder, bipolar disorder
and depression, are associated with abnormalities in hippocampal
volume and hippocampal function.36–38 In addition, hippocampal
lesions impair the regulation of the LHPA axis in stress
response.39,40

After experimental adrenalectomy, the number of astrocytes in
the SGZ increased within 1 week,41 and after 1 month the number

of granular cell layer (GCL) neurons in the dentate gyrus of the
hippocampus also increased.42,43 Under normal conditions,
adrenal steroids induce extracellular glutamate accumulation in
the GCL; following adrenalectomy, extracellular levels of gluta-
mate decreased. Variations in glutamate levels could be detected
by astrocytes thus affecting their behavior.44 Hippocampal
astrocytes express the mineralocorticoid and GRs, offering another
possible mechanism by which glial function may be regulated by
the adrenal.45

Acute, mild stress has been shown to induce hippocampal
neurogenesis, which itself is required for proper stress
responses.46 However, intense stress such as that induced in
chronically stressed animals has been demonstrated to have a
vastly negative impact on neurogenesis in the hippocampus. This
is mainly due to the high concentrations of stress hormones,
which were shown to possess a catabolic function and growth-
inhibiting effects. More specifically, glucocorticoids suppress cell
proliferation and promote cell death in several cell types.47–49 The
hippocampus is densely populated with receptors for stress
hormones,45 suggesting that one role of these hormones in the
adult brain is to regulate the production of new neurons by
inhibiting neurogenesis in the dentate gyrus of the hippocampus.50

In particular, rodents subjected to chronic restraint conditions
exhibited a reduced number of proliferating cells; the population of
doublecortin-positive cells, the newly formed neurons, was reduced
in the dentate gyrus.51 At least in part, the reduction was allocated
to impaired cell survival and resulted in a reduction in the number
of granule cells in the hippocampus.52

The brain and the adrenal medulla share several features. Thus,
the adrenal medulla, one of the most intensively studied of the
neural crest derivatives, was even described as the ‘peripheral
brain’,15 mainly because of the morphological and functional
neuron-like characteristics of chromaffin cells, the main adreno-
medullary cell population. Chromaffin cells, such as neurons, are
secretory cells that release their secretory products upon electrical
and chemical inputs, and provide for rapid communication
between widely separated parts of the body. On the basis of
these similarities between the major cell types of the two tissues,
it can be hypothesized that also the plastic and regenerative
potential of these tissues resides in a similar type of stem cell,
especially when considering that both tissues share the same
ectodermic origin.

TWO COMPLEMENTARY DATA SETS ELUCIDATE THE EFFECTS
OF STRESS ON BRAIN AND ADRENAL STEM CELLS
There is now strong evidence that nestin+ cells in the adult brain
and adrenal medulla behave as progenitors presented in two
independent, but conceptually complementary, papers. Chetty
et al. 4 used lineage tracing methods, utilizing a nestin-CreER/YFP
inducible reporter mouse line, to demonstrate that nestin+ cells in
the adult brain can give rise to oligodendrocytes and neurons.
Whether the nestin+ cells that generated oligodendrocytes in the
hippocampus were themselves located in the hippocampus is not
easy to determine in such in vivo experiments; however, the ability
of adult hippocampal NSC cultures (which are generally nestin+)
to generate oligodendrocytes may support this possibility. Rubin
de Celis et al.3 independently used a different but similar mouse
strain (nestin-Cre ERT/RosaYFP) to demonstrate that nestin+ cells
in the adult adrenal medulla can generate chromaffin cells. In
addition, they used a nestin-GFP reporter to count nestin+ cells
in vivo and to demonstrate the proliferative ability of nestin+ cells
when placed in culture. Put together, these two papers
demonstrate that nestin+ cells in the brain and adrenal have
progenitor cell properties.
Both labs used similar immobilization stress models to assess

changes in the function of nestin+ cells that may contribute to our
molecular and cellular understanding of stress adaptation in their
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respective organs. Chetty et al. used a rat model that involved
daily consecutive periods of immobilization over 7 days. They
reported an increase in the percentage of proliferating cells
(BrdU+ labeled) that express the oligodendrocyte markers
myelin basic protein (MBP) and receptor interacting protein
(RIP), at the hippocampal dentate gyrus.
Rubin de Celis et al. also reported an increase in the number of

nestin+ cells (using a nestin-GFP reporter mouse line) following a
1-day stress session. This results in the adrenal medulla mirrors the
data reported by Chetty et al. from the brain, suggesting that both
organs respond to forms of stress by increasing the population of
progenitors. However, after the first day increase in adrenome-
dullary nestin+ cells, their number decreased, eventually (at day 7
of daily stress sessions) reaching levels below non-stressed
baseline. Despite the reduction in nestin+ cell number at day 7,
the percentage of nestin+ cells in the adrenal medulla at day 7
that is in a proliferative state (EdU labeled) increased. These results
may suggest depletion (temporary or permanent is not clear, at
this point) of nestin+ cells in the adrenal. It may be interesting to
address whether similar reduction may be observed also in the
brain, perhaps at time points greater than 7 days.
Possible nestin+ cell depletion may be attributed to differentia-

tion of nestin+ cells. To follow the fate of nestin+ cells, both
groups used inducible nestin-Cre mouse lines. More specifically,
they addressed changes in the fate specification potential of
nestin+ cells in stress paradigms. Chetty et al. used a model where
mice were administered with the glucocorticoid corticosterone
(a mediator of stress responses); in addition, they employed the
rat immobilization model that does not allow for lineage tracing,
but allows the assessment of the proliferative state of different cell
types. Rubin de Celis et al. used the immobilization model in mice
allowing the lineage tracing of nestin+ cells.
In the adult rat brain, immobilization-induced stress reduced

neurogenesis and increased oligodendrogliogenesis (data were
obtained by counting BrdU+/TUJ1+ and BrdU+/MBP+, and
BrdU+/RIP+ cells). This prompted the authors to address two
questions. First, whether the observed stress response was
mediated by glucocorticoids. For this, the authors utilized the
mouse model of corticosterone administration (mice were given
10 daily injections and the brain were assessed 7 days after that)
and followed up their studies with in vitro experiments where
hippocampal NSCs were treated with corticosterone. Second, they
addressed the effect of corticosterone on the differentiation
competence of nestin+ cells in vivo. The inducible nestin-Cre
reporter mouse line was employed for these experiments. The
results showed that, like with the rat immobilization/restraint
model, glucocorticoid treatment in vivo in mice also reduced
neurogenesis and increased oligodendrogliogenesis. The results
were confirmed in vitro where corticosterone treatment of adult
hippocampal NSCs reduced neurogenesis and increased oligo-
dendrocyte generation in a GR–mediated manner (this was
demonstrated by opposing the corticosterone effects when the
cells were transfected with a dominant-negative GR viral vector).
Additional experiments with synthetic glucocorticoid and GR
agonist dexamethasone confirmed these observations. The results
demonstrated that both neurons and oligodendrocytes in the
hippocampus can be generated by nestin+ cells, and that
corticosterone decreases neurogenesis, whereas it increases
oligodendrogliogenesis.
In the adrenal medulla of stressed animals, a greater number of

nestin+ cell–derived chromaffin cells was reported (at the end of
the 1-week stress period). This result, in combination with the
decreased nestin-GFP cell number may represent depletion of the
nestin+ cell population as it differentiates into chromaffin cells. In
support of this, following stress, mice that were placed back
under normal (non-stressful) conditions for 1 week reinstated the
number of nestin-GFP labeled cells to normal values. Chetty et al.
also addressed the question of depletion in adult rats in vivo by

allowing the rats to recover for 1 week after the end of
the corticosterone administration period. They reported the
reinstatement of the number of newly generated neurons to
normal levels. However, the percentage of newly born oligoden-
drocytes remained higher in the corticosterone-treated rats.
In vitro experiments using the inducible nestin mouse model

confirmed the multipotential nature of adrenomedullary progeni-
tor cells by showing that they can generate the three major
lineages of the adrenal medulla: glia, neurons and chromaffin
cells. It should be noted that the cell culture medium used
contains the supplement B27, which contains glucocorticoids and
this may have affected the exact fate specification. Future
experiments performed in the absence of glucocorticoids may
quantitatively address the potential of these cells.
In conclusion, these two papers reveal further effects of stress

on the cellular architecture of the brain and adrenal medulla. They
show similarities in the way that the progenitor populations of
these organs behave under stress, shedding more light into the
potential cellular and molecular mechanisms involved in the
adaptation of tissues to stress.
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