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Abstract

Neural stem cells (NSCs) are pluripotent precursors with the ability to proliferate and differentiate
into 3 neural cell lineages, neurons, astrocytes and oligodendrocytes. Elucidation of the
mechanisms underlying these biologic processes is essential for understanding both physiologic
and pathologic neural development and regeneration after injury. Nuclear hormone receptors
(NRs) and their transcriptional coregulators also play crucial roles in neural development,
functions and fate. To identify key NRs and their transcriptional regulators in NSC differentiation,
we examined mRNA expression of 49 NRs and many of their coregulators during differentiation
(0-5 days) of mouse embryonic NSCs induced by withdrawal of fibroblast growth factor-2
(FGF2). 37 out of 49 NRs were expressed in NSCs before induction of differentiation, while
receptors known to play major roles in neural development, such as THRa, RXRs, RORs, TRs,
and COUPTFs, were highly expressed. CAR, which plays important roles in xenobiotic
metabolism, was also highly expressed. FGF2 withdrawal induced mRNA expression of RORY,
RXRy, and MR by over 20-fold. Most of the transcriptional coregulators examined were expressed
basally and throughout differentiation without major changes, while FGF2 withdrawal strongly
induced mRNA expression of several histone deacetylases (HDACS), including HDAC11.
Dexamethasone and aldosterone, respectively a synthetic glucocorticoid and natural
mineralocorticoid, increased NSC numbers and induced differentiation into neurons and
astrocytes. These results indicate that the NRs and their coregulators are present and/or change
their expression during NSC differentiation, suggesting that they may influence development of
the central nervous system in the absence or presence of their ligands.
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Introduction

Nuclear hormone receptors (NRs) are intracellular molecules that mediate the actions of
their endogenous lipophilic ligands in a broad spectrum of physiological processes [1]. NRs
strongly influence the structure and functions of the central nervous system (CNS) by
affecting development, growth, differentiation, apoptosis, and death of its component cells.
For example, thyroid hormones and their receptors are essential for normal development and
function of the CNS, while steroid hormones, such as glucocorticoids, mineralocorticoids,
androgens, and estrogens, secreted from the adrenal glands and/or gonadal organs, affect
mood, cognitive function and sexual differentiation through their respective receptors
expressed in CNS [2 - 4].

Humans and mice respectively express 48 or 49 NRs, and they exert their diverse actions by
acting as ligand-dependent transcription factors [1]. NRs efficiently stimulate or repress the
transcriptional activity of their target genes either by binding to their cognate DNA
sequences (called response elements) located in the regulatory regions of their responsive
genes or by interacting with other transcription factors [5]. In the nucleus, DNA- or
transcription factor-associated NRs attract their transcriptional coregulators and chromatin-
associated molecules [6]. These cofactors influence RNA polymerase 1l and components of
the general transcription machinery, alter the chromatin structure through chemical
modification of histones, and ultimately stimulate or repress the transcriptional activity of
NR target genes [6]. Currently, over 200 NR cofactor molecules have been reported: These
include histone acetyl-transferase coactivators, such as the CREB-binding protein (CBP),
p300 and nuclear receptor coactivators (NCoAs), nuclear receptor corepressors (NCoRs),
histone deacetylases (HDACS), histone metyltransferases, and further, RNA coregulators,
such as the steroid receptor RNA coactivator (SRA) and the growth-specific arrest 5 (Gasb)
[6, 71.

The CNS contains populations of neural stem cells (NSCs), defined by their properties of
self-renewal and ability to differentiate into multiple neural cell lineages, such as neurons,
astrocytes and oligodendrocytes [8]. During development, NSCs provide the cells that will
comprise the CNS. In the adult CNS, populations of NSCs still persist, and their localization
and biological roles are intensely studied: 2 areas of the adult brain, the dentate gyrus of the
hippocampus and the subventricular zone lining the lateral ventricles, are the most
established neurogenic zones containing NSCs, while other brain areas comprising NSCs are
increasingly being reported [9]. Interestingly, NSCs share some characteristics with the
putative progenitor cells found in the adult adrenal medulla, suggesting that NSCs or their
related cells may also present in this peripheral neuronal tissue [10, 11]. The roles of adult
NSCs may include the supply of new neurons to the olfactory bulb (from the subventricular
zone NSC population) and to the hippocampus, thus their self-renewal and differentiation
into neural cell lineages potentially affect olfactory function and memory consolidation
subserved by these brain areas. More recently, neuroprotective roles of adult NSCs were
reported, as NSCs demonstrated powerful neuronal rescue in models of neurodegenerative
diseases and neurologic damage induced by pharmacologic treatments [9, 12 — 14].

These pieces of evidence indicate that elucidation of the mechanisms that influence self-
renewal and differentiation of NSCs is essential for both understanding the physiology of
CNS development and establishing rational therapeutic approaches for neurodegenerative
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disorders and CNS injury. Recently, primary cell cultures of NSCs have been established,
showing functions reminiscent of their in vivo biology [9, 12, 13]; such systems appear
useful in testing pertinent hypotheses and rescuing in vivo brain functions [13]. In these in
vitro NSCs, maintenance of their characteristics as stem cells, such as self-renewal and
differentiation into 3 neural lineages, is absolutely dependent on the presence of fibroblast
growth factor-2 (FGF2) in the culture media [13]. Thus, we employed this valuable cellular
system — the mouse primary NSCs — and examined mRNA expression of 49 NRs and 35
selected coregulators before and in the course of differentiation induced by withdrawal of
FGF2 to identify key NRs and their transcriptional coregulators in the steady state and
differentiation process of NSCs. We found that some NRs and coregulators show distinct
expression profiles and dramatically altered expression levels during differentiation.
Activation of such NRs may offer targets for NSC proliferation and differentiation into
neural cells.

Materials and Methods

Preparation of mouse NSCs and treatments

PCR arrays

Mouse NSCs were prepared from mouse embryos at embryonic day 13.5, as reported
previously [8, 12]. Briefly, brains were obtained from mouse fetus at E13.5 day, and their
cortex was harvested, triturated by pipetting, and cultured in N2 medium (Dulbecco’s
modified Eagle’s medium/F-12 supplemented with 0.1 mg/ml of apo-transferin, 25 pg/ml of
insulin, 0.1 pM of putrescine, 30 nM of selenite, 2 x 1078 M of progesterone, 10 U/ml of
penicillin, 100 pg/ml of streptomycin and 0.25 pg/ml of amphotericin B) in the presence of
30 ng/ml of FGF2 for 4-5 days to isolate mouse NSCs. The purified NSCs were then
maintained in N2 medium supplemented with 30 ng/ml of FGF2 daily. NSCs were plated in
10 cm dishes at the concentration of 10° cells/plate. One day after plating, medium was
changed to N2 medium without FGF2, and cells were further cultured for another 5 days.
During the culture, total RNA was purified daily (Fig. 1). NSCs were also plated in 24-well
plates, cultured in the presence or absence of the steroids indicated, the HDAC inhibitor
trichostatin- A (TSA), and FGF2 for 2 days, and cell numbers were then counted.

The custom PCR arrays, which have primer pairs for 49 mouse NRs/orphan receptors/
membrane receptors, 35 coactivators/corepressors/chromatin modulators and 5 control genes
(total 89 genes) listed in Table 1, were produced by SABiosciences Corp. (Frederick, MD),
as described previously [15]. Total RNA was purified from mouse NSCs by using the
RNeasy Mini kit (Qiagen Inc., Valencia, CA, USA), and was treated with DNase (Promega).
The samples were further reverse transcribed into cDNA by using the RT 2 First Strand Kit
(SABiosciences Corp.), and real-time PCR reactions were run on the 7 500 Real-time PCR
System (Applied Biosystems, Foster City, CA, USA), by following company’s instructions.

SYBR Green-based real-time PCR

MRNA expression of some NRs and coregulators that demonstrated characteristic
expression patterns was further confirmed by using regular SYBR Green-based real-time
PCR. Total RNA samples obtained from mouse NSCs were reverse-transcribed to cDNA
with the TagMan reverse transcription reagents (Applied Biosystems), and real-time PCR
was performed in triplicate using the SYBR Green PCR Master Mix (Applied Biosystems)
in the 7500 Real-time PCR System (Applied Biosystems), as described previously [16]. The
primer pairs used for measuring mRNA levels of THRa, RORy, COUP-TFI, ERRf, GR,
MR, AR, PR, LRH1, PMC11, and HDAC11 in this assay are shown in Table 1. Obtained
threshold cycle (C £ values of these molecules were normalized for those of the acidic
ribosomal phosphoprotein PO (RPLPO) and their relative mRNA expressions are
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demonstrated as fold induction over baseline. The dissociation curves of the primer pairs
used showed a single peak and samples after PCR reactions had a single expected DNA
band in agarose gel analysis (data not shown).

Indirect immunostaining

Mouse NSCs were plated on 24-well plates or 2-well slide chambers, and were incubated
with the indicated steroid(s) or TSA in the absence of FGF2. Cells were then fixed with 4 %
paraformal-dehyde and the expression of the glial fibrillary acidic protein (GFAP: astrocyte
marker) and neuron-specific class 111 B-tubulin (TUJ1: neuron marker) was examined by
staining with their specific antibodies (purchased from Dako North America, Inc.,
Carperinteria, CA, USA and R & D Systems, Minneapolis, MN, USA, respectively)
followed by appropriate fluorescence-conjugated secondary antibodies. Cells were also
stained with the 4’,6-diamidino-2-phenylindole (DAPI). Some cells were cultured in the
absence of FGF2 for 5 days, and they were stained with anti-MR (H-300, catalogue #
sc-11412, lot # D1709) or -HDACL11 antibody (Q-5, catalogue # sc-101065) purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Staining of these molecules was
evaluated under the Leica DMIRB inverted microscope (Leica Microsystems Inc.,
Bannockburn, IL, USA). Nomarski and fluorescence images were obtained with the
C4742-95 CCD camera (Hamamatsu Photonics, Bridgewater, NJ, USA), and were analyzed
with the OpenLab v2.2.5 software (Agilent Technologies Inc., Santa Clara, CA, USA).

Statistical analysis
Statistical analyses were carried out by unpaired Student’s #-test with the 2-tailed p-value.

Results

Many NRs and all coregulators examined are expressed in NSCs

We first examined mRNA expression of 49 NRs and some coregulators in mouse NSCs
maintained in the presence of FGF2. C fvalues of these molecules are shown in Table 2.
Thirty seven out of 49 NRs and all (35) coregulators examined were expressed in these cells
based on the criterion that the C #value < 35 was the lowest limit for expression. The mean
C tvalue of expressed NRs was 28.62 + 0.74, while that of coregulators was 26.13 + 0.74 (p
= 0.025), indicating that coregulators tend to be expressed at higher levels than NRs (Fig.
2a).

mRNA of the NRs known to have a significant impact on CNS development and function,
such as the thyroid hormone receptor a (THRa), retinoid X receptors (RXRs), and chicken
ovalbumin upstream promoter-transcription factors (COUP-TFs), NUR77 and v-ErbA
related 2 (EAR2) [2, 17 — 19], were highly expressed in NSCs. In addition to these
receptors, the peroxisome proliferator-activated receptor 9, testicular receptor (TR) 2 and 4,
and the constitutive androstane receptor (CAR), which play important roles in fatty acid,
retinoid and xenobiotic metabolism [20 — 22], were abundantly expressed. Among steroid
hormone receptors, mRNA of the glucocorticoid (GR), androgen (AR) and progesterone
receptor (PR) were moderately expressed in NSCs, while the estrogen receptor (ER) a, ERp
and mineralocorticoid receptor (MR) were poorly expressed or undetectable. Other
unexpressed NRs were the retinoic acid receptor (RAR) a and 3, PPARYy, farnesoid X
receptors (FXRs), vitamin D receptor (VDR), hepatocyte nuclear receptor 4y (HNF4y),
estrogen-related receptor a (ERRa), neuron-derived orphan receptor 1 (NORL1), and small
heterodimer partner (SHP). Among the membrane-associated receptors, the progesterone
membrane component 11 (PMC11) was moderately expressed. For coregulators, mRNA of
CBP and p300, NCoAs, thyroid hormone receptor-associated protein (TRAP) 220 and 150,
HDACYL, 3, 6, and 7, NCoRs, Sin3A, Set/temperature-activating factor (TAF)-1,
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coactivator-associated arginine methyltransferase 1 (CARM1), HRMT1-like 2, C-terminal
tail-binding protein 1 (CtBP1), SNF2 histone linker PHD RING helicase (SHPRH) and the
SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily A
member 4 (SMARCA4) were all highly expressed in NSCs.

Alteration of NR and coregulator mRNA expression upon differentiation of NSCs

We next examined mRNA expression profiles of NRs and coregulators during
differentiation of NSCs by culturing them in the absence of FGF2 for up to 5 days (Fig. 2b,
c and Suppl. info Table 1). Both fold increase and decrease of NRs after differentiation were
greater than changes of coregulator expression (p = 0.007 and 0.001, respectively),
indicating that FGF2 withdrawal and subsequent differentiation of NSCs affected more
significantly the NR mRNA expression than that of coregulators.

These results further indicate that NR-mediated biological changes observed during
differentiation may be regulated more significantly at the levels of NRs than at those of their
coregulators. Among NRs, THRa (mean fold expression + S.E.: 32.98 + 30.68 on the 2nd
day after FGF2 withdrawal), RORy (40.68 + 8.28, 41" day), RXRy (50.94 + 16.77, 2"d day)
and MR (32.73 + 15.80, 41" day) showed the most significant expression changes, while
COUP-TFI, ERRp and LHR1, which play important roles in the development of CNS [2, 18,
23, 24], demonstrated moderate changes (2.5-5-fold changes).

We confirmed mRNA expression of some of these NRs using SYBR Green-based real-time
PCR (Fig. 3a, c). Since MR demonstrated a quite dramatic change, we examined its mMRNA
expression together with that of other steroid hormone receptors in this assay system (Fig.
3b). Significant expression of MR mRNA (over 20-fold) upon differentiation was observed,
while GR mRNA expression was elevated by 2-fold. mMRNA expression of PR was reduced
by ~80 %, whereas that of AR showed minor fluctuations. The progesterone membrane
receptor component 11 (PMC11), a membrane steroid hormone receptor expressed in NSCs
in the presence of FGF2, did not show any detectable changes in its mMRNA expression in the
SYBR Green-based realtime PCR (Fig. 3c). Among coregulators, HDAC2, HDACL11,
HDAC4 and HDAC10 demonstrated significant mMRNA increase (13.23 + 2.73, 2" day;
11.35 + 2.72, 4™ day; 8.79 + 2.70, 2" day and 6.76 + 1.87, 2"d day, respectively) in the
screening using the PCR arrays, while mRNA expression of HDCA11 demonstrated an ~ 8-
fold increase in the SYBR Green-based real-time PCR (Fig. 3c). mRNA expression of p300
(4.66 + 2.54, 2" day), nuclear receptor-interacting protein 1 (4.06 + 1.06, 2" day), nuclear
receptor coregulator 6 (5.04 + 2.43, 2" day), nuclear receptor corepressor 1 (5.83 * 2.59,
2"d day) and SRA (6.92 + 4.79, 2" day) demonstrated moderate increases upon
differentiation. By using indirect immunostaining, we confirmed that MR and HDCA11
were also increased at the protein level upon differentiation (Fig. 3d).

Glucocorticoid, mineralocorticoid and TSA alter the numbers of NSCs

MR was one of the most highly induced NRs upon NSC differentiation. This receptor,
together with the classic receptor GR, mediates strong and diverse actions of glucocorticoids
in the CNS, as the MR has a higher affinity to glucocorticoids than GR and the CNS does
not express 11p-hydroxysteroid dehydrogenase type 2 (HSD2), the enzyme that converts
active corticosterone into inactive 11-dehydrocorticosterone [5, 25]. Thus, we focused on
these receptors, and examined the effects of the synthetic glucocorticoid dexamethasone and
its receptor inhibitor RU 486, and the endogenous mineralocorticoid aldosterone and its
inhibitor spironolactone on cell numbers of NSCs by culturing them for 2 days in the
presence of the steroid(s) and FGF2. We also tested the general HDAC inhibitor TSA in the
same assay system, as mMRNA expression of several HDACs was highly regulated upon
differentiation. Fig. 4a shows images of DAPI staining of cells cultured with the indicated
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compounds, while Fig. 4b demonstrates percentage changes of the cell numbers before and
after culturing with these compounds. Both dexamethasone and aldosterone significantly
increased numbers of NSCs, with the former showing a more pronounced effect. Since these
effects were suppressed by co-incubation with their receptor antagonists, we suggest that the
observed effects were mediated by the GR and MR, respectively. TSA treatment reduced
NSC numbers by ~ 50 % after 2-day culture. Since we did not observe massive cell death
during the culture with FGF2, these compounds and/or TSA, it appears that dexamethasone
and aldosterone stimulated proliferation of NSCs, while TSA suppressed it. This further
suggests that HDACs are necessary for NSCs to maintain their potential for proliferation/
self-renewal.

Dexamethasone and aldosterone, but not TSA, alter differentiation of NSCs into neurons
and astrocytes

Since GR, MR and HDACs have stimulatory effects on NSC numbers, we next examined
dexamethasone, aldosterone, their antagonists and TSA on the differentiation of NSCs into
the glial and neuronal lineages, by culturing these cells for 2 days in the presence of these
steroid(s) and/or TSA during the differentiation process. We subsequently stained them with
the antibodies for GFAP (astrocytes: green) and TUJ1 (neuron: red) for identifying the
corresponding neural cells. Given the strong effects of these compounds within the brief
treatment period in our experimental setup and slow differentiation of oligodendrocytes and
the late expression of their specific cell markers after FGF2 withdrawal, we limited our
studies to the glial and neuronal fates, omitting analysis on oligodendrocytes. Fig. 5a
demonstrated Nomarski images of the cells treated with the indicated compounds.
Dexamethasone significantly increased astrocytes and neurons, while addition of RU 486
strongly suppressed differentiation of NSCs into these cells. Aldosterone increased neuron
numbers but not those of astrocytes. TSA had no effect on the differentiation of NSCs (Fig.
5b, c). Percentages of the neurons and astrocytes differentiated from NSCs and those
remaining undifferentiated are shown in Table 3.

Discussion

We showed that many NRs and their coregulators were expressed in NSCs and their
expression was altered during differentiation induced by FGF2 withdrawal. These findings
indicated that the NR signaling pathways are an integral component of NSC self-renewal
and differentiation into 3 neural cell lineages, possibly by mediating the biologic actions of
their ligands, such as steroids, lipid metabolites and other compounds available in the
environment or produced during cell culturing. Importantly, mMRNA expression of many
NRs and coregulators were highly elevated or reduced at specific time points after FGF2
withdrawal, suggesting that their effects on NSC differentiation may have specific windows
during the differentiation process of these cells.

As expected, THRa, RXRs, COUP-TFs, NUR77 and EAR2, which are known to play
important roles in the development/function of the CNS during the fetal life and/or after
birth, were highly expressed in NSCs, and their expression levels were relatively constant
throughout the differentiation process, consistent with their general and important roles in
CNS biology. We also found that PPARS, TR2 and 4, and CAR were constitutively
expressed in NSCs at high levels. Indeed, PPARS ligands are known to stimulate
differentiation of NSCs into oligodendrocytes and to suppress inflammation induced by
radiation in microglia [20, 26 — 28]. TR2 and 4, the orphan receptors known to play
important roles in spermatogenesis and lipid and lipoprotein metabolism [21], are expressed
in the embryonic brain particularly in highly proliferating regions, such as the subventricular
zone where embryonic NSCs are accumulated, and are required for normal CNS
development [21]. Recent reports indicate that TR2 accumulates in the plaques in the brains
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of patients with Alzheimer’s disease, while TR4 might function as a receptor for vitamin A
[29, 30]. CAR plays a central role in the xenobiotic response by binding to many exogenous
compounds like phenobarbital, and by inducing the enzymes for catalyzing their clearance
from the body [29]. It would, thus, be quite interesting to examine in future the impact of
xenobiotic compounds on NSC activities and subsequent CNS development.

We found that mMRNA and protein expression of the MR were highly regulated upon NSC
differentiation. In the brain, MR mediates the actions of glucocorticoids in addition to those
of mineralocorticoids [31]: These hormones are 2 major steroids produced and secreted from
the adrenal glands, and respectively play central roles in the adaptive response to stress by
functioning as end products of the hypothalamic-pituitary-adrenal (HPA) axis, and
electrolytes and water absorption in the kidney by regulating sodium-potassium exchange in
the cortical collecting tubules of this organ [5, 32]. Since corticosterone circulates at 2 log
units higher concentrations than the natural mineralocorticoid aldosterone and MR has
higher affinity to corticosterone than GR [33], basal physiologic levels of circulating
corticosterone fully activate the MR in the CNS, which does not express 11HSD2, while
GR is affected primarily by elevated levels of corticosterone during the circadian surge or
during stress [31]. NSCs are found in the dentate gyrus of the hippocampus in humans
throughout the lifespan and produce granular cell neurons, which support consolidation of
new memories [34]. Interestingly, this portion of the brain expresses high levels of GR and
MR, and plays important roles in learning, memory consolidation, emotion and in the
control of the HPA axis [31]. Further, increasing cortisol response as occurs in stress is
positively associated with encoding of new memories in young subjects, while it correlates
negatively with efficiency of their retrieval in older subjects [35]. We found that both
dexamethasone and aldosterone increased the numbers of NSCs and induced differentiation
of these cells into neurons. Dexamethasone also stimulated their differentiation into
astrocytes. We did not examine the effects of these steroids on the differentiation of NSCs
into oligodendrocytes. Previous reports indicated that MR activation was protective to
granular cell neurons of the hippocampus, while persistent GR stimulation was toxic to these
cells [31, 36]. Further, glucocorticoids induce apoptosis of neurons and neural precursor
cells in the dentate gyrus of the rat hippocampus as well as the corresponding primary cell
cultures, while they inhibit growth of astrocytes in this brain area [37, 38]. These effects of
MR and GR on hippocampal neurons may ultimately affect memory consolidation and
alterations in mood, cognition and activity of the HPA axis [31]. Thus, our results may
provide important information on glucocorticoid-mediated regulation of neurons and
astrocytes, underlying in part the known effect of glucocorticoids on neuronal cell fate, and
memory consolidation and retrieval. However, it should be kept in mind that our NSCs were
obtained from the embryonic brain cortex and were maintained in vitro, in contrast to
hippocampal neurons in vivo, which have numerous cellular connections with surrounding
and distant cells and are exposed to extracellular bioactive molecules secreted in a paracrine
and/or autocrine fashion.

The mRNA and protein expression of several HDACs, including HDAC11, was highly
regulated upon NSC differentiation. The HDAC inhibitor TSA decreased numbers of NSCs,
but did not influence their differentiation. There are 4 subgroups of HDACs and they
influence diverse functions of CNS by deacetylating many molecules localized at different
subcellular compartments [39]. Our results are consistent with previous reports that HDAC-
mediated transcriptional repression was essential for the proliferation and self-renewal of
NSCs through cooperation with the Tailless (TLX) orphan nuclear receptor [40, 41].
Valproic acid, a compound frequently used as a mood stabilizer and as an anticonvulsant, is
a HDAC inhibitor [42]. Further, several other HDAC inhibitors alter the fate of neural cells,
and are now intensive research targets as potential therapeutic agents for several
neurodegenerative diseases, cognitive disorders, multiple sclerosis and CNS trauma/injuries
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[39, 43 — 45]. Thus, it is quite interesting to elucidate the exact roles of HDAC subtypes on
the functions/differentiation of NSCs.

In summary, many NRs and their coregulators are differentially expressed in NSCs and
show characteristic changes in their expression during the process of their differentiation.
These molecules regulate diverse cellular activities after binding to their ligands, changing
the expression of their target genes. Compounds, such as glucocorticoids, gonadal steroids
and endocrine disruptors, derived from mothers either by endogenous production or
acquisition from the environment, or secreted inside the fetus, could influence epigenetically
the development of the CNS and its function after birth by affecting NSC self-renewal and
differentiation into neuron and glial cells. These compounds might have potent therapeutic
importance for neurodegenerative diseases and CNS injury.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Experimental procedures for evaluating NR/coregulator mRNA expression profiles upon
differentiation of NSCs. NSCs were plated one day before FGF2 withdrawal. They were
then cultured in the absence of FGF2 for 5 days. Total RNA was extracted from the cells
daily for examining mRNA expression of NRs and their coregulators using the custom PCR
arrays.
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Fig. 2.

MRNA expression of 49 NRs and coregulators in NSCs at the baseline and fold changes
after FGF2 withdrawal. a The mRNA of 37 NRs receptors and 35 coregulators is expressed
in NSCs. Thirty seven NRs and all coregulators examined were expressed in mouse NSCs at
baseline, under the criterion that the C¢value < 35 is the lowest limit for expression (shown
as a dashed line). Their C¢values are shown as open circles, while mean values are indicated
with bold horizontal lines. MRNA expression profiles of NRs and coregulators at the
baseline condition were used to create this Figure. b and ¢ Fold increase b and decrease ¢ of
mMRNA expression of NRs and coregulators in NSCs before and after FGF2 withdrawal.
Fold changes in the C #values of expressed NRs and coregulators are shown as open circles,
while their mean values are indicated with bold horizontal lines. Dashed line indicates the
fold change of “1”. Maximum fold changes found in the mRNA expression profiles of NRs
and coregulators upon FGF2 withdrawal were used to create this Figure.
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Fig. 3.

mRNA and protein expression of selected NRs and HDAC11 in NSCs before and after
FGF2 withdrawal. a, b, and ¢ mMRNA expression of selected NRs and HDAC11 in NSCs
upon FGF2 withdrawal. mRNA expression of THRa, RORy, COUP-TFI and ERRp a, GR,
MR, AR and PR b, and LRH1, PMCL11, and HDAC11 ¢ were examined with the SYBR
Green-based real-time PCR using their specific primers listed in Table 1. Total RNA
samples employed in Fig. 1 were used. Bars represent the mean + S.E. values of fold mMRNA
expression upon FGF2 withdrawal compared with baseline (in the absence of FGF2
withdrawal). D: days after GFG2 withdrawal. *p < 0.05, **p < 0.01, n. s.: not significant,
compared to baseline. d Protein expression of MR and HDAC11 in NSCs upon FGF2
withdrawal. NSCs before and after incubation for 5 days in the absence of FGF2 were
immunostained with anti-MR or -HDAC11 antibody, and subsequently, by appropriate
fluorescence-conjugated secondary antibodies. Cells were also stained with DAPI.
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Fig. 4.

Dexamethasone and aldosterone increase NSC numbers, while TSA suppresses them. NSCs
were cultured in the presence of 1076 M of dexamethasone (Dex) and/or RU 486, 1078 M of
aldosterone (Aldo) and/or spironolactone (Spironol), or 1076 M of trichostatin-A (TSA) in
the presence of FGF2 for 2 days. Cells were then fixed and stained with DAPI and their
images were taken or the numbers of NSCs were counted under fluorescence microscopy.
Images of DAPI staining are shown in a, while percent increases of cell numbers compared
to baseline (the cells before FGF2 withdrawal) are shown in b. Bars indicate mean + S.E.
values of % cell numbers compared to control. *p < 0.05, **p < 0.01, n. s.: not significant,
compared to control.
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Fig. 5.

Dexamethasone and aldosterone influence differentiation of NSCs. NSCs were cultured in
the presence of 1076 M of dexamethasone (Dex) or RU 486, 1078 M of aldosterone (Aldo)
or spironolactone (Spironol), or 1078 M of trichostatin-A (TSA) for 2 days in the absence of
FGF2, and were fixed for staining of GFAP (astrocytes: green) and TUJ1 (neurons: red).
Nomarski images are shown in a, while images of immunostaining for GFAP and TUJ1
together with DAPI staining are shown in b. ¢ demonstrates results of individual images of
GFAP, TUJ1, and DAPI staining for the cells cultured in the presence or absence of
dexamethasone.

Horm Metab Res. Author manuscript; available in PMC 2013 September 24.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Androutsellis-Theotokis et al.

Primer pairs used in the SYBR Green-based real-time PCR.

Table 1

Gene name  Primer sequence

AR Forward 5'-CAGAAGATGACTGTATCAC-3'
Reverse  5-CTAGATAACAAGGCAGCAAAGG-3’

COUP-TFI Forward 5'-GTCGACTCTGCCGAGTACAG-3'
Reverse  5-CAGGGCACACTGTGATTTCTC-3'

ERRB Forward 5-GTGGTGGCTTTGGCATTGC-3'
Reverse  5-CATGTACTCGCATTTGATG-3'

GR Forward 5-GTTCCTAAGGAAGGTCTGAAGAG-3'
Reverse  5-CAATTCTGACTGGAGTTTCC-3'

HDAC11 Forward 5'-GAGCCACCATCATTGATCTC-3’
Reverse  5-GATGGCCTCTTTAGCAAAGC-3'

LRH1 Forward 5-CGAAGATCATGGCTTACC-3'
Reverse  5-GTTCCCTGAAGAAGATACTACTC-3'

MR Forward 5-GTGTGCTGGAAGAAATGAC-3’
Reverse  5-CAGCTTCTTTGACTTTCG-3'

PMC11 Forward 5-GCTGTAATGCAAATGGTAAAGC-3'
Reverse  5-CAGTGTGTGTGCACTTACC-3’

PR Forward 5'-CCAGATAACCCTGATTCAG-3'
Reverse  5-CTGCTCATTTAGGATTAGATCAG-3'

RORy Forward 5'-GAGGAGAGTGGAACATCTG-3'
Reverse  5-CTGCAGCTTTTCCACATGTTG-3'

THRa Forward 5-GTGCTGCTAATGTCAACAG-3'
Reverse  5-GTTGTGTTTGCGGTGGTTGAC-3’

RPLPO Forward 5'-GAGGACCTCACTGAGATTCG-3'
Reverse  5-CTGGAAGAAGGAGGTCTTCTC-3'

Page 16

AR: androgen receptor; CAR: constitutive androstane receptor; COUP-TFI: chicken ovalbumin upstream promoter-transcription factor I; ERRp:

estrogen-related receptor B; GR: glucocorticoid receptor; HDAC11: histone deacetylase 11; LRH1: liver receptor homologue 1; MR:

mineralocorticoid receptor; PMC11: progesterone membrane component 11; PR: progesterone receptor; RORy: RAR-related orphan receptor y;

THRa: thyroid hormone receptor a; RPLPO: acidic ribosomal phosphoprotein P0.

Horm Metab Res. Author manuscript; available in PMC 2013 September 24.



Page 17

Androutsellis-Theotokis et al.

v2Z0  90°TE XL ssa|ireL  zICHN ErANN T4
8000 T¥e vl v J0ydeoal seinonsaL  ZOZUN T4
960  TO9C zyL C Joydeoai seinansal  TOZHN J¢ T
9660 99°€€E Raxy AJoydedas X prounsy  €9zdN €
8020 092 guxy g 40)dagas X prounsy  zgzuN [44
BETT €972 XY 0 J0)dadas X prounsy  TEZHN gz T1¢
90€0 €6¢h Ay4ANH A+ 101deoau resjonu onedsH  ZvZHN 0z
1100 19SS DYANH 0 ¢ J0)dadal Jeajonu onedsH  TWZHN V¢ 6T
1800 9v'sz uvo J01dadal sueIsoIpUR SANMINSUOD  EITYN 8T
0220 9T'TE dXd l0ydeoas X sueubeld  ZITYN LT
vOro  S0ZE dan 10)deoas @ UIWEBNA  TITYN IT 9T
Tv0'C  99'8€ gux4 g J0)daoes X prossurey  GHTYN GT
8EG'0  8T'6E SENE! 0 10)d3081 X plossuled  FHTAN 4!
G900 GL'6C DX 0 10}d8081 X JaAIT  EHTHN €1
G800  ST'6C gux g J01dsoa1 X JaAIT  ZHTEN HT 21
G6T'0 €€ Adoy Aaoydadas ueydio pajepr-yvy  €4THN 1
€9T €L guoy ¢ Joydeoai ueydio perejaI-dve  Z4THN 01
92T0 829 0HOY 0 103de081 UBydio parelaI-dve  T4THN 4T 6
6/T'0 888 Advdd A 101da2a1 pareAntoe-ioresayijoid swosixolad  €DTHN 8
000  88'GC QdVdd A J0yde081 pajeAnoe-1oteIayljoid BWOsIX0Iad  ZOTHUN L
T.T0 €£0€ 0YVdd 0 101dadaJ pajeAnde-oreiayijold swosixolad  TOTHN )3 9
1’0 8582 Advy Aoydasar proe dounsy  €GTHN g
1820 ¥9'6€ guvy g 101dadal proe dlouney  Z9THN 14
€T E€LSK 0AvY 0 I0)dadai poe dloundy  TATYN ar €
G790 160 guHL g Jojdaoas suownoy ploIAYL  ZVTEN 14
6.€0 T¥Se DYHL 0 Jo)dadas suownoy ploIAYL  TWTHN Vi T

$101da29y Je8jONN

35  uesN JoquiAs sweN Saud9)  saljlwesqns

NIH-PA Author Manuscript

"SOSN Ul $1012|nB3102 pue SYN JO Sanjeald

¢?olqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Horm Metab Res. Author manuscript; available in PMC 2013 September 24.



Page 18

Androutsellis-Theotokis et al.

8000 €L'¢¢ ¢VOON Z 101eA1}9B09 10}da2al Jes|onN ¥
9100 TZ'Se TVOON T J0JeAI}9B0D 10)d8281 JB3joNN €
9100 ¢¥'9e oogd oogd [
0TT0 LL'Ce dg0 urelold Bulpuig-g340 T
slo01e|nfalo)

989'T 69'6E 0€4009 0¢ J0ydadal usbouise pajdnod-uialoid d Z
¥¢0'0 ¥¥'9¢ TTOINd TT Jusuodwiod auriquIaW auo0Ja1sabold T
$101d32a. JeaJONU BURIGUISIN

1910 8v'/E dHS Jauyed JawiposalRy [BWS  Z0dN I
0220 €81¢ TXVAd T audb ‘awosowolyd X ay) uo uoibal [eanid enusbuod eisejdodAy [eusipe-esional xas annisuas-abesoq  T90HN a0 9r
L1000 €9°0€ T4ANDOO T 103084 Je3[oNU [|90 WieY  TV9HN V9 GF
€600  16'62 THY T anfojowoy 40}dadas JaAIT  2WSUN 44
¢e00  S0veE T4S T Jojoey olushoplosals TSN VG ¥
/879  G0¢y THON T 403d3231 UeydIO PaALIBP-UOINAN  EVFEN 474
€00 8Ll¢ THH4NN T paje|aJ-103da0a1 JBSJONN  ZVHuN 144
1600 62'SC LLH4NN L/H4NN  TVVAN vy oF
90T'0 00ZL¢ v 10)dada1 usboipuy  yOEUN 6€
1600 8508 ud J0idagel suousisebold  £JSUN 8¢
0ET0 L0'LE dN 10)d8231 P1011I0J0O[RIBUIN  ZOEHN LE
90€'0 S6'LC d49 J01da081 p10o1I0o0oN|9  TOLUN o€ 9€
96€0  66'8E ISE| A Joydadas parejes-usbons3  €gEUN Ge
9210 TI€TE UISIE! g J01daoas pajejal-usbonls3  zEEUN ae e
VIT'Z 1'2p oYY 0 10}daoas pajejal-ushonsg  TASHN €¢
687’0 T6EE ISE] g Joydeoas usbonsa  gvedN 43
90L'0 E¥'TY S| 0 Ioydagal usbossy  TVEUN Ve 1€
¢100 S2'Se cdv3 ¢ parejal vqi3-A - 942uN 0€
€500 L€9¢ 1141-dNOD 11dL-1810wo.d weansdn uiwngreno usolyd  z4zdN 6¢
0€S'T  98°9¢ 141-dN0O2 1.L-19j0w0.d weansdn uiwngeAo uaIyD  T4ZHN 4 8¢
G8¢'0 cv'veE HNd Joydadal feajonu aytoadsoloyd  €3EUN Le

35 uesi\ JoquiAs SWEN  SaUdD  saljlweqns

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Horm Metab Res. Author manuscript; available in PMC 2013 September 24.



Page 19

Androutsellis-Theotokis et al.

L1100 6¥'€EC HYdHS asedljay ONIH AHd U] 3UoIsly 24NS €€
TS€0 S€9¢ vds J10JeAINOR0D WYNY J01da2al ploJsls z€
7880 LZ'9¢ Gseo G 914193ds-1a.4e YIMol9 1€
9200 €961 Tdg10 T utejoud Buipuig-jrey feulwel-9 0€
87T T0¢CE TH6EANS T Bojowoy -¢ uonehaLren jo Jossaiddng 62
TLT0 €¥vec ¢ M-LINYGH ¢ M-TLNYGH 8¢
2€00 2812 TINYYO T-aseJa)sues)|AylawW auluible pajedosse-10JeAllde0) 12
7000 €6¢CC dI-4v.L18s g1 101084 Buneande syejdwa | 18s 9z
6970  ¥9veC VEuIS Bojowoy ENIS Gz
6900 86'6¢ CHOON Z J0ssa1da109 101dadal JeajanN vz
6900 99'GC THOON T J0ssa1da102 10)dadal JesjonN Iord
91¢'0  ¥S'I€ TIOVAH 1T osejAlaoeap suolsIH 44
690 6ETE 0TOVAH 0T 8se|A189€eap 8UOISIH T2
¢e0’0  8T'Se LOVAH v/, 9se|A180e8p auoISIH 0z
00  LZ'SC 90VvdaH 9 ase|A180e8p BU0ISIH 6T
8200 ¢s0e 7OVaH  ase1A192e8p BUOISIH 8T
7900 TO'CC €OVAH ¢ ase|A180e8p BU0ISIH /T
G890 ¢00E ZOVaH 2 9se|A1a0eap auolsiH 9T
7200 G€'¢¢C TOVAH T ase|A189e8p au0ISIH GT
66T L0°LC 9a3InN 9 1ungns uonduosue || asesswAjod YNY JO JOJeIpaN )
9250 0z'€e 0.TdvdLl juauodwiod e@y 0T xa1dwod usiold pare1dosse-101dadal suowoy proJAy L e
6800 L0°€C 022dvdLl Jusuodwod e@y 0zz Xa|dwosutslold paje1dosse-103dadas proJAy L 1
ISY'0  ¥5'62 7OINS # U18101d SBWIOSOLIOIYD JO BOUBUSIUIBW [BINJONIS 1T
€8€°0 ¥'6C TOINS (DINS) T uI8l0.d BLIOSOWOIYD JO BdUBUSIUIEW [BINIONNS ot
700  LECE 924N 9 J01eInB3102 103dad81 BUOWIOY Je3[INN 6
€870 999¢ PTO9d 0 T J0JeA1}oR0d AV dd 8
9700 S6°0€ TdIAN T uigjoid Bunoelsiul-10)dadal JeajonN /
8T€0  Sv'8e 4voyd 1010e} pajerdosse-dg0/00ed 9
€,00 T9V¢C E€VOON € 10JeA1}9B0D 10}da231 Jes|INN [
3S  UesiN 10qwAs aweN SeUID  Saljlweygns

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Horm Metab Res. Author manuscript; available in PMC 2013 September 24.



Page 20

Androutsellis-Theotokis et al.

Aa16 u1 umoys aue (Gg <71D) sandsjow passaldxaun

€€9T0  GT'ST unov-g S
T6T0 2697 HAdVO v
2€T0 2697 qTdSH €

€9100 22T TLdH z

86600  €5€T asn9 T

S|joaluod

2100  L¥'6e ETdVAIV 439 adA1-ouy (ETVMYd) XIg Geg

2600  E€T0Z  PVOUVIAS ¥ Jaguisw ‘e Aj1weygns ‘uirewoyo Jo Jojenbal Juspusdap unoe ‘pajeIoosse XLrew ‘paeal ANS/IMS 7€
3JS  uesN JoqwiAS aweN SeUID  Saljlweygns

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Horm Metab Res. Author manuscript; available in PMC 2013 September 24.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Androutsellis-Theotokis et al.

Table 3

Percentages of indicated cell lineages in NSC cultured in the absence of FGF2 for 2 days.

Treatment Undifferentiated cells  Cell types (means+S.D.) (% of total) Neurons  Astrocytes
No steroids 77.71+6.67 7.86+2.88 14.39+5.13
Dexamethasone 20, 12+3,09 19.31+3.82" 60.58+7.46 "
Aldosterone 67.15+5.28 14.47+0.62 18.37+5.45

*

p <0.05,

*Kk
p < 0.01, compared to the baseline (no steroids)
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