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Our previous research demonstrated that the neuroactive progesterone metabolite allopregnanolone (3�-hydroxy-5�-pregnan-20-one)
rapidly induced hippocampal neuron neurite regression (Brinton, 1994). We hypothesized that allopregnanolone-induced neurite re-
gression was a prelude to mitogenesis initiated by a rise in intracellular calcium. Supporting this hypothesis, the current data demon-
strate that allopregnanolone, in a dose-dependent manner, induces a significant increase in proliferation of neuroprogenitor cells (NPCs)
derived from the rat hippocampus and human neural stem cells (hNSCs) derived from the cerebral cortex. Proliferation was determined
by incorporation of bromodeoxyuridine and [3H]thymidine, fluorescence-activated cell sorter analysis of murine leukemia virus– green
fluorescent protein-labeled mitotic NPCs, and total cell number counting. Allopregnanolone-induced proliferation was isomer and
steroid specific, in that the stereoisomer 3�-hydroxy-5�-pregnan-20-one and related steroids did not increase [3H]thymidine uptake.
Immunofluorescent analyses for the NPC markers nestin and Tuj1 indicated that newly formed cells were of neuronal lineage. Further-
more, microarray analysis of cell-cycle genes and real-time reverse transcription-PCR and Western blot validation revealed that allo-
pregnanolone increased the expression of genes that promote mitosis and inhibited the expression of genes that repress cell proliferation.
Allopregnanolone-induced proliferation was antagonized by the voltage-gated L-type calcium channel (VGLCC) blocker nifedipine,
consistent with the finding that allopregnanolone induces a rapid increase in intracellular calcium in hippocampal neurons via a GABA
type A receptor-activated VGLCC (Son et al., 2002). These data demonstrate that allopregnanolone significantly increased rat NPC and
hNSC proliferation with concomitant regulation in mitotic cell-cycle genes via a VGLCC mechanism. The therapeutic potential of allo-
pregnanolone as a neurogenic molecule is discussed.
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Introduction
The neurosteroid allopregnanolone (AP�) (3�-hydroxy-5�-
pregnan-20-one) is a reduced metabolite of progesterone (P4)
and is generated de novo in the CNS (for review, see Melcangi et
al., 1999; Baulieu et al., 2001; Mellon and Griffin, 2002b). Devel-
opmentally, P4 and AP� are synthesized in the CNS throughout
the embryonic period in the pluripotential progenitor cells
(Lauber and Lichtensteiger, 1996; Gago et al., 2004) and reach
their highest concentration in late gestation (Pomata et al., 2000;
Grobin and Morrow, 2001). In the aged and Alzheimer’s disease
(AD) brain, both the pool of neural stem cells (NSCs) and their
proliferative potential are markedly diminished (Bernardi et al.,
1998; Genazzani et al., 1998). In parallel, AP� content is dimin-

ished in the brains of AD patients compared with age-matched
controls (Weill-Engerer et al., 2002).

Functional analyses indicate that AP� induces myelin forma-
tion in both the CNS and the peripheral nervous system (Baulieu
and Schumacher, 2000; Schumacher et al., 2003) and promotes
neuron survival in the presence of excitotoxic insults (Brinton,
1994; Ciriza et al., 2004). Griffin et al. (2004) recently reported
that AP� can delay the onset and severity of neurodegenerative
pathology in a mouse model of Niemann-Pick’s disease.

In mature neurons, AP� is well known as an allosteric modu-
lator of the GABAA receptor (GABAAR)/chloride channel to in-
crease chloride influx, thereby hyperpolarizing the neuronal
membrane potential and decreasing neuron excitability (Gee et
al., 1992; Brinton, 1994; Grobin and Morrow, 2001; Liu et al.,
2002). These properties led to the pursuit of AP� and derivatives
as an antiepileptic and antianxiety therapeutic drug (Monaghan
et al., 1997; Kerrigan et al., 2000). In marked contrast, the flux of
chloride in developing neurons is opposite to that of mature
neurons (Cherubini et al., 1990; Perrot-Sinal et al., 2003). In
immature neurons, the high intracellular chloride content leads
to an efflux of chloride through the GABAAR depolarization of
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the membrane and opening of L-type voltage-gated Ca 2� chan-
nels (VGLCCs) (Dayanithi and Tapia-Arancibia, 1996; Son et al.,
2002; Ben-Ari et al., 2004; van den Pol, 2004). Thus, the
GABAAR-mediated depolarization could be a trigger for a spon-
taneous, activity-independent [Ca 2�]i rise in early precursor cells
or subventricular zone radial precursor cells, thereby influencing
developmental events, such as neurogenesis and synaptogenesis
(Owens et al., 2000; Ashworth and Bolsover, 2002; Deisseroth et
al., 2004).

Previous work from our laboratory demonstrated that expo-
sure of embryonic day 18 (E18) rat hippocampal neurons to AP�
induced regression of neurite outgrowth within 1 h (Brinton,
1994). Subsequent microscopic morphological observation indi-
cated that AP� significantly increased the number of cells exhib-
iting morphological features of mitotic events (our unpublished
observations). These findings led us to hypothesize that AP� pro-
moted hippocampal progenitor cell proliferation to thereby act
as a neurogenic agent. Therefore, we undertook a series of cellu-
lar, morphological, biochemical, and genomic analyses to deter-
mine the neurogenic potential of AP� in cultured rat neural pro-
genitor cells (rNPCs) and human NSCs (hNSCs).

Materials and Methods
Animals. Timed-pregnant Sprague Dawley rats were purchased from
Harlan Sprague Dawley (Indianapolis, IN). These rats were housed at
24°C on a 14/10 h light/dark cycle, fed with regular rat chow, and allowed
tap water ad libitum. All studies were approved by the University of
Southern California Institutional Review Board for animal care.

Steroids. All steroids used in this study were purchased from Steraloids
(Newport, RI). They are as follows: AP�, epipregnanolone (AP�) (5�-
pregnan-3�-ol-20-one), epiallopregnanolone (5�-pregnan-3�-ol-20-
one), P4, allopregnanediol (5�-pregnan-3�, 20�-diol), allopregnanetriol
(5�-pregnan-3�, 17, 20�-triol), 5�-pregnan-3�-ol, and pregnenolone
sulfate (5-pregnan-3�-ol-20-one sulfate).

Hippocampal neuronal culture. Primary cultures of dissociated hip-
pocampal neurons were performed as described previously (Nilsen and
Brinton, 2003). Briefly, hippocampi were dissected from the brains of
E18 rat fetuses, treated with 0.02% trypsin in HBSS (Invitrogen, Grand
Island, NY) for 5 min at 37°C, and dissociated by repeated passage
through a series of fire-polished constricted Pasteur pipettes. Cells were
plated on poly-D-lysine-coated 60 mm Falcon Petri dishes at a density of
0.5–1 � 10 5 cells/cm 2 for biochemical study. Cells were plated on Nalge
Nunc (Naperville, IL) CC2-coated four-well chamber slides at a density
of 2– 4 � 10 4 cells/cm 2 for morphological study or on laminin-coated
cell culture-grade black clear-bottom 96-well Falcon plates at a density of
7.5–15 � 10 4 cells per well for 5-bromo-2-deoxyuridine (BrdU) incor-
poration chemiluminescence immunoassay. Nerve cells were grown in
Neurobasal medium (Invitrogen, Carlsbad, CA) supplemented with 10
U/ml penicillin, 10 �g/ml streptomycin, 0.5 mM glutamine, 25 �M glu-
tamate, and 2% B27 (Invitrogen, Gaithersburg, MD). Cultures were
maintained at 37°C in a humidified 5% CO2 atmosphere. All experi-
ments were performed at the times indicated.

Culture of human neural stem cells. Human embryonic brain cortical
stem cells (gift from Dr. Svendsen, Departments of Anatomy and Neu-
rology and the Waisman Center, University of Wisconsin, Madison, WI)
were provided as cryopreserved neurospheres. Neurospheres were cul-
tured as described previously by Dr. Svendsen’s laboratory (Wachs et al.,
2003) in DMEM/Ham’s F-12 medium (7:3) containing penicillin/strep-
tomycin/amphotericin B (1%), supplemented with B27 (2%; Invitrogen,
Gaithersburg, MD), epidermal growth factor (EGF) (20 ng/ml; Invitro-
gen, Gaithersburg, MD), FGF-2 (20 ng/ml; Invitrogen, Gaithersburg,
MD), and heparin (5 �g/ml; Sigma, St. Louis, MO) in a humidified
incubator (37°C and 5% CO2), and one-half of the growth medium was
replenished every 3– 4 d. Neurospheres were then mechanically tritu-
rated into single cells with flame-polished Pasteur pipettes, plated onto
T75 flasks at a density equivalent to 2 � 10 6 cells per flask, and passaged
every 14 d. After the second passage, cells were switched to maintenance

media [DMEM/Ham’s F-12 (7:3)] containing N2 supplement (1%; In-
vitrogen), 20 ng/ml EGF, and 10 ng/ml LIF (Chemicon, Temecula, CA)
and seeded onto T75 flasks coated with laminin (MP Biomedicals, Irvine,
CA) at a density of 2 � 10 6 cells per flask, which were then plated onto
laminin-coated 96-well plates at a density of 7.5–15 � 10 4 cells per well
or chamber slides at a density of 2– 4 � 10 4 cells/cm 2 before analysis.

Immunocytochemical staining. Immunocytochemistry was performed
to check the cell composition in the culture and determine the cell lineage
of the newly formed neurons. Hippocampal neurons, plated onto four-
well chamber slides and allowed to seed for 1 h, were treated with 250 nM

AP� or vehicle for times as indicated in Results and fixed with 4% para-
formaldehyde. Neurons were then incubated overnight with the follow-
ing primary antibodies (Doetsch et al., 1997; Romero-Ramos et al.,
2002): monoclonal antibody for neuronal class III �-tubulin [Tuj1; 1:500
(NPC marker); Covance, Berkeley, CA], monoclonal antibody for nestin
[1:5000 (NSC marker); Chemicon], monoclonal antibody for myelin
basic protein (MBP) [1:50 (oligodendrocyte marker); Research Diagnos-
tics, Flanders, NJ], polyclonal antibody for glial fibrillary acidic protein
(GFAP) [1:1000 (astrocyte marker); Santa Cruz Biotechnology, Santa
Cruz, CA], and monoclonal antibody for microtubule-associated protein
2 (MAP2) [1:200 (neuronal cell marker); Sigma] for colabeling with
GFAP or polyclonal antibody for MAP2 (1:1000; Chemicon) for colabel-
ing with other mice-derived antibodies. After PBS wash, cells were incu-
bated for 30 min in a mixture of secondary antibodies containing anti-
mouse IgG or anti-rabbit IgG conjugated with FITC (1: 200; Vector
Laboratories, Burlingame, CA) and anti-rabbit IgG or anti-mouse IgG
conjugated with Texas Red (1:50; Vector Laboratories) according to the
requirements of the first antibody and colabeling combination. Slides
were washed three times for 10 min each with PBS, rinsed with water, and
mounted under coverslips with 4�,6�-diamidino-2-phenylindole
(DAPI)-containing mounting medium (Vector Laboratories). Labeled
cells were observed by Zeiss (Oberkochen, Germany) Axiovert 200M
fluorescent microscope, and images were captured by SlideBook soft-
ware (Intelligent Imaging Innovations, San Diego, CA).

Human neuronal stem cells were plated into four-well chamber slides
coated with laminin. The cells were immunostained for the neuronal
stem cells markers nestin and Tuj1 as described above.

BrdU incorporation. Cell proliferation was first evaluated by measuring
the incorporation of BrdU in the S phase of the cell cycle. BrdU incorpo-
ration was detected by using kits purchased from Roche (Penzberg, Ger-
many). For immunofluorescent assay, cells were loaded with 10 �M BrdU
after 1 h of seeding on chamber slides in the presence or absence of 250
nM AP� and cultured for 1 d. After fixation with 4% paraformaldehyde,
cells were then incubated with anti-BrdU working solution, a 1:10 dilu-
tion of antibody to incubation buffer (in mM: 66 Tris, pH 8.0, 0.66 MgCl2,
and 1 2-mercaptoethanol), for 30 min at 37°C. Cells were then incubated
with anti-mouse IgG conjugated with fluorescein (1:10 in incubation
buffer) for 30 min at 37°C. Chamber slides were mounted, cells were
observed, and the images were captured as described above. For chemi-
luminescence immunoassay, rat hippocampal cells, after 1 h of seeding,
were loaded with 10 �M BrdU in the presence or absence of mouse EGF
(20 ng/ml) and 100 pM to 1000 �M AP� in Neurobasal medium with B27
for 1 d, and human cerebral cortical stem cells, after overnight adhesion
and then 4 –5 h of starvation (medium without supplements), were
loaded with 10 �M BrdU in the presence or absence of basic FGF (bFGF)
and a different concentration of AP� in complete maintenance medium
for 1 d. The cells were then fixed using the Fixdenat solution (Roche) for
30 min, incubated with anti-BrdU peroxidase for 90 min, and further
developed with substrate solution for 3 min. The plates were then read
with an Lmax microplate luminometer (Molecular Devices, Sunnyvale,
CA). After subtracting the value of the blank (without BrdU loading), the
results were analyzed using a one-way ANOVA, followed by a Neuman–
Keuls post hoc test, and presented as percentage increase versus control.

[3H]thymidine uptake. The specificity of AP� and its stereoisomers, as
well as its parental neurosteroid progesterone, on DNA replication was
determined by [ 3H]thymidine uptake. Briefly, hippocampal neurons
(1 � 10 5 per well) were seeded in poly-D-lysine-coated 24-well Falcon
plates. After 1 h, neurons were loaded with 1 �Ci/ml [ 3H]thymidine in
the presence or absence of 250 nM AP� or its relative stereoisomers for
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24 h. Neurons were washed three times with PBS to remove free [ 3H]thy-
midine and collected by a rubber policeman. Cell lysates were counted in
a Beckman counter (LS1801; Beckman Coulter, Fullerton, CA). Data are
presented as mean � SEM of three independent experiments conducted
in triplicate.

Murine leukemia virus– enhanced green fluorescent protein viral particle
preparation and cell labeling. To verify that AP�-induced DNA amplifi-
cation was indicative of mitosis and not DNA repair and that AP� led to
a complete mitosis, fluorescence-activated cell sorting (FACS) assay was
performed to quantitatively measure the number of retrovirus– en-
hanced green fluorescent protein (eGFP)-labeled dividing rNPCs
(Palmer et al., 1997; van Praag et al., 2002). The murine leukemia virus
(MuLV)–GFP retrovirus integrates into the host genome only if nuclear
envelope breakdown occurs, which takes place during mitosis and hence
does not occur under conditions of DNA repair during which BrdU can
also be incorporated. More importantly, MuLV is unable to infect
growth-arrested cells or cells progressing through a partial cell cycle that
includes S phase but not mitosis (Roe et al., 1993; Lewis and Emerman,
1994; Bieniasz et al., 1995). Thus, the GFP signal can only be observed in
the cells that have transversed a complete cell cycle. Importantly, MuLV
is unable to infect growth-arrested cells or cells progressing through a
partial cell cycle that includes the S phase but not mitosis (Roe et al., 1993;
Lewis and Emerman, 1994; Bieniasz et al., 1995). Therefore, an increase
in the number of GFP-positive cells serves not only as a marker for
proliferation but also as an indicator for complete mitosis.

Retroviral vector particles were produced by a three-plasmid expres-
sion system (Soneoka et al., 1995). In brief, 24 h before transfection,
human embryonic kidney 293T (HEK293T) cells were split one to five
and transferred to a 10 cm tissue culture plate. To transfect, 10 �g of
retroviral vector containing GFP gene, which was constructed into a
PGK-eGFP gene cassette between MuLV 5� long-term repeat (LTR) plus
a packaging signal and 3� LTR (W. F. Anderson, University of Southern
California, Los Angeles, CA); 10 �g of pCGP plasmid containing the viral
gag pol genes, which encode the viral matrix, capsid, nucleoproteins, and
reverse transcriptase (W. F. Anderson); and 10 �g of pCEE� plasmid
expressing the MuLV ecotropic envelope protein (MacKrell et al., 1996)
were coprecipitated by calcium phosphate. The precipitate was added
drop-wise to HEK293T cells at �75% confluence. Twelve to 16 h after
transfection, cells were washed with PBS warmed to 37°C, and then fresh
medium was added. Thirty-six hours after transfection, viral superna-
tants were harvested and passed through a 0.45 �m filter (Millipore,
Bedford, MA) to remove transfected cells and cellular debris. Final virus
titers (labeled MuLV– eGFP) were 5–7 � 10 6 colony-forming units per
milliliter as determined by FACS (Coulter Epics-XL Fluorescence-
Activated Cell Sorter) analysis of transduced HEK293T controls.

Rat hippocampal neurons were seeded onto 60 mm Petri dishes for
FACS analysis or slide chambers for fluorescent microscopy observation
and were infected with MuLV– eGFP viral particles (2.5–3.5 � 10 6/ml)
in the presence or absence of 500 nM AP�, 500 nM AP�, 10 �M nifedipine,
or nifedipine plus AP� 1 h after seeding. After 4 h, cells were washed and
further incubated with fresh media with steroids to allow for the GFP
expression in infected cells.

HT-22 cell culture and MuLV–GFP infection. The immortalized mouse
hippocampal HT-22 cell line (Sagara et al., 2002; Mize et al., 2003) was
used as a positive control for labeling dividing cells by MuLV–GFP. Cells
were cultivated in DMEM (high glucose, with L-glutamine, with pyridox-
ine hydrochloride; Invitrogen, Grand Island, NY) supplemented with
100 U/ml penicillin, 100 mg/ml streptomycin, and 5% FBS (heat inacti-
vated). The cells were split 1–10 every 4 d. One day after splitting, the cells
were infected with MuLV–GFP viral particles in the presence or absence
of AP� as described above.

FACS analysis and morphological observation of MuLV–GFP-positive
cells. After 48 h of incubation, cells were trypsinized, suspended gently by
pipetting up and down, and collected into a Falcon 12 � 75 mm tube
(polystyrene). After fixation with 4% paraformaldehyde, the cells were
then subjected to FACS analysis. In each sample, 2000 cells were sorted by
Coulter Epics-XL Fluorescence Activated Cell Sorter, and the numbers of
GFP-positive cells were given. The mouse hippocampal derived cell line
HT-22 was used as a positive control, whereas primary 7 d in vitro (DIV)

hippocampal neurons, which were without detectable mitotic activity as
measured by BrdU labeling, were used as a negative control. The neuro-
nal morphology of the GFP-positive cells was assessed using cells seeded
on chamber slides. In addition, cells were immunostained with the NPC
cell marker Tuj1 as described above.

Gene-array assay. To analyze cell-cycle gene regulation, a commer-
cially available targeted cDNA array of 96 cell-cycle regulatory genes and
two housekeeping genes (Cell Cycle GEArray Q series, version 1; Super-
Array, Bethesda, MD) were used according to the instructions of the
manufacturer. Briefly, primary cultures were treated with or without 500
nM AP� for 24 h, and total RNA was isolated using TRIzol reagent (In-
vitrogen, Carlsbad, CA) as described by the manufacturer. Ten micro-
grams of total RNA were reverse transcribed into biotin-16-deoxy-UTP-
labeled single-strand cDNA by Moloney murine leukemia virus reverse
transcriptase. After prehybridization, membranes were hybridized with
biotin-labeled cDNA probe and incubated with alkaline phosphatase-
conjugated streptavidin. Chemiluminescence was visualized by autora-
diography. The intensity of the spots was extracted using “ScanAlyze”
software [developed by Michael Eisen at Lawrence Berkeley National
Laboratory (Berkeley, CA), recommended by SuperArray]. The data
were analyzed by GEArray Analyzer (SuperArray, version 1.3). �-Actin
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used as
internal controls. Bacterial plasmid (pUC18) was used as a negative
control.

Real-time reverse transcription-PCR. Real-time reverse transcription
(RT)-PCR was performed to validate the gene-array results. Total RNA
was prepared as described above. cDNA was synthesized using Super-
Script III reverse transcriptase (Invitrogen, Grand Island, NY) and
oligo-dT primer in accordance with the protocols of the manufacturer.
The expression of related genes was quantified using the SYBR green
reagent (2� SYBR Green Supermix; Bio-Rad, Hercules, CA) following
the instructions of the manufacturer on a Bio-Rad iCycler. PCR was
performed in multiplicate in optimized conditions: 95°C denatured for 3
min, followed by 40 cycles of 45 s at 94°C, 45 s at 55°C, and 45 s at 72°C
using the following primers: cyclin A2 (GenBank accession number
XM_342229), forward, 5�-GCTTTTAGTGCCGCTGTCTC-3�, reverse,
5�-AGTGATGTCTGGCTGCCTCT-3�; cyclin B1 (GenBank accession
number NM_171991), forward, 5�-CTGCTGCAGGAGACCATGTA-3�,
reverse, 5�-CTACGGAGGAAGTGCAGAGG-3�; cyclin E (GenBank ac-
cession number D14015), forward, 5�-ATGTCCAAGTGGCCTACGTC-
3�, reverse, 5�-TCTGCATCAACTCCAACGAG-3�; cell-dividing control
protein 2 (CDC2) (GenBank accession number NM_019296), forward,
5�-CGGTTGACATCTGGAGCATA-3�, reverse, 5�-GCATTTTCGAGAG-
CAAGTCC-3�; proliferating cell nuclear antigen (PCNA) (GenBank acces-
sion number NM_022381), forward, 5�-TCACAAAAGCCACTCCACTG-
3�, reverse, 5�-CATCTCAGAAGCGATCGTCA-3�; cyclin-dependent
kinase inhibitor 2C (p18, inhibits CDK4) (Cdkn2c) (GenBank accession
number NM_131902), forward, 5�-ACCGAACTGGTTTTGCTGTC-3�,
reverse, 5�-GGGCAGGTTCCCTTCATTAT-3�; and ubiquitin-activating
enzyme E1 (GenBank accession number XM_217252), forward, 5�-
ACAATTGGCCCAGCTTAATG-3�, reverse, 5�-CTTGGAGTCAGT-
CAGCACCA-3�. No other products were amplified because melting
curves showed only one peak in each primer pair. Fluorescence signals
were measured over 40 PCR cycles. The cycle number (Ct) at which the
signals crossed a threshold set within the logarithmic phase was recorded.
For quantitation, we evaluated the difference in cycle threshold (�Ct)
between the AP�-treated group and vehicle control of each gene. The
efficiency of amplification of each pair of primers was determined by
serial dilutions of templates and all were �0.9. Each sample was normal-
ized with the loading references �-actin and GAPDH. Ct values used were
the means of triplicate replicates. Experiments were repeated at least
three times.

Western blot analyses for CDC2 and PCNA protein expression. The ef-
fects of AP� on gene expression were further validated at the protein level
by Western blot analyses. AP� was added to the cultures after a 1 h
seeding period, and cells were lysed at the time points as indicated. Cells
were washed with cold PBS and incubated in ice-cold lysis buffer consist-
ing of 0.1% SDS, 1% Igepal CA-630 (nonionic, nondenaturing deter-
gent), 0.2 mM phenylmethylsulfonylfluoride, and 0.01‰ protease inhib-
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itor mixture (Sigma) for 30 min at 4°C. Cell lysates were centrifuged at
12,000 � g for 10 min, and the concentration of protein in the superna-
tant was determined by the BCA protein assay (Sigma). Twenty micro-
grams of total protein from whole-cell lysates were separated under
reducing and denaturing conditions by 12% SDS-PAGE and electro-
transferred to a polyvinylidene difluoride membrane (Millipore). Non-
specific binding sites were blocked with 5% skim milk in PBS containing
0.05% Tween 20 (PBS-Tween). A purified rabbit IgG recognizing the
C-terminal domain of CDC2/p34 (ab7953; Novus Biologicals, Littleton,
CO), a cell-proliferation marker (Gannon et al., 1998), was used to eval-
uate regulation of CDC2 expression. Mouse IgG2a (clone PC10; Zymed
Laboratories, San Francisco, CA) directed to PCNA, a commonly used
marker of cell proliferation (Gannon et al., 1998), was used to evaluate
the cell proliferation. The membranes were incubated with CDC2 anti-
body (1:500 in PBS-Tween/1% goat serum) or PCNA antibody (1:1000
in PBS-Tween/1% horse serum) overnight at 4°C. Membranes were then
incubated in horseradish peroxidase-conjugated goat anti-rabbit or
horse anti-mouse IgG (1:6000), and results were visualized by the TMB
Peroxidase Substrate kit (Vector Laboratories). Relative amounts of
CDC2 and PCNA were quantified by optical density analysis using the
UN-SCAN-IT gel automated digitizing system (Scion, Frederick, MD).
The level was normalized with respect to GAPDH, a domestic loading
control. Data are presented as means � SEM for at least three indepen-
dent experiments.

Statistical analyses. Differences in cell-proliferation markers were de-
termined using one-way ANOVA, followed by a Neuman–Keuls post hoc
analysis. Data derived from cDNA array or Western blot analyses repre-
sent semiquantitative estimates of the amount of a specific mRNA or
protein that was present in a cell extract. The data displayed in graphs are
reported as means � SEM or fold change � SEM of the actual scanning
units derived from the densitometric analysis of each cDNA array or for
Western blot densitometric units normalized to internal standard for
protein content.

Results
Characterization of neuroprogenitor
cells in primary cultures of embryonic
day 18 rat hippocampal neurons
Dissociated cultures from E18 rat hip-
pocampus were cultured in serum-free
Neurobasal/B27 medium for 1–7 d. Im-
munochemical markers revealed that the
cultures were predominantly neuronal in
composition and also possessed a propor-
tion of NPCs (Fig. 1A,B). Labeling for
nestin, a large intermediate filament pro-
tein (class type VI) expressed during de-
velopment and typically disappearing af-
ter E18, was used to identify progenitor
cells (Fig. 1A, top) (Doetsch et al., 1997;
Roy et al., 2000; Yamaguchi et al., 2000;
Kawaguchi et al., 2001; Sawamoto et al.,
2001; Romero-Ramos et al., 2002). Tuj1
labeling for neuron-specific �III-
microtubulin was conducted to identify
cells committed to neuronal lineage (Fig.
1A, middle) (Menezes and Luskin, 1994;
Menezes et al., 1995; Romero-Ramos et
al., 2002). This antigen is not expressed by
astrocytes or oligodendrocytes and is an
early marker of neuronal differentiation
for progenitor cells undergoing mitosis
and for postmitotic neurons (Doetsch et
al., 1997; Jacobs and Miller, 2000). Specific
antibodies recognizing MAP2, a specific
marker for postmitotic and differentiated
neurons (Menezes and Luskin, 1994; Nii-

jima et al., 1995; Young et al., 2000), GFAP, a specific marker for
astrocytes, and MBP, a marker for oligodendrocytes, were also
used. DAPI was used as a nuclear counterstain.

At 1 DIV, 27.4 � 4.7% of cells were positive for nestin (Fig.
1A, top), 93 � 6.3% of cells were positive for Tuj1 (Fig. 1A,
middle), and 5.4% cells showed BrdU-positive nuclei (Fig. 1A,
bottom), whereas at 7 DIV, no BrdU-positive nuclei were ob-
served (data not shown). At 1 and 4 DIV, 96 � 3.8 and 98 � 1.6%,
respectively, of the cells were positive for MAP2 (Fig. 1B). At 4
DIV, �2% of the cells were nestin positive, and �0.4% of the
total cell population were GFAP and MBP positive. These results
are consistent with previous reports indicating that neurons and
their precursors make up the majority of postmitotic cultures and
that glial cell contributions to the culture are reduced to �0.5%
of the nearly pure neuronal population, as judged by immunocy-
tochemistry for GFAP and neuron-specific enolase (Brewer et al.,
1993; Brewer, 1995).

AP� increases the number of nestin- and BrdU-positive cells
At 1 DIV, nestin-positive cells were found in clusters (as shown in
Fig. 1A). In hippocampal cultures exposed to 500 nM AP�,
36.3 � 7.2% nestin-positive cells were observed compared with
the 27.4 � 4.7% observed in the control group, presenting a 32%
increase in progenitor cells. This observation led us to perform a
BrdU incorporation study to verify the proliferative effect of
AP�. Hippocampal neuron cultures were treated with either ve-
hicle or 500 nM AP�. Each set of cultures were exposed to BrdU
(10 �M) for 4 h, followed by a 12 h of culture. Cultures treated
with AP� had a significantly greater number of BrdU-positive
cells relative to vehicle control: 138 � 10 (in every 2000 cells

Figure 1. Characterization of neural progenitor cells in primary cultures of embryonic day 18 rat hippocampus. A, At 1 DIV,
nestin (top)-positive cells are clustered, and nestin immunoreactivity is apparent within the cytoplasmic compartment of both the
cell body and neurites. Nonclustered cells are nestin negative. The middle shows that the majority of cells are Tuj1 positive. The
bottom shows one cell with BrdU immunoreactivity (green) localized to the nuclear compartment. Scale bars, 20 �m. B, At 1 DIV,
a proportion of cells show coexpression of nestin (green) and MAP2 (red), as evidenced by yellow fluorescence. The majority of cells
are MAP2 positive. At 4 DIV, the majority of cells label positive for MAP2, whereas immunolabeling for nestin, GFAP, and MBP is
rarely observed. These data are consistent with the previous demonstration that the majority (�99%) of cells, under these culture
conditions, are phenotypically neuronal (Brewer et al., 1993; Brewer, 1995). Scale bars, 20 �m.
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counted) vs 108 � 6 (in every 2000 cells)
(see Fig. 3B), which represents a 26% in-
crease in BrdU-positive cells relative to
control (Fig. 2).

Biphasic dose–response of AP�-
induced BrdU incorporation
The dose–response of AP�-induced pro-
liferation was determined by chemilumi-
nescence BrdU cell-proliferation ELISA.
Data from three independent assays con-
ducted in octuplets are presented in Figure
3. As a positive control, hippocampal neu-
rons were treated with EGF (20 ng/ml),
which induced a 40 � 9% increase in
BrdU incorporation. Exposure of hip-
pocampal neurons to different concentra-
tions of AP� for 1 DIV showed a biphasic
regulation in BrdU incorporation. Expo-
sure of hippocampal neurons to different
concentrations of AP� for 1 DIV revealed
a dose-dependent biphasic regulation of
BrdU incorporation. At 100, 250, and 500
nM concentrations, AP� significantly in-
creased BrdU incorporation (lower con-
centrations were not statistically different
from control). At 1000 nM, a reversal of
the dose–response was first apparent, with
higher doses shifting the response to sig-
nificant repression of proliferation at
100 –1000 �M. Comparison of neurogenic
efficacy indicated that AP� was nearly as
efficacious as the growth factor EGF.

AP� promotes the proliferation of
neural progenitor cells derived from
E18 rat hippocampus
To quantitatively assess the neurogenic ef-
ficacy of AP� by FACS, primary cultures
of rat hippocampal neurons were infected
with MuLV– eGFP virus in the presence or
absence of AP� or AP� (serving as a neg-
ative control) 1 h after seeding for 4 h. The
numbers of GFP-labeling dividing cells
were measured by FACS at 2 DIV (Fig.
4A). In control cultures, 153 � 12 per
2000 FACS sorted cells were positive for
GFP. In cultures treated with 500 nM AP�,
194 � 17 per 2000 FACS sorted cells were
positive (Table 1) and exhibited a 27% in-
crease versus control (Fig. 4B). A slight
but not statistically significant increase in
GFP-positive cells was apparent in cul-
tures treated with the stereoisomer AP�:
163 � 11 per 2000 FACS sorted cells (Ta-
ble 1, Fig. 4B). The 27% increase in the
number of GFP-positive neurons induced
by AP� determined by FACS analysis is
consistent with the percentage increase in BrdU incorporation
(24 � 9% for 250 nM and 28 � 8% at 500 nM) and the total cell
number determined by a nonfluorescent automatic cell counter,
as shown in Figure 4C, in which a 28 � 6 and 32 � 12% increase
in total cells was observed for 250 nM and 500 nM AP�-treated

groups, respectively, compared with the vehicle control group.
These data are also consistent with the results derived from the
nestin expression analyses, which showed a 32% increase in
nestin-positive cells.

Under fluorescent microscopy, the morphology of GFP-

Figure 2. AP� increases the nestin- and BrdU-positive cell numbers. A, BrdU incorporation was visualized by specific BrdU
antibody immunofluorescence. Photomicrographic images are representative of control (top) and 500 nM AP�-treated (bottom)
rat E18 hippocampal cultures after 1 DIV AP� exposure. Scale bars, 20 �m. B, Bar graph depicts quantitation of BrdU-positive cells
from 10 randomly selected fields per slide. Total number of cells analyzed per slide was 800 –1000. Three slides per condition were
analyzed, for a total of 8964 cells contributing to the analysis. Data are from three independent experiments, and the results are
plotted as mean � SEM of BrdU-positive cells in percentage of vehicle group (set as 100%). *p � 0.05 versus vehicle.

Figure 3. AP� regulation of BrdU incorporation in rodent hippocampal neural progenitor cells is dose dependent. The dose–
response of AP�-induced proliferation was determined by chemiluminescence BrdU cell-proliferation ELISA. Exposure of hip-
pocampal neurons to AP� (100 pM to 1000 �M) for 24 h induced a biphasic regulation of BrdU incorporation. At 100 –500 nM, AP�
significantly increased BrdU incorporation by 20 � 11 to 30 � 10%. At 1000 nM, a reversal of the dose–response was first
apparent and shifted to repression of proliferation at �10 �M, with 1000 �M generating the greatest (40 � 15%) repression. As
a positive control, hippocampal neurons were treated with EGF (20 ng/ml), which induced a 40 � 9% increase in BrdU incorpo-
ration. Data are from three independent assays conducted in octuplets. Results were plotted as percentage increase versus control
(mean � SEM). *p � 0.05 versus vehicle.
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positive cells exhibited features of typical neurons, which were
comparable with GFP-negative neurons (Fig. 4D), with a prom-
inent nucleus and neurite extensions (Fig. 4E). GFP-positive cells
also expressed positive Tuj1 immunoreactivity, indicating that
these cells were of a neuronal lineage.

Validation of the MuLV– eGFP
retrovirus as a strategy to determine
neuron proliferation
To verify the accuracy of this strategy for
neurogenesis determinations in primary
hippocampal neurons, we executed FACS
analyses in a constantly dividing hip-
pocampal cell line, the mouse clonal
HT-22 cell line, as a positive control. At 2
DIV after infection, 25–32% cells (449 –
638 per 2000 cells) were positive for GFP
(Table 2), which is consistent with the one
cell cycle per day mitotic rate for HT-22
cells (Sagara et al., 2002; Mize et al., 2003)
and indicates that infection by MuLV–
eGFP did not promote nor interfere with
mitosis.

When HT-22 cells were treated with
500 nM AP�, the number of GFP-positive
cells increased to 680 � 32 per 2000 FACS
sorted cells, an increase of 22% over con-
trol condition (558 � 28) for this contin-
ually dividing cell line at 2 DIV (Table 2,
Fig. 5A). GFP-positive cells exhibited typ-
ical HT-22 cell morphology and GFP sub-
cellular location (Fig. 5B). As a negative
control, rat hippocampal neurons at 7
DIV treated with the same amount of viral
loading showed no GFP-positive cells
(data not shown), which is consistent with
the BrdU incorporation results showing
no BrdU incorporation in rat hippocam-
pal cultures after 7 DIV.

Neurogenic effect of AP�
is stereospecific
To determine the steroid specificity for in-
duction of neurogenesis, uptake of
[ 3H]thymidine incorporation was used as
a surrogate marker of DNA synthesis and
mitosis. Results (Fig. 6) of these analyses
indicate that 250 nM AP� induced a highly
significant increase (150 � 21%) in
[ 3H]thymidine incorporation relative to
the control. Progesterone induced a 126 �
12% increase ( p � 0.05 vs control). Al-
though the percentage average of proges-
terone was lower than that of AP�, there

was no statistical difference between them ( p � 0.05) in [ 3H]thy-
midine incorporation. However, the stereoisomers of AP�, i.e.,
epiallopregnanolone and AP�, as well as 5�-pregnan-3�-ol were
without effect. Additionally, allopregnandiol, 5�-pregnan-3�,
17�, 20�-triol, and pregnenolone sulfate, which we demon-
strated to increase neurites number and length of primary cul-
tured rat hippocampal neurons (our unpublished data), induced
a significant decrease in [ 3H]thymidine incorporation, which is
consistent with their differentiation effect. The steroid specificity
analysis provides evidence for both the specificity of AP�-
induced mitogenesis and supportive evidence that factors that
promote morphological differentiation, such as pregnenolone
sulfate, have an effect opposite to that of AP� in primary cultured
rat hippocampal progenitor cells.

Figure 4. AP� increases the proliferation of GFP-labeled hippocampal neural progenitor cells and the total number of cells.
Cultures were treated with vehicle, 500 nM AP�, or 500 AP� in the presence of MuLV–GFP retroviral particles (2 � 10 6/ml) for 4 h
and further incubated with AP�, AP�, or vehicle in the absence of MuLV–GFP retroviral particles for 44 – 48 h. A, FACS profile.
Area E presents the MuLV–GFP fluorescent cells, and area D presents the nonfluorescent cells. Results of FACS analysis indicated a
greater number of cells sorted to the E fluorescent region. B, The relative percentage of positive MuLV–GFP cells was plotted and
shows that AP� induced a 27% increase in the number of FACS sorted GFP-labeled neural progenitor cells, which was significantly
increased above control and AP� conditions. The stereoisomer AP� was without effect on GFP incorporation into hippocampal
neural progenitor cells. C, Ratio of the total number of cells determined by particle size analyzer set to detect particles of 12–25
�m. Date derived from analysis of vehicle condition were set to 1, and data from other conditions are plotted relative to a vehicle
value of 1. Analysis of total number of cells revealed that both 250 and 500 nM AP� induced a significant increase in the number of
cells. Data were derived from three independent experiments, analyzed by one-way ANOVA, followed by Neuman–Keuls post hoc
analysis, and are presented as mean � SEM. D, Fluorescent microscopy images of MuLV–GFP-labeled cells. Each panel of D shows
the fluorescent image overlaid onto the differential interference contrast image to visualize the underlying cells. Scale bar, 20 �m.
E, Coimmunolabeling of GFP-positive cells with the neuron-specific marker Tuj1 (red). Cells that coexpress GFP and Tuj1 appear
yellow and label those cells that have divided and express a neuron-specific phenotype. Nuclei were counterstained with DAPI
(blue). Scale bar, 20 �m.

Table 1. GFP-positive cell number per 2000 sorted cells

Experiments Vehicle AP� AP�

1 156 � 12 201 � 18 168 � 9
2 147 � 15 186 � 19 170 � 12
3 155 � 11 194 � 19 154 � 7
Average 153 � 12 194 � 17* 163 � 11

Summary of the number of MuLV–GFP-positive cells per 2000 hippocampal neurons sorted by FACS analysis after
exposure to 500 nM AP�, 500 nM AP�, or vehicle. *p � 0.05.
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AP� treatment regulates gene expression for
cell-cycle proteins
The mitogenic action of AP� predicted the regulation of cell-
cycle gene expression. To determine AP� regulation of cell-cycle
gene expression, we used a biased DNA gene array containing
genes known to control cell proliferation. Primary cultures of rat
hippocampal neurons were treated with 500 nM AP�, which re-
sulted in a marked upregulation of the genes that promotes the

cell cycle, such as an eightfold increase in cyclin E, a protein that
promotes progression from G1 to S phase, a fourfold increase in
two members of the M phase promoting factor complex, CDC2
(also called CDK1) and cyclin B, which promotes M phase tran-
sition required for completion of mitosis. In addition, another
well defined cell-proliferation marker (Gannon et al., 1998; Grae-
ber et al., 1998), PCNA, showed a more than twofold increase in
expression. In contrast to the increase in cell-cycle genes involved
in progression through the cell cycle, the expression of cell-cycle
inhibitors CDK4 and CDK6, inhibitors p16 and p18, were de-
creased by more than twofold (Fig. 7A).

Because multiple endpoints were measured, there was an in-
creased probability that differences in gene expression could oc-
cur by chance alone. To address this issue, the gene expression
data were divided into subgroups of genes known to promote or
inhibit cell proliferation, and the data from each subgroup of
genes were subjected to multivariate ANOVA (Snedecor and
Cochran, 1967; Jiang et al., 2002). Results of this analysis indi-
cated a statistically significant effect of AP� treatment on cyclins,
CDKs, and CDK inhibitors (Table 3).

As validation of the gene-array data, real-time PCR was per-
formed for five mRNAs coding for genes that promote transition
through the cell cycle, two genes that inhibit cell-cycle progres-
sion, and two invariant genes. As presented in Figure 7B, 500 nM

AP� increased the mRNA expression: 9.61 � 0.8-fold for cyclin E

Table 2. GFP-positive cell number per 2000 sorted cells

Experiments

GFP cells per 2000 sorted cells

Vehicle AP�

1 499 � 28 609 � 34
2 638 � 32 783 � 36
3 536 � 24 648 � 27
Average 558 � 28 680 � 32*

Summary of HT-22 cell FACS data indicating the number of MuLV–GFP-positive cells per 2000 sorted cells after
exposure to 500 nM AP� or vehicle. *p � 0.05.

Figure 5. AP� increased the number of MuLV–GFP-positive HT-22 cells. HT-22 cells were
incubated with AP� or vehicle in the presence of MuLV–GFP viral particles for 4 h and further
incubated with AP� or vehicle for another 44 – 48 h. The cells were either collected and sorted
by FACS to analyze the number of GFP-positive cells or fixed to observe under fluorescent
microscopy. A, Bar graph depicts the percentage of GFP-positive cells in the AP� group versus
vehicle control (set as 100). *p � 0.01 versus control. B, Fluorescent microscopic images show-
ing morphology and relative density of GFP-positive cells in the AP�-treated group versus
control at low (top) and high (bottom) magnifications. Scale bars, 20 �m.

Figure 6. The neurogenic property of AP� is specific and not shared by isomers or other
steroids in the biosynthetic pathway. Rat hippocampal neurons were loaded with 1 �Ci/ml
[3H]thymidine in the presence or absence of the indicated neurosteroids at 37°C for 24 h. AP�
induced a 150% increase in [3H]thymidine incorporation relative to control. Moreover, DNA
synthesis was specific to AP� compared with other structurally and chemically similar steroids.
P4 , the precursor molecule to AP�, also induced a modest increase in [3H]thymidine incorpo-
ration; however, the stereoisomers of allopregnanolone, epiallopregnanolone, and AP�, as
well as 5�-pregnan-3�-ol, were without effect. Additionally, allopregnanediol, allopregnant-
riol, and pregnenolone sulfate induced a significant decrease in [3H]thymidine incorporation.
Data are expressed as mean � SEM. *p � 0.05; **p � 0.01; ***p � 0.001.
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versus control; 5.76 � 0.56 for cyclin B; 4.24 � 0.51 for CDC2;
and 6.35 � 0.3 for PCNA. In addition, cyclin A2, an S phase
expression protein, increased 4.35 � 0.34-fold. In contrast, AP�
treatment decreased the mRNA expression of Cdkn2c (p18)
4.84 � 0.32-fold and ubiquitin-activating enzyme E1 4.16 � 0.4-
fold versus control. These results are entirely consistent with the
direction of change indicated by the gene-array data, although
the real-time PCR data indicate a slightly greater magnitude of
fold change. Together, these data indicate that AP� promotes the
expression of activators of cell-cycle progression, such as cyclins,
CDKs, and PCNA, while simultaneously downregulating the
CDK inhibitors and other ubiquitin-related genes.

AP� increases the protein level of cell-proliferating markers
CDC2 and PCNA
Based on the results of the gene-array analysis, two well defined
cell-proliferating markers, CDC2 and PNCA, were further ana-
lyzed by Western blot to determine whether increases in mRNA
for mitotic cell-cycle genes were indicative of increases in protein.
Whole-cell lysates from hippocampal neurons treated with 500
nM AP� and control neurons were assessed by Western blot for
CDC2 and PNCA. As shown in Figure 8, A and B, both CDC2 and

PNCA protein levels were elevated by 1.5-
or 2-fold by AP�. These results indicate
that AP� significantly increased protein
expression for two cell-cycle proteins,
CDC2 and PCNA, which are required for
progression through mitosis. These data
are consistent with the mRNA increases
observed in the cell-cycle gene expression
analysis.

Antagonist to VGLCC abolishes AP�-
induced neuronal cell proliferation
Based on previous findings from our
group that demonstrated that AP� in-
duced a significant rise in intracellular cal-
cium in cultured hippocampal neurons

during 1–10 d in vitro that was dependent on the GABAAR and
the VGLCC (Son et al., 2002), we determined whether the neu-
rogenic effect of AP� was antagonized by the VGLCC blocker
nifedipine. Nifedipine alone had no effect on rat hippocampal
primary culture proliferation, whereas nifedipine completely
abolished 500 nM AP�-induced NPC proliferation increase (Fig.
9). These results indicate that AP� requires activation of the
VGLCC to promote neurogenesis.

AP� induces proliferation of human neural stem cells from
the cerebral cortex
To determine whether our findings in rat neural progenitor cells
were relevant to proliferation of human neural stem cells, we
investigated the neurogenic properties of AP� in human neural
stem cells derived from the human cerebral cortex (Jakel et al.,
2004; Suzuki et al., 2004). Results of those analyses indicate that
AP� induced a highly significant increase in BrdU incorporation
(35 � 10 to 49 � 15% increase vs control in the range of 1–500 nM

AP�). As with the rNPCs, AP�-induced neurogenesis in the
hNSCs was dose dependent and exhibited a biphasic response.
AP� was a more potent neurogenic factor in the hNSCs with a
minimally effective dose of 1 nM, whereas in the rNPCs the min-

Figure 7. AP� regulates cell-cycle gene expression. Cultures of hippocampal neurons were treated with vehicle or 500 nM AP� for 24 h, followed by extraction of total RNA. A, Gene array of cell-
cycle-related gene expression. Nonradioactive probes were prepared and hybridized to a 96-gene miniarray. Two housekeeping genes (�-actin and GAPDH) were used as internal controls. Two
blanks and pUC18 from bacterial plasmid were used as negative controls. Data were represented as fold change of mRNA expression in AP�-treated neurons versus control (mean � SEM) as
determined by optical density. Results of these analyses in cultured hippocampal neurons indicate that AP� induced a marked increase in genes that promote progression through the cell cycle while
inhibiting genes associated with exiting the cell cycle. AP� induced an eightfold increase in cyclin E, which promotes progression from G1 to S phase, and a more than twofold increase in two well
defined cell proliferation markers, CDC2 (also known as CDK1) and PCNA. In parallel to an increase in cell-cycle progression genes, AP� inhibited the expression of CDK4 and CDK6 inhibitors and
ubiquitin and cullin 3, which are associated with exiting the cell cycle. Two housekeeping genes, actin and GAPDH, were unchanged. Data were from three separate experiments, and multivariant
ANOVA statistical analysis indicated that the increase and decrease were statistically significant, as presented in Table 3. B, Validation of the gene-array results by real-time RT-PCR. AP� induced a
significant increase in mRNA expression of cyclin A2, cyclin B1, cyclin E, CDC2, and PCNA mRNA, whereas AP� induced a significant reduction in mRNA for cyclin-dependent kinase inhibitor 2C (p18,
inhibits CDK4) and ubiquitin-activating enzyme E1 (Ube1X). These quantitative PCR data are entirely consistent with the gene-array results. Data are depicted as fold change of mRNA expression in
AP�-treated neurons versus vehicle control (mean � SEM) from three separate experiments. Controls were set to zero. *p � 0.05.

Table 3. Statistical summary of the effects of AP� on cell-cycle gene expression using cDNA array analysis

Gene in categories
Multivariate statistic
(AP� vs control)

Univariate analysis
(AP� vs control)

Direction of change
(AP� vs control)

Cyclins p � 0.05 Cyclin B, p � 0.05 Increased
Cyclin E2, p � 0.05

CDKs p � 0.05 Cdc2 (CDK1), p � 0.05 Increased
CDK inhibitors p � 0.05 CDK int 16, p � 0.05 Decreased
Ubiquitin relatives p � 0.05 Cullin 3, p � 0.05 Decreased

Ube1X, p � 0.05
Cullin 1, p � 0.05

PCNA p � 0.05 PCNA, p � 0.05 Increased
Actin and GAPDH p � 0.5 GAPDH, p � 0.5 No change

Cultures of hippocampal neurons were treated with vehicle or 500 nM AP� for 24 h, followed by extraction of total RNA. Nonradioactive probes were prepared
and hybridized to gene array. Data were determined by optical density and subjected to multivariate ANOVA. Ube1X, Ubiquitin-activating enzyme E1. CDK int
16, CDK inhibitor P16.
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imally effective dose was 100 nM. The efficacy of AP� as a neuro-
genic factor in hNSCs was comparable with that induced by bFGF
(20 ng/ml) plus heparin (5 �g/ml) treatment (30 � 9% increase
vs control) (Fig. 10A). The stem cell marker nestin (Fig. 10B) and

the neural progenitor marker Tuj1 (Fig. 10C) were both ex-
pressed in the human neural stem cells.

Discussion
In this study, we demonstrated that AP� specifically increased
proliferation of rat hippocampal NPCs and human cerebral cor-
tical NSCs in a dose-dependent manner. In parallel, AP� signif-
icantly increased expression of genes that promote progression
through the cell cycle while inhibiting expression of genes in-
volved in cell-cycle repression. Immunocytochemical labeling for
NPC markers indicated that the newly formed cells are of neuro-
nal lineage. Furthermore, we determined that the mechanism for
AP�-induced neurogenesis requires activation of VGLCCs.

Potency and efficacy of AP�-induced neurogenesis
AP�-induced neurogenesis was a dose-dependent process, with
concentrations within the 10	9 to mid 10	7

M range promoting
proliferation, whereas concentrations in excess of 10	6

M signif-
icantly inhibiting neurogenesis. The biphasic effect of AP� on
neurogenesis is supported by a recent study showing that nano-
molar levels of AP� increase whereas micromolar levels of AP�
inhibit the proliferation of polysialylated form of the neural cell
adhesion molecule (PSA-NCAM)-positive neural progenitors
(Gago et al., 2004). At high concentrations (i.e., in micromolar),
AP� can be converted by 20� hydroxysteroid dehydrogenase to
allopregnanediol (Wiebe and Lewis, 2003) and hence may in-
crease the local concentration of allopregnanediol that inhibited
DNA replication of rNPC, thereby inducing a biphasic
dose–response.

AP� was a more potent neurogenic factor for hNSCs with a
minimally effective dose of 1 nM, whereas in the rNPCs the min-
imally effective dose was �10 nM. The concentrations of AP�
required to induce neurogenesis in vitro are comparable with
those found in both rat and human brain. AP� levels are 12 ng/g
(�38 nM) in the pregnant maternal rat brain and 19 ng/g (�60
nM) within the embryonic rat brain (Concas et al., 1998; Grobin
and Morrow, 2001). In the human premenopausal female, AP�
levels in serum are 4 nM in the middle of menstrual cycle (Wang
et al., 1996; Genazzani et al., 1998) and are 160 nM during the
third trimester in healthy pregnant women (Luisi et al., 2000).
Because a similar concentration has been detected in the umbil-
ical cord, it is suggested to be an indicator of fetal levels of AP�
(Luisi et al., 2000).

In contrast to fetal development, an age-associated decrease in
serum AP� was observed in men �40 yr of age but remarkably
not in women (Genazzani et al., 1998). Interestingly, a significant
decrease (approximately threefold) in AP� levels was observed in
patients with Alzheimer’s disease compared with the age-
matched control group (Bernardi et al., 2000; Weill-Engerer et
al., 2002). In parallel, in the aged brain, both the pool of NSC and
their proliferative potential are markedly diminished (Jin et al.,
2003; Wise, 2003; Enwere et al., 2004).

Reported herein, AP�-induced neurogenesis ranged from 20
to 30% in the rodent NPCs to 37– 49% in the human neural stem
cells. The efficacy of AP� as a neurogenic factor is comparable
with that induced by bFGF plus heparin from our own study and
also in agreement with previously published results. For example,
bFGF induced a 0.4-fold increase in cultured rat brain-derived
progenitor cells (Gago et al., 2003) after 3 d treatment and a 25%
increase in BrdU incorporation in 3-month-old rat brain (Jin et
al., 2003). Additional support comes from the recent studies that
AP� induces an �20% increase in thymidine incorporation in
immatured rat cerebral granular cells (Keller et al., 2004) and a

Figure 8. AP� increases protein expression of CDC2 and PCNA. Rat hippocampal neurons in
primary culture were treated with vehicle, AP� (500 nM), or AP� (500 nM) for 24 h and pro-
cessed for Western blots. Results of Western blot analysis indicate that AP� induced a signifi-
cant increase in the protein level for CDC2 (A) and PCNA (B). The increase in protein level was
specific to AP�, because the stereoisomer AP� was without effect. Bar graphs represent
mean � SEM, and data were analyzed by one-way ANOVA, followed by Neuman–Keuls post
hoc analysis.

Figure 9. AP�-induced proliferation of neural progenitor cells requires activation of the
L-type calcium channel. MuLV–GFP viral particle-infected rat hippocampal neurons were
treated with vehicle, nifedipine (an L-type calcium channel antagonist), AP�, or AP� plus
nifedipine. Nifidipine (10 �M) completely abolished the proliferative effect of AP�, which was
detected by FACS analysis of GFP-positive cells. Data are from three independent experiments
and presented as percentage of GFP-positive cells in each group versus control (set as 100%).
*p � 0.01 versus control, nifedipine, or AP� plus nifedipine.

4714 • J. Neurosci., May 11, 2005 • 25(19):4706 – 4718 Wang et al. • AP� Promotes Proliferation of Neural Progenitors



20 –30% increase in PSA-NCAM-positive progenitor prolifera-
tion derived from rat brain (Gago et al., 2004). Together, these
data indicate that AP� can promote neurogenesis of neural stem
cells derived from multiple sites within the rodent brain and from
the cerebral cortex of human brain.

Genetic and proliferative properties of
AP�-induced neurogenesis
The gene-array and real-time RT-PCR data are consistent with a
neurogenic effect of AP�. Genes that promote transition through
the cell cycle and proliferation, such as cyclins and CDKs, includ-
ing CDC2, cyclin B, and PNCA, were upregulated by AP�. Cor-
respondingly, AP� downregulated the expression of genes in-
volved in inhibition and degradation of CDKs and cyclins, such
as CDK4 and CDK6 inhibitor p16, p18, cullin 3, and ubiquitin-
activating enzyme E1, enzymes that are required for ubiquitina-
tion of mitotic cyclins and promote exit from the cell cycle
(Schulman et al., 2000; Tyers and Jorgensen, 2000). In our study,
AP� not only regulated the expression of cell-cycle proteins and
DNA amplification but also drove a complete mitosis of the rN-
PCs. This conclusion is supported by the data showing that AP�
increases the MuLV–GFP-positive cell number, because GFP sig-
nal can only be observed in the cells that transversed a complete
cell cycle (Roe et al., 1993; Lewis and Emerman, 1994; Bieniasz et
al., 1995). Moreover, the AP�-induced increase in total cell num-
ber further supports this conclusion.

Mechanism of AP�-induced neurogenesis
It is well known that AP� acts as an allosteric modulator of the
GABAAR to increase chloride influx, thereby hyperpolarizing the
neuronal membrane potential and decreasing neuron excitability

(Gee et al., 1987, 1988, 1995). In marked
contrast to this action in mature neurons,
activation of GABAAR by GABA or AP� in
immature neurons, leads to an efflux of
chloride. The high intracellular chloride
content in embryonic cells reverses the
concentration gradient for chloride,
whereby the efflux of chloride leads to de-
polarization of the membrane and open-
ing of VGLCCs (Berninger et al., 1995;
Dayanithi and Tapia-Arancibia, 1996; Son
et al., 2002; Perrot-Sinal et al., 2003).
Blockade of AP�-induced neurogenesis
by an inhibitor of VGLCCs is consistent
with our finding of an AP�-induced rise in
intracellular calcium via activation of
VGLCCs (Son et al., 2002).

Increases in intracellular calcium can
activate calcium-dependent mechanisms
of mitosis in early precursor cells and hu-
man NSCs to promote neurogenesis
(Owens and Kriegstein, 1998; Owens et
al., 2000; Ashworth and Bolsover, 2002).
We demonstrated that AP� induces a
rapid and developmentally regulated in-
flux of calcium via GABAAR activation of
VGLCCs (Son et al., 2002) in cultured hip-
pocampal neurons, which may evoke neu-
rogenesis. Thus, we propose that the
GABAAR-activated VGLCCs and subse-
quent calcium influx plays a key role in the
AP�-stimulated neurogenesis in both rat

neural progenitors and human neural stem cells.

Source of AP� in brain
The synthesis of the neurosteroids, progesterone, and its metab-
olite AP� in brain, first identified by Baulieu, is now well estab-
lished (Baulieu, 1997; Baulieu et al., 2001; Mellon and Griffin,
2002a,b). A region-specific expression pattern of progesterone-
converting enzymes, P450scc, 5� reductase, and 3� hydroxys-
teroid dehydrogenase, in brain is evident in both hippocampus
and cortex. (Baulieu and Robel, 1990; Mellon and Griffin,
2002a,b; Stoffel-Wagner et al., 2003). Remarkably, the enzymes
5�-reductase and 3�-hydroxysteroid dehydrogenase, required to
convert progesterone to its 3� metabolites, are present and func-
tional in pluripotential progenitors (Lauber and Lichtensteiger,
1996; Melcangi et al., 1996). In the peripheral nervous system and
CNS, both AP� and progesterone can promote oligodendrocyte
proliferation and myelination (Gago et al., 2001, 2004; Schuma-
cher et al., 2004).

The present study demonstrated that both progesterone and
AP� promotes DNA amplification in rNPCs. Thus, the presence
of progesterone in B27, a supplement of the medium, very likely
contributes to proliferation. However, statistical analyses of AP�
effects were compared with control, which also contained pro-
gesterone. Thus, the AP�-induced results are superimposed on
that induced in the presence of progesterone. Furthermore, it is
not clear whether progesterone-induced proliferation is a direct
or an indirect process accomplished by its metabolite, AP�. In the
CNS, AP� and its precursor progesterone are primarily produced
from 5�-pregnane-3,20-dione by 3�-hydroxysteroid oxi-
doreductase in astrocytes (Krieger and Scott, 1989; Zwain and
Yen, 1999). In addition, Micevych et al. (2003) demonstrated that

Figure 10. AP� increases BrdU incorporation in human neural stem cells from the cerebral cortex in a dose-dependent
manner. A, BrdU incorporation in human cerebral cortical stem cells was measured by a chemiluminescence BrdU ELISA. AP�
induced a dose-dependent biphasic increase in BrdU incorporation. The minimally effective concentration was 1 nM AP� (38 �
10% increase), with the maximal proliferative effect achieved at 10 –500 nM AP� (43 � 14 to 49 � 15% increase). At 1000 nM,
a reversal of the increase in BrdU incorporation was apparent. The positive control, bFGF (20 ng/ml) plus heparin (5 �M/ml)
induced a 30 � 9% increase in BrdU incorporation versus control. Data were derived from at least three independent assays
conducted in octuplets. Results were plotted as percentage of vehicle control (mean � SEM). **p � 0.01 versus vehicle; ***p �
0.001 versus control. B shows a representative cluster of nestin-positive neural stem cells, and C shows Tuj1-positive human neural
stem cells. Cell nuclei were counterstained with DAPI. Scale bar, 15 �m.
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estrogen increased the synthesis of progesterone in astrocytes.
The relationship between astrocyte synthesis of neurogenic
neurosteroids, AP� and progesterone, and the ability of astro-
cytes to promote neurogenesis (Song et al., 2002) remains to be
determined.

Therapeutic potential of AP� to promote neurogenesis
Unlike large molecular weight growth factors, such as FGF and
neurotrophins, which do not readily pass the blood– brain barrier
and induce untoward side effects in humans (Lie et al., 2004),
AP�, with a steroidal chemical structure and low molecular
weight of 318.49, easily penetrates the blood– brain barrier to
induce CNS effects, including anxiolytic and sedative hypnotic
properties (Gee et al., 1988; Brinton, 1994). Results of developing
AP� as an antiepileptic/antianxiety therapeutic studies indicated
no toxicology issues in healthy human volunteers (Monaghan et
al., 1997) and therapeutic benefit without adverse events in chil-
dren with refractory infantile spasms (Kerrigan et al., 2000). To-
gether with our present data, these findings suggest a promising
strategy for promoting neurogenesis in the aged brain and poten-
tially for restoration of neuronal populations in brains recovering
from neurodegenerative disease or injury. Studies are currently
underway to determine the neurogenic potential of AP� in ro-
dent models of aging and Alzheimer’s disease.
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