0026-895X/09/7602-314-326$20.00

MOLECULAR PHARMACOLOGY

Copyright © 2009 The American Society for Pharmacology and Experimental Therapeutics
Mol Pharmacol 76:314-326, 2009

Vol. 76, No. 2
57307/3500631
Printed in U.S.A.

a4-Adrenergic Receptors Regulate Neurogenesis and

Gliogenesis

Manveen K. Gupta, Robert S. Papay, Chris W. D. Jurgens, Robert J. Gaivin, Ting Shi,

Van A. Doze, and Dianne M. Perez

Department of Molecular Cardiology, NB50, the Lerner Research Institute, the Cleveland Clinic Foundation, Cleveland, Ohio
(M.K.G., R.S.P., R.J.G., T.S., D.M.P.); and Department of Pharmacology, Physiology, & Therapeutics, University of North
Dakota, School of Medicine & Health Sciences, Grand Forks, North Dakota (C.W.D.J., V.A.D.)

Received April 28, 2009; accepted June 1, 2009

ABSTRACT

The understanding of the function of a,-adrenergic receptors in
the brain has been limited due to a lack of specific ligands and
antibodies. We circumvented this problem by using transgenic
mice engineered to overexpress either wild-type receptor
tagged with enhanced green fluorescent protein or constitu-
tively active mutant «,-adrenergic receptor subtypes in tissues
in which they are normally expressed. We identified intriguing
a4 p-adrenergic receptor subtype-expressing cells with a migra-
tory morphology in the adult subventricular zone that coex-
pressed markers of neural stem cell and/or progenitors. Incor-
poration of 5-bromo-2-deoxyuridine in vivo increased in
neurogenic areas in adult a4 ,-adrenergic receptor transgenic
mice or normal mice given the a, -adrenergic receptor-selec-
tive agonist, cirazoline. Neonatal neurospheres isolated from
normal mice expressed a mixture of «,-adrenergic receptor
subtypes, and stimulation of these receptors resulted in in-

creased expression of the a,g-adrenergic receptor subtype,
proneural basic helix-loop-helix transcription factors, and the
differentiation and migration of neuronal progenitors for cat-
echolaminergic neurons and interneurons. «,-Adrenergic re-
ceptor stimulation increased the apoptosis of astrocytes and
regulated survival of neonatal neurons through phosphatidyl-
inositol 3-kinase signaling. However, in adult normal neuro-
spheres, «,-adrenergic receptor stimulation increased the ex-
pression of glial markers at the expense of neuronal
differentiation. In vivo, S100-positive glial and gllI tubulin neu-
ronal progenitors colocalized with either a-adrenergic receptor
subtype in the olfactory bulb. Our results indicate that «,-
adrenergic receptors can regulate both neurogenesis and glio-
genesis that may be developmentally dependent. Our findings
may lead to new therapies to treat neurodegenerative diseases.

It is now recognized that neurogenesis continues in the
mammalian brain after birth. The areas of the most active
neurogenesis are the subventricular zone (SVZ) of the lateral
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ventricles and the subgranular zone (SGZ) of the hippocam-
pus (Lie et al., 2004). The SVZ contains neural stem cells
(NSCs) whose progenitors migrate through defined path-
ways, such as the rostral migratory stream (RMS) that di-
rects neuroblasts to the olfactory bulb where they mature
into interneurons. In the hippocampus, new neurons are born
in the SGZ and become functioning granule cells (Santarelli
et al., 2003). The prevailing view is that NSCs are glial
fibrillary acidic protein (GFAP)-positive cells of a radial glial
lineage (Morshead and van der Kooy, 2004). NSCs are self-
renewing and multipotent cells that generate neurons, astro-

ABBREVIATIONS: SVZ, subventricular zone; AR, adrenergic receptor; bHLH, basic helix-loop-helix; BrdU, 5-bromo-2’'-deoxyuridine; CAM,
constitutively active mutant; EGF, epidermal growth factor; EGFP, enhanced green fluorescence protein; FBS, fetal bovine serum; FGF, fibroblast
growth factor; NSC, neural stem cell; PBS, phosphate-buffered saline; RMS, rostral migratory stream; RT, room temperature; SGZ, subgranular
zone; TAP, transient amplifying progenitor; TUNEL, terminal deoxynucleotidyl transferase; VEGF, vascular endothelial growth factor; GFAP, glial
fibrillary acidic protein; KO, knockout; DMEM, Dulbecco’s modified Eagle’s medium; FACS, fluorescence-activated cell sorting; NMDA, N-methyl-
D-aspartate; PKC, protein kinase C; PCR, polymerase chain reaction; MAP2, microtubule-associated protein-2; D-PBS, Dulbecco’s phosphate-
buffered saline; PD98059, 2'-amino-3'-methoxyflavone; SB203580, 4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)1H-imidazole;
SP600125, anthra[1-9-cd]pyrazol-6(2H)-one; LY294002, 2-(4-morpholinyl)-8-phenyl-1(4H)-benzopyran-4-one hydrochloride; Go6983, 3-[1-[3-
(dimethylamino)propyl]-5-methoxy-1H-indol-3-yl]- 4-(1H-indol-3-yl)-1H-pyrrole-2,5-dione; ICI-118,551, (*)-1-[2,3-(dihydro-7-methyl-1H-inden-4-

yl)oxy]-3-[(1-methylethyl)amino]-2-butanol.
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cytes, and oligodendrocytes (Lie et al., 2004). Under normal
conditions, neurogenesis in other central nervous system
(CNS) regions is minimal, suggesting that specific mecha-
nisms regulate where new neurons are produced.

The «;-adrenergic receptor (AR) subtypes (a;,, a1, and
a;p)' are G-protein-coupled receptors that regulate the sym-
pathetic nervous system by binding and transducing the
signals of norepinephrine and epinephrine. Within the pe-
ripheral nervous system, a;-AR activation is known to regu-
late the cardiovascular and other organ systems. Within the
CNS, it has proven more difficult to ascribe a;-AR functions,
let alone the subtype to a particular function, because of
poorly selective ligands and weak antibodies (Jensen et al.,
2009). However, evidence links central «;-ARs to the regula-
tion of plasticity (Sirvié and MacDonald, 1999) and stimula-
tion of GABAergic interneurons (Papay et al., 2006). Studies
have also indirectly suggested a potential role of a;-ARs in
neurogenesis. «;-AR activation increases vascular endothe-
lial growth factor (VEGF) mRNA (Gonzalez-Cabrera et al.,
2003), and VEGF has been suggested to increase the prolif-
eration of neuronal precursors (Jin et al., 2002). VEGF local-
izes to the choroid plexus (Maharaj et al., 2006), which re-
ceives strong adrenergic innervation to regulate its secretory
functions (Lindvall and Owman, 1981). The «;-ARs stimulate
the shedding of epidermal growth factor (EGF) and fibroblast
growth factor (FGF) (Chen et al., 2006), factors needed to
maintain NSC niches. [*H]Prazosin binding sites are found
in SVZ neuroepithelia in rat embryonic day-13 embryos (Pab-
bathi et al., 1997) and in adult mice engineered to overex-
press a;,-ARs tagged with enhanced green fluorescent pro-
tein (EGFP) to localize the receptor (Papay et al., 2006).
Using a;-AR promoters expressing EGFP tags with or with-
out the receptor (Papay et al., 2004, 2006), we identified a cell
type in the SVZ in vivo that coexpressed markers of NSCs
and/or their progenitors that can be labeled by 5-bromo-2-
deoxyuridine (BrdU). Subsequent studies on isolated neona-
tal neurospheres derived from normal mice and mice engi-
neered to overexpress constitutively activate mutant (CAM)
receptors or with their «;-ARs knocked out (KO) revealed
that a;-ARs play an important role in the regulation of NSC/
progenitors and their differentiation into neurons. In con-
trast, a;-ARs expressed on adult neurospheres and isolated
from normal mice regulated gliogenesis. However, a;-ARs
colocalized with both glial and neuronal progenitors in the
adult mouse olfactory bulb.

Materials and Methods

Animal Use. Mice were housed and provided veterinary care in
an Association for Assessment and Accreditation of Laboratory An-
imal Care-accredited animal care facility. The experimental proto-
cols used in this study conform to the Guide for the Care and Use of
Laboratory Animals published by the U.S. National Institutes of
Health and was approved by the Animal Care and Use Committee at
our institutions.

Immunohistochemistry. For in vivo analysis, mice were cardi-
ac-perfused, and brain sections wee made using a vibrotome as
described previously (Papay et al., 2004, 2006). Primary antibodies
used were rabbit notchl at 1:50 (Santa Cruz Biotechnology, Santa
Cruz, CA), mouse nestin at 1:100, rabbit DIx2 at 1:200 (both from

L After the a;¢-AR was reclassified as the a;5-AR, the a;c-AR designation
is no longer used.
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Chemicon, Temecula, CA), and rabbit vimentin at 1:5000 (Abcam
Inc., Cambridge, MA). For in vitro analysis, cells were fixed in 4%
paraformaldehyde for 30 min. Coverslips were blocked in 6% bovine
serum albumin and 0.3% Trition X-100 in PBS for 1 h at room
temperature (RT) and then incubated with the primary antibody
chicken microtubule-associated protein-2 (MAP2) at 1:5000 (Novus
Biologicals, Inc., Littleton, CO), rabbit NG2 at 1:7000 (a gift from Bill
Stallcup), or mouse GFAP at 1:3000 (Chemicon) in blocking buffer for
24 h at 4°C. The coverslips were washed three times in PBS and then
incubated with the corresponding secondary antibodies donkey anti-
chicken cy5 at 1:500 (Jackson Immunoresearch Laboratories Inc.,
West Grove, PA), goat anti-rabbit 488 at 1:4000, and goat anti-mouse
568 at 1:4000 (both from Molecular Probes, Carlsbad, CA) for 1 h at
RT. Coverslips were washed three times in PBS, transferred to a
microscope slide with Vectashield containing 4’, 6'-diamidino-2-phe-
nylindole (Vector Laboratories, Burlingame, CA). Sections were an-
alyzed using a confocal laser-scanning microscope (Aristoplan; Leica
Micosystems, Inc., Deerfield, IL). Confocal images represent optical
sections of 2 to 3 um axial resolution and an average of three to six
line scans. Fluorescence in red, green, blue, and purple channels
were collected simultaneously. Confocal images were reassembled,
and the images were presented as a projection. Colocalization was
confirmed in single confocal sections in which EGFP fluorescence is
present in the same cell with each cell-type marker.

Neonatal Neurosphere Isolation and Culture. Neurospheres
were isolated from the periventricular regions of postnatal day 3
pups of neonatal normal, CAM «, 4, CAM a;5, and their correspond-
ing KO mice. Periventricular regions were digested for 20 min at
37°C in 3 ml of 0.05% trypsin, 0.53 mM EDTA, and 0.001% DNAase
in D-PBS (10 mM HEPES, pH 7.6, and 0.5 g of glucose/500 ml). Six
milliliters of B27 complete media (DMEM/Ham’s F-12, 1X B27
(Gibco), 20 ng/ml recombinant human EGF (Stem Cell Technologies,
Vancouver, BC, Canada), 10 ng/ml recombinant human FGF (Ab-
cam), 0.0002% heparin (Sigma), and 100 U/ml penicillin/streptomy-
cin) was added, and the sample was centrifuged at 100g for 7 min.
The supernatant was removed and the pellet titrated in 5 ml of
D-PBS with a 5-ml pipette for 5 min. Cells were passed through a
large 70-pm cell strainer into a 50-ml conical tube and centrifuged at
100g. Cells were resuspended in D-PBS, centrifuged, and the pellet
was resuspended in D-PBS. Cells were passed through a 30-um cell
strainer (CellTrics; Partec, Swedesboro, NJ), centrifuged, and resus-
pended into 10 ml of B27 complete media and counted. Cells were
split and fed every 2 to 3 days by centrifugation and replating. After
1 to 2 weeks, we picked 20 neurospheres from the culture of disso-
ciated tissue. Of these isolated neurospheres, approximately 60%
maintained good neurosphere growth when dissociated. We finally
isolated six neurospheres for cell lines, which were all positive for
nestin/notch and a;-AR expression, except for the KO cell lines. After
reaching sufficient density, neurospheres were passaged by mechan-
ical dissociation or with accutase (Sigma, St. Louis, MO). Neuro-
spheres used for experimental purposes were all taken from third or
later passages.

Radioligand Binding. Membranes were prepared from neuro-
spheres as described previously (Zuscik et al., 1998). Saturation or
competition binding was performed using the «;-AR antagonist
[2°T]iodo-2-[B-(4-hydroxyphenyl)-ethyl-aminomethyl]tetralone or the
B-AR antagonist 12°I-cyanopindolol as the radioligand as described pre-
viously (Zuscik et al., 1998). Data were analyzed using Prism software
(GraphPad Software Inc., San Diego, CA). Various AR antagonists used
in radioligand binding were purchased from Sigma-Aldrich.

Neurosphere Assay. Neurospheres were dissociated with ac-
cutase and mechanical titration and were diluted to single-cell level
for replating in individual uncoated 24-well plates. The percentage of
single cells (percentage of cloning efficiency) that regenerate neuro-
spheres was determined.

Differentiation Assay. Neurospheres were centrifuged at 100g
for 7 min to remove growth factors and were resuspended in B27
media without EGF/FGF but were supplemented with 2% FBS. Cells
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were then transferred to a 24-well plate containing a sterile pre-
coated poly(D-lysine)/laminin coverslip (Biocoat; BD Biosciences, San
Jose, CA). For phenylephrine-induced differentiation, 10 uM phen-
ylephrine was added daily to B27 complete media in the presence of
1 uM propranolol and 0.1 uM rauwolscine to block B- and a,-ARs,
respectively. Coverslips were fixed with 4% paraformaldehyde in
PBS for 30 min at RT and then washed twice with PBS for 5 min and
used for immunohistochemistry or stored in PBS at 4°C. At least
three different coverslips (each containing 40-300 cells) were ana-
lyzed from three separate experiments.

In Vivo BrdU Incorporation. Mice were injected intraperitone-
ally with BrdU at 150 mg/kg body weight. Two hours after the
injection, the mice were anesthetized and cardiac-perfused, and
brains were sectioned as described previously (Papay et al., 2006). In
chase experiments, normal mice or mice that received bottle water
containing cirazoline at 10 mg/l for 12 weeks were injected twice
daily intraperitoneally with BrdU at 50 mg/kg body weight for 2
weeks, then sacrificed at 2 days, 7 days, and 14 days after the last
BrdU injection. Sections were first rinsed in 0.9% NaCl and then
incubated in 1 N HCl in 0.9% NaCl at 37°C for 30 min. Sections were
rinsed with 0.1 M borate buffer, pH 9.0, and then rinsed with Tris-
buffered saline. Sections were then incubated with mouse anti-BrdU
(Chemicon) at 1:5000 in blocking buffer for 2 days at 4°C and then
incubated with Alexa Fluor 568 goat anti-mouse IgG (Molecular
Probes) at 1:4000 in blocking buffer for 1 h at RT. Specimens were
rinsed twice with distilled water before incubation with 2 ml of 10
mM copper sulfate in 50 mM ammonium acetate for 1 h at RT to
remove autofluorescence. Samples were then rinsed twice with dis-
tilled water before being returned to PBS, transferred to a micro-
scope slide containing Vectashield with 4, 6’-diamidino-2-phenylin-
dole, and BrdU nuclei were counted using confocal microscopy
followed by stereology.

Stereology. The optical dissector technique was used to estimate
the density of BrdU™" and/or Nestin™ cells in the SGZ of the dentate
gyrus of the hippocampus and the SVZ of the lateral ventricles.
Random slices were selected, and the number of BrdU™" cells and
volume of each structure were computed with Stereo Investigator
software (MBF Bioscience; MicroBrightField Inc., Williston, VT).
Cell density was expressed in cells per cubic millimeter, and the
number of BrdU- and Nestin-labeled cells per section was then
averaged.

Real-Time PCR. Neurospheres were treated with phenylephrine
(10 uM) or 1% FBS for 1, 3, or 7 days in the presence of rauwolscine
(0.1 uM) and propranolol (1 uM). Total RNA was isolated using the
RNeasy kit (QIAGEN, Valencia, CA), and 2 ug of RNA was reverse-
transcribed using oligo(dT) primer with Superscript II Reverse Tran-
scriptase (Invitrogen, Carlsbad, CA). Quantitative real-time PCR
was performed with an iCycler (Bio-Rad, Hercules, CA) using iQ
SYBR Green Supermix (Bio-Rad). The ¢cDNA was amplified with
primers for various neural transcriptional factors. The primers used
included the following: DIx2, 5'-aagggtgtctgtgcagatttc-3’ and 5'-
cgtegeagetttcacaact-3'; Mash-1, 5'-catcteccccaactacteca-3' and 5'-
ccagecagctettgtteetet-3’; Math-1, 5'-acatcteeccagateccacag-3’ and 5'-
gggcatttggttgtetcagt-3’; Ngn-1, 5'-gagccggcetgacaatacaat-3’ and
5'-ctcaggttcttectggagea-3'; nestin, 5'-gaggggacctggaacatgaa-3' and
5'-gtccattetecatectecca-3’; NeuroD, 5'-gtgatgetggtactactggaattg-3'
and 5'-gcaactgcatgggagtttte-3'; ay,-AR, 5'-ggttcccaaaggaaacctgt-3’
and b5'-ggtttcataccagggtggtg-3'; «;5-AR, 5'-tctcagccaagtectggttt-3’
and 5'-gcgaacacctttacctgete-3’; and a-tubulin, 5'-ggctgecctagagaag-
gatt-3’ and 5'-aaacatccctgtggaageag-3'. Samples were analyzed for
relative gene expression using the 2 *2°T method (Livak and
Schmittgen, 2001) and were normalized to a-tubulin gene expression
as an internal control. Data were obtained from three independent
experiments performed in duplicate.

Pathway Analysis. Normal neonatal neurospheres were pre-
treated for 1 h with individual inhibitors (either 20 uM PD98059, 10
M SB203580, 10 uM SP600125 (all from Calbiochem, San Diego,
CA), 20 uM LY294002 (Cell Signaling Technology, Danvers, MA), or

0.5 uM Go06983 (Calbiochem) and then stimulated with phenyleph-
rine (10 uM) for 3 days. Neurospheres were then lysed and subjected
to SDS-polyacrylamide gel electrophoresis, transferred to polyvinyli-
dene difluoride membrane, and probed with antibodies against
mouse GFAP at 1:1000 or chicken MAP2 at 1:3000. Membranes were
washed and incubated with horseradish peroxidase-conjugated sec-
ondary antibodies. Chemiluminescence detection was performed by
incubating membranes with SuperSignal West Pico Chemilumines-
cent Substrate (Pierce, Rockford, IL) followed by exposure onto X-ray
film.

Neuronal Cell Types. Normal neurospheres were stimulated
with 10 uM phenylephrine for 0, 3, 7, or 14 days, and lysates were
subjected to Western blot analysis. Nonspecific binding was blocked
by incubation with 5% milk and 0.1% Tween 20 in Tris-buffered
saline for 2 h at RT. The membranes were then incubated with
primary antibody in blocking buffer against goat anti-GAD-65/67
(1:100), rabbit anti-B;-integrin (1:500; Santa Cruz Biotechnology),
sheep anti-tyrosine hydroxylase (1:200), rabbit anti-NMDAR1 (1:
100; Chemicon), sheep anti-dopamine B-hydroxylase (1:3000; Novus
Biologicals), or monoclonal anti-B-actin (Sigma) overnight at 4°C
with gentle agitation. Membranes were washed three times with
0.1% Tween 20 in Tris-buffered saline and incubated with the ap-
propriate horseradish peroxidase-coupled secondary antibodies for
1 h at RT followed by chemiluminescence detection.

Apoptosis Assay. Neurospheres were grown and analyzed for
apoptosis by using the FlowTACS Apoptosis Detection Kit (Trevigen,
Gaithersburg, MD). Terminal deoxynucleotidyl transferase end-la-
beling of the free 3'-hydroxyl residues in the fragmented DNA was
performed according to manufacturer’s instructions. In brief, normal
neonatal neurospheres were treated with 10 uM phenylephrine for 0
(control), 2, or 3 days, fixed in 3.7% formaldehyde, permeabilized,
and labeled with primary antibodies against MAP2 and GFAP and
the terminal deoxynucleotidyl transferase enzyme, followed by
Strep-Fluorescein treatment and appropriate secondary antibodies.
Cells were also treated with propidium iodide to label necrotic cells,
which were not counted. Cells were analyzed under a fluorescence
microscope. Total cells counted ranged from 40 to 240 per coverslip
using at least three different cell preparations.

Migration Assay. The effect of a;-AR stimulation on progenitor
cell migration was determined by Boyden chamber assay as de-
scribed previously (Sun et al., 2001). In brief, neurospheres derived
from normal, CAM, and KO mice were dissociated in DMEM/Ham’s
F-12 medium without growth factors at a density of 108 cells/trans-
well (Costar; Corning Life Sciences, Acton, MA) using a 0.4 uM
membrane. Phenylephrine (10 uM) was added to the lower well, and
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after 48 h, the media from each of the upper and lower wells were
aspirated, and cells were scraped and assayed for DNA content using
the CyQuant Cell Proliferation assay kit (Invitrogen) and a Cyto-
Fluor II fluorescent plate reader.

Isolation of Adult Normal Neurospheres. Adult normal neu-
rospheres were isolated from the periventricular regions of 2 to 3
months normal mice. Periventricular regions were dissected in a
Petri dish containing 10 ml of NeuroCult Tissue Collection Solution
(StemCell Technologies). After dissection, the collection solution was
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discarded, and the tissue was divided into two piles, minced for 1 min
in 1 ml of NeuroCult Dissociation Solution, and transferred to a
15-ml sterile conical tube being careful not to introduce air bubbles.
The mincing was repeated twice. The pooled minced tissue was
incubated for 7 min at 37°C in a beaker of prewarmed water. The
suspension was gently mixed with 3 ml of NeuroCult Inhibition
Solution, avoiding air bubbles. The mixture was centrifuged at 100g
for 7 min, and the supernatant was removed. The pellet was resus-
pended in 1 ml of NeuroCult Resuspension Solution and triturated

Fig. 2. a;,-AR promoter-EGFP cells
localize in the SVZ in vivo. A, a;,-AR
promoter-EGFP-expressing cells (green)
are found in the SVZ and RMS of adult
mice. B, a;,-AR promoter-EGFP cells
are abundant in the SVZ, where nes-
tin (in red) is located. C, magnification
alA- of the boxed area in B. a;,-AR promot-
er-EGFP cells colocalize with nestin.
D, a,,-AR promoter-EGFP cells are
abundant in the SVZ, where Notch-1
(in red) is located. Some «a;,-AR pro-
moter-EGFP cells colocalize with
Notch-1 (E) or vimentin (F) near the
lateral ventricle (LV) border. G, some
a;4-AR promoter-EGFP cells express
DIx2 in the nucleus (white arrows) in
the SVZ and RMS, whereas other
a;4-AR promoter-EGFP cells do not
(yellow arrows). H, a;,-AR promoter-
EGFP cells line the fourth ventricle. I,
a,5-AR-EGFP-tagged cells are not lo-
calized near the ependymal border. J,
FACS of dissociated periventricular
cells from normal mice (control) or
three different «,,-promoter EGFP

promoter

NS only -

Il Normal mice (fluorescein isothiocyanate 1-3).
EEEGFP 1 Approximately 44.4% of periventricu-
5 EGFP2 lar cells express EGFP. Mice were

EGFP 3 aged 2 to 3 months. White bar, 10 um.
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using a sterile P1000 pipette tip 15 times until a smooth and creamy
suspension was achieved. NeuroCult Resuspension Solution was
added to a final volume of 10 ml, and the sample was gently mixed.
The cells were washed three times by centrifugation at 100g for 7
min, and the pellet was resuspended in 1 ml of NeuroCult Resus-
pension Solution. The pellet was first resuspended in 1 ml of B27
Adult Proliferation Media (StemCell Technologies), followed by Re-
suspension Solution to a total volume of 10 ml. Cells were passed
through a large 70-pum cell strainer into a 50-ml conical tube, passed
through two more 70-uM cell strainers, and into a sterile 15-ml
polypropylene tube. A cell sample was assessed for viability with
trypan blue, and the remaining cells were pipetted into two T-162
flasks, each containing 40 ml of B27 complete media. The next day,
the media were collected, and the cells were centrifuged and replated
into six T-162 flasks. After 1 to 2 weeks, several large neurospheres
were isolated and expanded for experimental studies.

Fluorescence-Activated Cell Sorting Analysis. The SVZ re-
gions were dissected from normal and a;,-promoter-EGFP mouse
brains and dissociated in 0.25% trypsin solution in DMEM. The
number of EGFP* cells was determined by fluorescence-activated
cell sorting (FACS).

Statistical Analysis. One-way analysis of variance followed by
the Bonferroni post hoc test was used for multiple data sets. For
comparisons between two data sets, a Student’s paired ¢ test was
used. The data are presented as mean = S.E.M. P values less than
0.05 were considered to be significant.

Results

Transgenic Mice. We previously created several mouse
models that systemically express either the a;,- or a;5-AR
subtypes using large fragments of the isogenic promoters
isolated from mouse genomic DNA (Fig. 1). Two of our models
overexpress the a;-ARs with CAMs that cause the receptor to
be activated without the need for agonists and to increase
subtype-specific signaling (Fig. 1, A and B). We have previ-
ously characterized these mutations both in vitro and in vivo
to verify their constitutive activity (Hwa et al., 1997; Zuscik
et al., 2000). Because antibodies against «;-ARs have poor
avidity in endogenous tissues (Jensen et al., 2009), we also
created a;-AR transgenic mice with and without EGFP tags
(Fig. 1, C and D). All of these mice have been characterized
previously (Papay et al., 2004, 2006).

To verify promoter fidelity, the mouse a;,- and «;5-AR
promoters used in generating the transgenic mice were ex-
pressed in «;-AR-expressing and null cell lines (Zuscik et al.,
1999; O’Connell et al., 2001) and demonstrated predicted

Fig. 3. AR expression in neonatal neurospheres and pluripotency. A,
[*25T]Todo-2-[B-(4-hydroxyphenyl)-ethyl-aminomethyl]tetralone  satura-
tion binding of normal neonatal neurospheres. B, competition binding
with 5-methylurapidil indicates that normal neonatal neurospheres ex-
pressed 33% of the a;,-AR subtype and 67% of the a;5-AR (red circles).
Upon incubation with 10 uM phenylephrine (Phe) for 24 h, the subtype
composition became 14% of the a;,-AR and 86% of the a;5-AR subtype
(blue circles). C, competition binding with '?°I-cyanopindolol and ICI-
118,551, a B,-AR selective antagonist indicates that normal neonatal
neurospheres also express a majority (86%) of the low-affinity B;-AR
subtype. D, neurosphere self-renewal assay. CAM «,,-AR has a lower
efficiency to regenerate neurospheres than normal or KOs. E, normal
neonatal neurospheres differentiate into all three cell-types (red, GFAP;
magenta, MAP2; green, NG2 upon incubation with serum, 2% FBS). F,
neurospheres isolated from CAM a;,-AR mice differentiated into all
three cell types but were mostly neurons. G, neurospheres isolated from
the a;,-AR KO mice were mostly astrocytes with a reduced number of
neurons. H, quantitation of cell-type differentiation by 2% FBS for neu-
rospheres isolated from all mouse models. At least three different cover-
slips (each containing 40—-300 cells) were analyzed from three separate
experiments. White bar, 10 um. #, P < 0.05; *, P < 0.01.
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fidelity and regulation by transcription factors and known
stimuli. Protein comparison studies were also performed us-
ing a,s-promoter EGFP, a,,-AR-EGFP fusion, and a;,-AR
KO mice in which the a;,-AR locus was knocked in with the
B-galactosidase gene. EGFP and B-galactosidase expression
patterns throughout the brain seemed to be exact (Papay et
al., 2006). Because the a;5-AR KO mice were not made with
the B-galactosidase knock-in, we performed additional stud-
ies to verify this subtype’s promoter fidelity. We confirmed
a;p-AR expression in transgenic mice expressing WT and
CAM receptors under the direction of the a; 53-AR promoter by
measuring receptor levels in both positive and negative tis-
sues and by in situ mRNA hybridization studies in the mouse
brain (Zuscik et al., 2000). The promoters seem to direct
expression that is similar to if not identical with the endog-
enous gene, although temporal studies were not investigated.

a,;-AR SVZ Localization In Vivo. In performing localiza-
tion studies in the brain using adult EGFP-expressing mice,
we noticed an intriguing cell type in the SVZ that expressed
EGFP using the a;,-AR promoter (Fig. 2A). We showed that
these assumed «;,-AR-expressing cells are located near the
ependymal layer, the SVZ, and RMS with a migratory mor-
phology. These SVZ cells do not express markers for any glia
or neuronal cell type (S100, CC1, NG2, NeuN, BIII-tubulin).
To determine whether these cells could be stem/progenitor
cells, we performed immunohistochemistry in the EGFP-
expressing mice using a series of NSC/progenitor markers.
EGFP colocalized in the SVZ with cells that express nestin
(Fig. 2, B and C), notch-1 (Fig. 2, D and E), and vimentin (Fig.
2F). The transcription factor DIx2 is expressed in transient
amplifying progenitors (TAP) and neuroblasts. Some of the
EGFP cells in the SVZ expressed DIx2, but others did not
(Fig. 2G). We noticed that EGFP cells in the SVZ were of a
mixed population; cells near the ependymal layer rarely ex-
pressed DIx2 but did express other NSC markers, suggesting
that they were pre-TAP cells (Fig. 2G, yellow arrows). In
contrast, EGFP cells further inside the SVZ expressed DIx2
(Fig. 2G, white arrows), but not other NSC markers, suggest-
ing that they were TAPs or neuroblasts. These unique EGFP
cells were also located in all of the ventricles, such as the
fourth ventricle (Fig. 2H), but did not colocalize with stem/
progenitor markers. In contrast, a;5-AR-EGFP cells did not
localize within the SVZ (Fig. 2I) but were observed further
downstream in the migratory path. FACS analysis of EGFP
cells present in the SVZ of adult a;,-promoter EGFP mice
suggests that approximately 44% of cells contain EGFP (Fig.
2J). However, not all of these cells may be progenitors, be-
cause the a;,-AR-EGFP is also expressed on mature cell
types (Papay et al., 2006). These results are consistent with
the a;,-AR being expressed in NSCs and/or TAP cells in vivo
and regulating the neurogenic process.

Neurosphere Characterization. One way to function-
ally define NSC/progenitors is to isolate and culture cells so
that they form neurospheres, which express mostly progeni-
tor cells. Because we are not sure of all the types of progen-
itors that express the a;,-AR, neurosphere analysis is prob-
ably addressing the bulk of cell responsiveness. We initially
picked 20 neurospheres from each culture of dissociated tis-
sue. Of these isolated neurospheres, approximately 60%
maintained good neurosphere growth when dissociated. We
finally isolated six neurospheres to establish cell lines, which
were all positive for nestin/notch. To first determine whether
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a;-ARs were expressed in neonatal neurospheres, we per-
formed direct radioligand binding experiments. Saturation
binding indicated that neonatal neurospheres expressed 174
fmol/mg protein of «;-ARs with a K, of 176 pM, results
similar to brain tissue known to express a;-ARs (Fig. 3A).
EGFP-derived neonatal neurospheres also express «;-ARs,
as assessed by detection of EGFP (data not shown).

To reveal the a;-AR subtype composition, we performed
competition ligand binding using 5-methylurapidil, which
has 100-fold higher affinity for the a;,-AR than the a;5-AR
subtype. We know from real-time PCR that mouse neonatal
neurospheres do not express the a;5-AR subtype (data not
shown). We found that the composition of «;-ARs expressed
in neonatal neurospheres was 33% a;,-AR and 67% o;5-AR
(red line, Fig. 3B). Upon incubation with 10 uM phenyleph-
rine for 24 h, which differentiates the cells, the subtype
composition switched to 14% «a;,-AR and 86% a;5-AR (blue
line, Fig. 3B). Competition binding with the B-AR radiolabel
125]_cyanopindolol and the B,-AR-selective antagonist ICI-
118,551 indicates that normal neonatal neurospheres also
express 86% of the B;-AR subtype (Fig. 3C).

Neonatal Neurosphere Assay. The ability to self-renew
is a key trait of neurospheres that contain NSCs. Neuro-
spheres were dissociated and diluted to a single-cell density
to determine what proportion of the single cells reformed a
neurosphere (i.e., percentage of NSCs contained within the
neurosphere) (Fig. 3D). CAM «,,-AR-derived neurospheres
had a significantly lower efficiency to regenerate neuro-
spheres than normal or «a;,-AR KO, consistent with the
CAM a;,-AR neurospheres containing more differentiated
progenitors.

Serum-Induced Pluripotency. If neurospheres contain
NSCs, they should be pluripotent and differentiate into all
three of the major cell types (neurons, oligodendrocytes, and
astrocytes) in the brain. To determine what type of progeni-
tors were present in each neonatal neurosphere culture, we
differentiated normal neurospheres with serum (2% FBS)
and found all three cell-types present (Fig. 3E). Neuro-
spheres isolated from CAM «;,-AR mice (Fig. 3F) differenti-
ated into all three cell-types but were mostly neurons. Neu-
rospheres isolated from the a;,-AR KO mice (Fig. 3G) had
greater numbers of astrocytes but reduced levels of neurons.
Quantization of serum-differentiated cell types for neuro-
spheres isolated from all mouse models is shown in Fig. 3H.
CAM a;5-AR neurospheres also differentiated into signifi-
cantly more neurons and fewer astrocytes than normal but
were not as robust as the CAM «; ,-AR, as evident in the lack
of response in the neurospheres from the «;5-AR KO.

Progenitor Proliferation. Effects of «;-AR stimulation
on proliferation rates were then confirmed using in vivo
BrdU incorporation. NSCs are considered a relatively quies-
cent cell, whereas TAP and progenitor cells are actively di-
viding (Morshead et al., 1994), which are more likely to
incorporate BrdU within a 2-h period. We found that the
number of cells that incorporated BrdU in the adult CAM
a;5-AR mice increased in the SVZ of the lateral ventricle and
SGZ of the hippocampus (Fig. 4, A and B), compared with
normal, CAM «;5-AR, or either KO. We confirmed that
BrdU-positive cells were coexpressed with cells containing
the a;,-AR by EGFP expression, in vivo (Fig. 4C).

a,;-AR-Induced Progenitor Differentiation. To deter-
mine direct effects of «;-AR stimulation on the ability to

induce differentiation, normal neonatal neurospheres (basal,
Fig. 4, D and I) were incubated with phenylephrine (10 wM).
Phenylephrine induced differentiation of all three cell types
(Fig. 4, E and I) but under prolonged stimulation (20 days)
only neurons and NG2 oligodendrocytes survived (Fig. 4, F
and I). Under basal conditions, CAM «; ,-AR-derived neuro-
spheres were composed mostly of MAP2-positive neuroblasts
with few GFAP-positive astrocytes (Fig. 4, G and I). KO of the
a;5,-AR increased GFAP expression but reduced MAP2 ex-
pression (Fig. 4, H and D).

a;o-AR-Induced Stem Cell Proliferation. Because
CAM «;, mice have increased BrdU incorporation in fast-
dividing progenitor cells, we determined whether stimulation
of a;5-ARs increases proliferation of NSCs in normal mice.
We found increased BrdU incorporation in normal mice
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Fig. 4. a;,-AR induces progenitor proliferation and differentiation. A, in
vivo BrdU incorporation for 2 h indicates that 2 to 3 months CAM «, ,-AR
mice have increased the number of proliferating progenitor cells in the
SVZ (A) and SGZ (B) compared with CAM «,5-AR or either KO mice. C,
a;s-promoter EGFP cells in the SVZ express BrdU (arrows). Normal
neonatal neurospheres and phenylephrine stimulation for 0 (D, control),
3 (E), or 20 days (F) differentiates into neurons (Map2 in magenta),
astrocytes (GFAP in red), and oligodendrocyte progenitors (NG2 in
green). G, CAM «,,-AR neurospheres at 0 days basally expressed more
neurons than normal controls. KO of the «,, —AR increased expression of
astrocytes (H, red). I, quantified cell types for D to H. At least three
different coverslips (each containing 40-300 cells) were analyzed from
three separate experiments. White bar, 10 um. *, P < 0.05.



treated with the «,,-AR-selective agonist, cirazoline. Fur-
thermore, approximately 25 to 50% of the BrdU™" cells were
nestin* in the normal and «; ,-AR-stimulated mice. Although
both BrdU and nestin staining was slightly diminished after
7 and 14 days of chase, BrdU incorporation remained signif-
icantly higher at all days of chase in the cirazoline-treated
mice (Fig. 5).

Regulation of Proneural Transcription Factor RNA.
To determine how «;-ARs regulate neonatal neurogenesis,
we performed real-time PCR from each neonatal neurosphere
line and targeted key bHLH transcription factor genes in-

A SvVZ-2d
25- *
L T—
EﬂE 20—
T E
El;- 15
2% 7
& T
£
=3
g2 5 s
[
D & > =
& DO A » ®
O\Q,‘ 0‘ @’ 1'9 "\0 ‘4,0
& & o' b & i
& © (,o("“ v P &
B SvZ-7d
25+

[
(=]
TR

-
e

Positive-labeled cells
invivo (1031 mm3}
i 3 "

) & & > ]
L FFF S
'6\ & o\‘? é"? «© \‘é'
& ¢ & & &
C SVZ-14d
25+
2 -]
3 P:E 20_
o 1 *
2 o 151
2% 7
8 T
s o 101
35 5
[ l

Fig. 5. a;,-AR agonist increases BrdU incorporation in vivo. In vivo BrdU
incorporation for 2 weeks was followed by 2 (A), 7 (B), or 14 days (C) of
chase in normal mice (control) or mice that were treated with the a;,-AR
selective agonist, cirazoline (Ciraz), for 3 months. A, a;,-AR stimulation
increases the number of nestin and/or BrdU™ cells at 2 days of chase. At
7 (B) and 14 days (C), a;,-AR stimulation increased BrdU+ cells com-
pared with control. #, P < 0.05 compared with matched control. B + N,
BrdU*/Nestin *-colabeled cells.
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volved in regulating neuronal differentiation (Ross et al.,
2003). Relative -fold values greater than 1 indicate an in-
creased in mRNA expression, whereas -fold values less than
1 indicate decreased mRNA expression. We differentiated
using 1 instead of 2% serum to lengthen the time to complete
differentiation. When differentiated by 1% serum as a con-
trol, normal neonatal neurospheres significantly increased
the RNA of the a;5-AR subtype, DIx2, Mash1, Math1, Ngnl,
and NeuroD, consistent with neuronal differentiation (F'ig. 6,
gray triangles). When stimulated by phenylephrine, CAM
a;2-AR neurospheres increased their own a;,-AR RNA and
that of the DIx2, Mash1, and NeuroD (Fig. 6, green circles),
whereas CAM «;5-AR neurospheres increased the RNA of
Mathl and Ngnl (Fig. 6, red circles). Although all other
genes decreased their mRNA levels in the phenylephrine-
stimulated a;,-AR KO, nestin RNA was the only gene to
increase its mRNA levels (Fig. 6, magenta triangles), sug-
gesting that neurosphere progenitors were more undifferen-
tiated. The RNA of notch-1, zic-1, and sox-2 were not changed
in neurospheres derived from the CAMs or KOs, suggesting
that these factors are not regulated by «;-ARs.

a,;-ARs Regulate Specific Neural Cell Types. To deter-
mine which neuronal cell types are being differentiated, we
found that 10 uM phenylephrine stimulated normal neonatal
neurospheres to have increased protein expression of ty-
rosine hydroxylase, dopamine B-hydroxylase, and GAD-65/
67, markers for catecholaminergic neurons and interneurons.
a;2-AR KO neonatal neurospheres displayed decreased lev-
els of each of the same cell type markers (Fig. 7A). a;-AR
stimulation also decreased the expression of B;-integrin.
However, the presence of the R1 subunit of the NMDA re-
ceptor was not expressed even though the antibody detected
its presence in a whole normal brain extract.

a;-AR Regulation of Differentiation through PI3K.
To determine which signaling pathways were regulating «;-
AR-mediated neuronal differentiation, we used a battery of
PKC, PI3K, and mitogen-activated protein kinase inhibitors
and assessed the appearance of the postmitotic neuronal
marker MAP2 in normal neonatal neurospheres. After 2 days
of stimulation, 10 uM phenylephrine increased the expres-
sion of MAP2 (Fig. 7B), which decreased upon coincubation
with the PI3K inhibitor LY294002 (20 wM). The PKC inhib-
itor Go6983 or the mitogen-activated protein kinase kinase,
p38, or c-Jun NH,-terminal kinase inhibitors PD98059,
SB203580, and SP600125, respectively, did not decrease
phenylephrine-induced MAP2 expression. Furthermore, the
reciprocal loss of GFAP protein expression induced by phen-
ylephrine was blocked using 1.Y294002 (Fig. 7C).

a,;-ARs Induce Apoptosis of Astrocytes. Because MAP2
expression increases but GFAP expression decreases upon
a;-AR stimulation, we assessed the ability of a;-ARs to in-
duce apoptosis of astrocytes. Phenylephrine can increase the
number of TUNEL-positive nuclei in normal neonatal neuro-
spheres after 2 to 3 days of stimulation (Fig. 8A). However,
the percentage of GFAP-expressing astrocytes with TUNEL-
positive nuclei was significantly greater than TUNEL-posi-
tive cells expressing MAP2 (Fig. 8B).

a,-ARs Regulate Neonatal Neuronal Progenitor Mi-
gration. Because «o;-ARs were expressed in vivo in cells with
a migratory morphology (Fig. 2A), we explored whether «;-
ARs can affect migration of neural progenitors using in vitro
transwell assays. We found that normal neurospheres stim-
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ulated with phenylephrine or unstimulated CAM «;,-AR-
derived neurospheres increased the migration of progenitors
similar to 2% serum controls (Fig. 8C), whereas a;,-AR KO-
derived progenitors displayed decreased migration.

a;-ARs Regulate Adult Gliogenesis. To determine
whether the effects of a;-AR regulation of neonatal neuro-
genesis extended to adult mice, we performed Western anal-
ysis on adult (2—-3 months) neurospheres isolated from the
periventricular region of normal mice. We confirmed that two
different lines of adult normal mouse neurospheres con-
tained the stem cell markers nestin, notch 1, and vimentin
but decreased their expression with «;-AR stimulation, con-
sistent with the role of «;-ARs in regulating differentiation.
Interestingly, adult neurospheres did not contain or alter the
neuronal markers that were present in neonatal neuro-

154 *%

spheres (tyrosine hydroxylase, dopamine B-hydroxylase, and
GAD-65/67) but expressed and increased the glial markers
CC1 and GFAP upon a;-AR stimulation (Fig. 9A). However,
adult neurospheres did contain the NR1 neuronal marker,
but its expression decreased with «a;-AR stimulation. We
confirmed in adult EGFP mice in vivo that either «;-AR
subtype was expressed in glial progenitors (S100-positive
cells) and neuronal progenitors (BIII tubulin) in the olfactory
bulb (Fig. 9, B-E).

Discussion

Although «;-ARs are abundant in the CNS, there is limited
information about neural function and subtype signaling be-
cause of the lack of highly selective ligands and avid antibod-
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ies. Using unique and systemically expressing mouse models
and KOs that circumvent these limitations, we report that
a;-AR subtypes are involved in neurogenesis and gliogenesis
that may be developmentally dependent. Immunohistochem-
istry using stem cell markers (Fig. 2) suggest the presence of
a;2-ARs on stem cells and/or early progenitors.

The use of neurospheres as an in vitro model of NSCs has
limitations. Whereas a single NSC in vitro is able to generate
a neurosphere, in addition to NSCs, neurospheres contain
neuronal and glial progenitors in different states of differen-
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Fig. 7. a,-ARs differentiate interneurons and catecholaminergic neurons
through PI3K in neonatal neurospheres. A, Western blot analysis of
normal neonatal neurospheres stimulated with phenylephrine (Phe 10
uM) increased whereas a;,-AR KO decreased the expression of tyrosine
hydroxylase, GAD-65/67, and dopamine B-hydroxylase. B;-Integrin de-
creases expression with phenylephrine stimulation, whereas no R1 sub-
unit of the NMDA receptor could be detected. Br, brain extract control. B,
neuronal differentiation as assessed by MAP2 expression levels via West-
ern analysis is stimulated by phenylephrine but decreased when coincu-
bated with the PI3K inhibitor LY294002 (20 uM). C, decreased astrocyte
expression as assessed by GFAP Western analysis was reduced with
phenylephrine but increased when coincubated with 1Y294002. Other
inhibitors used were 10 uM PD98059 (mitogen-activated protein kinase
kinase inhibitor, PD), 10 pM SB203580 (p38 inhibitor, SB), 10 uM
SP600125 (c-Jun NH,-terminal kinase inhibitor, SP), and 0.5 uM Go6983
(PKC inhibitor, Go). *, P < 0.05; **, P < 0.01.
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tiation. Therefore, neurospheres become very heterogeneous
and exhibit intraclonal neural cell-lineage diversity (Suslov
et al., 2002).

Regulation of the ability to regenerate neonatal neuro-
spheres from single cells in vitro (Fig. 3D) provides evidence
for the presence of a;,-ARs on stem cell/early progenitors in
neonatal mice. However, a;-ARs regulate the differentiation
of neurons in the neonate while switching to astrocyte and
oligodendrocyte differentiation in adult mice. Further stud-
ies may indicate exactly the time in development during
which the switching of cell type differentiation occurs.

In the neonate, a;-ARs stimulated the migration and dif-
ferentiation of neurosphere progenitors into catecholaminer-
gic neurons and interneurons (Fig. 7). Neuronal differentia-
tion was dependent on a PI3K-sensitive pathway that
protects neurons from apoptosis (Figs. 7 and 8). «;-ARs reg-
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Fig. 8. a;-ARs regulate apoptosis and migration of neonatal progenitors.
A, normal neonatal neurospheres treated with 10 uM phenylephrine for
0 (control), 2, or 3 days increase the number of TUNEL-positive cells. B,
TUNEL-positive cells expressed GFAP but not MAP2. C, dissociated
neonatal normal neurospheres treated with 10 uM phenylephrine or
CAM «, ,-AR-derived neurospheres increased migration comparable with
2% serum. a;,-AR KO-derived neurospheres displayed decreased migra-
tion. Total cells counted ranged from 40 to 240 per coverslip using at least
three different cell preparations tested. *, P < 0.05; #*, P < 0.01.
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ulated both early (DIx2, Mashl) and late stage (NeuroD)
homeobox and bHLH mRNA in neonatal neurospheres, sug-
gesting their regulation of neuronal maturation (Fig. 6).

However, in adult mice, a;-ARs seemed to regulate glio-
genesis. Isolated adult neurospheres increased markers for
CC1- and GFAP-positive glia upon «;-AR stimulation while
down-regulating NMDA receptor levels, which are located
predominantly on neurons (Kohr, 2006) (Fig. 9). In vivo,
S100-positive glial and BIII tubulin-positive progenitors co-
localized with «;-ARs in the olfactory bulb, whereas a;-AR
cells in the SVZ were negative for either marker. In previous
reports, we found that «;-AR subtypes were present in NG2-
positive oligodendrocytes and were weakly expressed in CC1-
positive mature oligodendrocytes in adult mice (Papay et al.,
2004, 2006).
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Fig. 9. a;-ARs differentiate normal adult neurospheres into glial cells. A,
Western blot analysis of normal adult neurospheres stimulated with
phenylephrine (Phe 10 uM) decreased the expression of markers associ-
ated with undifferentiated stem cells, such as notch-1, nestin, and vimen-
tin, but increased the expression of GFAP and CC1, markers for astro-
cytes and oligodendrocytes, respectively. The NMDA receptor neuronal
marker NR1 decreased in expression upon «;-AR stimulation. Similar
results repeated in another normal adult neurosphere cell line. Both
adult neurosphere cell lines were negative for the neuronal markers
tyrosine hydroxylase, GAD-65/67, and dopamine B-hydroxylase. a;,-AR
promoter-EGFP (B and D) or a;53-AR-EGFP tagged (C and E) cells (green)
colocalized (arrows) with S100-positive or BIII tubulin-positive cells in
the adult olfactory. Mice were aged 2 to 3 months. White bar, 10 pum.

a;2-ARs are likely to also regulate the proliferation of
adult neural stem and/or TAP cells. Upon long-term exposure
to BrdU and several days of chase, a;,-AR stimulation in-
creased the number of BrdU™ cells in adult SVZ, which was
not diluted upon increasing chase (Fig. 5). Because NSCs
slowly divide (Morshead et al., 1994), incorporated BrdU
would not be lost with increased chase in this cell type. Upon
short-term BrdU incorporation, which would label rapidly
dividing progenitors (Morshead et al., 1994), «;-AR stimula-
tion increased BrdU incorporation in the SVZ and SGZ (Fig.
4, A and B). The unexpected high incorporation of BrdU in
the SGZ in the a;,-AR KO could be due to spontaneous
seizures reported in these mice (Knudson et al., 2007). Sei-
zure activity has been reported to increase neurogenesis in
the SGZ (Parent et al., 1997). These data suggest that a;,-
ARs are expressed in and regulate the proliferation of both
NSCs and progenitors. Further studies are needed to deter-
mine whether «;-ARs also affect the maturation rate of
progenitors.

In contrast, a;5-ARs were expressed in the adult RMS in
vivo but not in the SVZ (Fig. 2I), and regulated late neuronal
maturation factors (Ngnl, Math1l) in neonatal neurospheres
(Fig. 6). Furthermore, a;5-AR expression was increased in
normal neonatal neurospheres undergoing differentiation by
phenylephrine (Fig. 3B) or by 1% serum (Fig. 6). Because we
do not see a decrease in a;,-AR RNA upon serum-induced
differentiation (Fig. 6), our results suggest that the a;z-AR is
being induced to increase expression instead of the a;,-AR
becoming down-regulated. Overall, these data suggest that
the role of the a;5-AR is more important in the later matu-
ration stages of neurogenesis.

Our work suggests that the mechanism of a;,-AR-induced
neonatal neurogenesis is due to an initial expansion of NSC/
TAP and progenitor cells (Fig. 4A) followed by increased
transcription of proneural factors (Fig. 6) and ultimately to
the PI3K-dependent survival and maturation of -cat-
echolaminergic neurons and GABAergic interneurons (Figs.
7 and 8). The role of PI3K in neonatal neuronal differentia-
tion suggests that a;-ARs increase prosurvival signals. PI3K
has been shown to increase proliferation of adult hippocam-
pal progenitors (Peltier et al., 2007) and induce neuronal
differentiation in cell lines (Sanchez et al., 2004). In addition
to prosurvival signals, the PI3K/Akt pathway enhances the
assembly and activity of bHLH complexes that promote neu-
ronal differentiation (Vojtek et al., 2003). The coordinated
increases in the activity of Mashl and Ngns that are regu-
lated by «;-ARs (Fig. 6) have been shown to transition neu-
rogenesis from proliferation to neuronal differentiation (Ross
et al., 2003). Interestingly, each «;-AR subtype regulates its
own distinct set of proneural transcription factors. Mashl
regulates DIx2’s temporal expression (Poitras et al., 2007),
and both genes are regulated by the a;,-AR.

The a;,-AR has been previously confirmed to functionally
regulate interneurons (Hillman et al., 2007) and now is con-
firmed in our work to be involved in their differentiation in
the neonate. The decreased expression of Bl integrin by
a,-AR stimulation is also consistent with differentiation be-
cause l-integrins have been shown to maintain NSC func-
tion (Campos et al., 2004).

The mechanism of «;-AR regulation of adult gliogenesis
remains to be determined. Although «;-ARs are localized to
neurons, progenitors, and glia, we cannot rule out that «;-AR



regulation of the cerebral microvasculature system does not
contribute to neurogenesis or gliogenesis. «;-ARs regulate
the secretion of growth factors and extracellular matrix from
endothelium that may affect the NSC niche (Ramirez-
Castillejo et al., 2006).

A neuron-to-glia switch occurs naturally in neuroepithelial
precursor cells. Early in development, NEPs generate all
types of neurons and glia. At later stages, neuroepithelial
precursor potential becomes restricted to glia (Kessaris et al.,
2008). All of the factors that drive this neuron-glial switch
are not known. However, down-regulation of bHLH tran-
scription factors is an important step, driving stem cell tran-
sition from a neurogenic toward a gliogenic potential. A mi-
croarray study of gene expression changes in the brain of the
CAM «;5-AR mice revealed several cell fate genes being
regulated that direct both glial (BMP2 receptor, insulin-like
growth factor receptor, thyroid hormone and Eph receptors)
and neuronal development (brain-derived neurotrophic fac-
tor, prolactin) (Yun et al., 2003). It is possible that differen-
tial regulation of bHLH transcription factors from neonatal
to adult by a;-ARs accounts for the neuron-glial transition.

Our studies highlight the ability of «;-ARs to regulate
neurogenesis and gliogenesis and offers new treatment op-
tions for cell loss due to neurodegeneration. Because prolif-
eration in adult rodents decreases with age (Kuhn et al.,
1996), any agent that can increase the proliferation of NSCs
and direct differentiation in the adult may be a valuable
strategy.

However, long-term activation of the a;5-AR would prob-
ably be detrimental as a therapy because CAM «;5-AR mice
have an age-progressive neurodegeneration that manifests at
7 to 12 months of age (Zuscik et al., 2000), confirmed in KO
mice (Pizzanelli et al., 2009), which may be due to long-term
glutamate (Marek and Aghajanian, 1999) or dopamine exci-
tation (Villégier et al., 2003). a; ,-AR activation cojoined with
specific a;5-AR antagonism may be a preferred treatment
option because «;5-AR blockage protects against a-synuclein
aggregates and neurotoxicity (Papay et al., 2002). In addition
to regulating neurogenesis, the a;,-AR is neuroprotective
against seizures and protects interneurons against age-re-
lated death (Knudson et al., 2007). Long-term «;,-AR stim-
ulation is also cardioprotective (Huang et al., 2007), which
would be an additional benefit of such a class of drugs.
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