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mechanisms regulating adult neurogenesis.
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(Background: Regulatory mechanisms of adult neurogenesis are not clearly defined.
Results: Extracellular signal-regulated Kinase 5 is specifically expressed in adult neurogenic regions, and is critical for adult

Conclusion: ERKS5 signaling regulates adult hippocampal neurogenesis, a process that may be mediated through Neurogenin 2.
Significance: Identification of signaling pathways involved in adult neurogenesis contributes toward delineating the molecular
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Recent studies have led to the exciting idea that adult-born
neurons in the dentate gyrus of the hippocampus may play a role
in hippocampus-dependent memory formation. However, sig-
naling mechanisms that regulate adult hippocampal neurogen-
esis are not well defined. Here we report that extracellular
signal-regulated kinase 5 (ERK5), a member of the mitogen-ac-
tivated protein kinase family, is selectively expressed in the neu-
rogenic regions of the adult mouse brain. We present evidence
that shRNA suppression of ERK5 in adult hippocampal neu-
ral stem/progenitor cells (aNPCs) reduces the number of neu-
rons while increasing the number of cells expressing markers
for stem/progenitor cells or proliferation. Furthermore,
shERKS5 attenuates both transcription and neuronal differen-
tiation mediated by Neurogenin 2, a transcription factor
expressed in adult hippocampal neural progenitor cells. By
contrast, ectopic activation of endogenous ERK5 signaling via
expression of constitutive active MEKS5, an upstream activat-
ing kinase for ERK5, promotes neurogenesis in cultured
aNPCs and in the dentate gyrus of the mouse brain. More-
over, neurotrophins including NT3 activate ERK5 and stim-
ulate neuronal differentiation in aNPCs in an ERK5-depen-
dent manner. Finally, inducible and conditional deletion of
ERKS5 specifically in the neurogenic regions of the adult
mouse brain delays the normal progression of neuronal dif-
ferentiation and attenuates adult neurogenesis in vivo. These
data suggest ERK5 signaling as a critical regulator of adult
hippocampal neurogenesis.
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Adult neurogenesis occurs in the dentate gyrus of mamma-
lian brains, including the human brain (1-4). Adult-born neu-
rons functionally integrate into the hippocampal circuitry
(5-11), suggesting that adult neurogenesis may contribute to
neuroplasticity. This idea is supported by the observation that
hippocampus-dependent, but not hippocampus-independent
learning increases the number of adult-born neurons in the
dentate gyrus (12—14). Despite the interest in the physiological
roles of adult-born neurons, mechanisms regulating adult neu-
rogenesis have not been fully elucidated.

ERK5 is a member of the mitogen-activated protein (MAP)?>
kinase family that includes ERK1/2, p38, and JNK (15, 16). It is
specifically phosphorylated and activated by MEK5 (15, 17).
MEKS5 is specific for ERK5 and does not phosphorylate ERK1/2,
JNK, or p38 even when overexpressed (15, 17). ERK5 is acti-
vated by neurotrophins (NT) through MEK5, which promotes
the survival of newborn neurons during embryonic develop-
ment (18 —23). Furthermore, ERKS5 specifies cortical stem/pro-
genitor cells toward a neuronal lineage during development by
phosphorylating and modulating the activity of neurogenin
(Neurog) 1 (24, 25). ERK5 expression in the brain is develop-
mentally regulated; it is high during early embryonic develop-
ment but declines postnatally as the brain matures (21). Inter-
estingly, although there is very little ERK5 expression
throughout the adult brain (26), upon closer examination we
report here that ERK5 is prominently expressed in the two adult
neurogenic regions: the subgranular zone (SGZ) of the dentate
gyrus and the subventricular zone (SVZ) along the lateral ven-

2 The abbreviations used are: MAP, mitogen-activated protein; ERK5, extra-
cellular signal-regulated kinase 5; SGZ, subgranular zone; SVZ, subven-
tricular zone; aNPC, adult neural progenitor cell; Neurog2, neurogenin 2;
icKO, induced-conditional knock-out; NT, neurotrophins; PCNA, proliferat-
ing cell nuclear antigen; shNS, nonspecific ShRNA; eGFP, enhanced green
fluorescent protein; BDNF, brain-derived neurotrophic factor; IRES, inter-
nal ribosome entry site.
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tricles. This unique pattern of expression suggests a fundamen-
tally important role for ERK5 in regulating adult neurogenesis.

In this study, we have characterized the cell types expressing
ERK5 along the SGZ of the dentate gyrus. To investigate a role
for ERKS5 in the regulation of adult neurogenesis, we utilized
RNAi and transgenic mouse technologies to inhibit ERK5
expression as well as retroviral expression of a constitutively
active (ca) MEKS5 to stimulate ERK5 both in vitro and in vivo.
Our data suggest a critical role for ERK5 in the regulation of
adult hippocampal neurogenesis.

EXPERIMENTAL PROCEDURES

Animals—The generation of Nestin-CreER™ (27) mice,
ERK5'°F/1oxP (98) mice, and Nestin-CreERT™/ERK5!*P/loxP
mice (29) have been described. A small cohort of Nestin-
CreER™ mice were also bred with GH(ROSA)26Sor-YFP (R26-
YFP) mice (30) to yield Nestin-CreER™/R26-YFP'*x/loxP
mice. All animal experiments were performed with identically
treated littermate controls. Animals were housed under stan-
dard conditions (12 h light/dark cycle) with food and water
provided ad libitum. All experimental procedures were
approved by the University of Washington Institutional Animal
Care and Use Committee.

Reagents—The following plasmids have been described. The
NeuroD2-Luc reporter (pCS2-NeuroD2-Luc) was obtained
from Dr. Jim Olson (31), and ¢cDNA sequence for mouse Neu-
rog2 in pcDNA3 from Dr. Jane Johnson (University of Texas at
Southwestern Medical Center). A FLAG sequence was inserted
at the N terminus of the Neurog2 cDNA. The following primary
antibodies and dilutions were used for immunohistochemistry:
rat monoclonal anti-BrdU (1:500, AbD Serotec); mouse mono-
clonal antibodies against PCNA (1:500, Millipore), Sox2 (1:200,
R&D Systems), GFAP (1:500, Millipore), NCAM (1:200, Devel-
opmental Studies Hybridoma Bank), NeuN (1:500, Millipore),
Calretinin (1:200, Abcam), and Calbindin (1:200, Abcam); goat
polyclonal antibodies against NeuroD (1:200, Santa Cruz Bio-
technology Inc.) and DCX (1:200, Santa Cruz Biotechnology
Inc.); and rabbit polyclonal antibody against GFP (1:500, Invit-
rogen). Rabbit polyclonal ERK5 antibody (1:500 dilution) was
generated previously (18) and affinity purified using recombi-
nant MBP-ERKS5 protein. The following primary antibodies and
dilutions were used for immunocytochemistry: mouse mono-
clonal antibodies against GFP (1:5,000, Invitrogen), Nestin
(1:500, Developmental Studies Hybridoma Bank), Sox2 (1:500,
R&D Systems), and B-III tubulin (1:500, Promega); and rabbit
polyclonal antibodies against PCNA (1:500, Millipore) and GFP
(1:5,000, Invitrogen). The following primary antibodies and
dilutions were used for Western blot analysis: rabbit polyclonal
ERK5 antiserum (1:1,000), rabbit polyclonal MEK5 antibody
(1:500, Santa Cruz Biotechnology Inc.), rabbit polyclonal
ERK1/2 (1:10,000, Millipore), rabbit polyclonal p-ERK5 anti-
body (1:1,000, Cell Signaling), and mouse monoclonal -actin
antibody (1:10,000, Sigma). Secondary antibodies were rabbit
polyclonal horseradish peroxidase (HRP) antibody (1:10,000,
Calbiochem) and mouse monoclonal HRP antibody (1:20,000,
Calbiochem).

BrdU and Tamoxifen Administration—Mice were treated
with 100 mg/kg of BrdU (Sigma) by intraperitoneal injection 5
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times (every 2 h for 10 h) in 1 day followed by sacrifice 4 weeks
later to identify BrdU-retaining, adult-born cells. Tamoxifen
(Sigma) was made fresh daily and dissolved in 2% glacial acetic
acid in corn oil solution (Sigma). To activate Cre-mediated
recombination, 5 mg of pre-warmed tamoxifen was adminis-
tered orally to 10 —12-week-old male mice daily for 7 days (Fig.
9, A and B) or once per day for 4 day in each cycle, for 3 cycles
with 2-week inter-cycle intervals (Fig. 9, C-M).
Immunohistochemistry—Brains were post-fixed in 4% para-
formaldehyde in PBS overnight at 4 °C after standard intracar-
dial perfusion procedures. Brains were then placed in 30% (w/v)
sucrose in PBS at 4 °C until brains sunk and the brains were
immediately frozen at —80 °C. Immunohistochemistry was
performed on 30-um thick coronal brain sections using a free-
floating antibody staining method as described (29).
Immunocytochemistry—Cells were fixed in PBS containing
4% paraformaldehyde and 4% sucrose at room temperature for
30 min. Fixed cells were washed 3 X 5 min in PBS, 5 min in 1%
SDS, and washed again 3 X 5 min in PBS. Cells were then incu-
bated in blocking buffer consisting of 5% bovine serum albumin
(BSA) in PBST (PBS + 0.1% Triton X-100) for 2 h, followed by
incubation with primary antibodies overnight at 4 °C. Cells
were then washed 3 X 10 min in PBST, followed by incubation
with secondary antibodies at 1:5,000 dilution (Alexa Fluor-488)
or 1:2,000 dilution (Alexa Fluor-594) for 2 h in blocking buffer.
Cells were then washed 3 X 10 min in PBST followed by a
10-min incubation in Hoechst 33342 for nuclei visualization
and a final wash of 10 min in PBST prior to mounting onto
slides using anti-fade Aqua Poly/Mount solution. Unless other-
wise stated, all steps were carried out at room temperature.
Confocal Imaging and Analysis—All images were captured
with an Olympus Fluoview-1000 laser scanning confocal
microscope with numerical aperture 0.75, X20 lens or numer-
ical aperture 1.3, X40 oil immersion lens. Optical Z-sections
(0.5-1 wm) were collected and processed using Image] software
(NIH). Images were uniformly adjusted for color, brightness,
and contrast with Adobe Photoshop CS4 (Adobe Systems Inc).
Quantification of Immunostained Cells—Greater than 100
immunopositive cells per coverslip per experiment were quan-
tified using an inverted fluorescence microscope (Leitz DMIRB,
Leica) with a X40 objective (Leica) following immunocyto-
chemistry. A modified optical fractionator method was used as
an unbiased stereological method for obtaining an estimation
of total cell counts per SGZ following immunohistochemistry
(32-34). The method for in vivo cellular quantification and co-
localization analysis per SGZ was as described (29).
SGZ-derived Adult Neural Progenitor Cell (aNPCs) Cultures—
Primary cell cultures were prepared as described (35, 36).
Briefly, tissue samples containing the dentate gyrus were
micro-dissected and enzymatically digested with 0.1% trypsin-
EDTA (Invitrogen) for 7 min at 37 °C followed by incubation
with equal volume of 0.014% trypsin inhibitor (Invitrogen). Tis-
sue samples were then spun down and resuspended in culture
media consisting of DMEM/F-12 (Invitrogen), 1X N2 supple-
ment (Invitrogen), 1 X B27 supplement without retinoic acid
(Invitrogen), 100 units/ml of penicillin/streptomycin (Invitro-
gen), 2 mM L-glutamine (Invitrogen), 2 pg/ml of heparin
(Sigma), 20 ng/ml of EGF (EMD Chemicals), and 10 ng/ml of
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bFGF (Millipore). Culture medium for adult neural progenitor
cells always contain EGF and bFGF unless otherwise specified.
Tissue was mechanically triturated and filtered through a
40-pm cell sieve and plated in Petri dishes and cultured for
10-14 days until neurospheres are formed. Growth factors
were replenished every 3 days during this period. Following
primary passage, neurospheres were isolated, dissociated into
single-cell suspension enzymatically and mechanically, and
replated at low density and cultured for secondary neurosphere
formation. Spheres collected from secondary passage were dis-
sociated and plated as a monolayer culture on poly-p-lysine/
laminin- (BD Biosciences) or poly-L-ornithine/fibronectin (BD
Biosciences)-coated aclar coverslips (Electron Microscopy Sci-
ences) for experiments.

Retrovirus Construction and Production—The ERK5 shRNA
and control nonspecific shRNA (shNS) retroviruses have been
previously described (25). Briefly, shNS directed toward the
dsRED sequence (agttccagtacggctccaa), and shERK5 directed
toward the murine ERK5 sequence (amino acids 106-111:
acacttcaaacacgacaat), were subcloned into pSIE retroviral vec-
tor (37). cDNA sequences encoding wild-type ERKS5 or consti-
tutively active MEK5 (24, 38) were subcloned into the Sall/Xhol
restriction sites within the multiple-cloning site of an oncoret-
roviral expression vector, which contains an IRES-GFP
sequence and was described in Ref. 39. High-titer VSV-G pseu-
dotyped retroviral stocks were produced as described (37).

Characterization of Retroviral ERKS5 or caMEK5—NIH-3T3
cells were plated in 6-well tissue culture-treated plates at 5 X
10* cells per well in DMEM (Invitrogen) containing 10% fetal
bovine serum and 100 units/ml of penicillin/streptomycin. Fol-
lowing overnight plating, protamine sulfate (Invitrogen) was
added to culture media at a final concentration of 8 ug/ml and
8 wl of 1 X 10° infection units per ml (IU/ml) of retroviruses
were added to each well and allowed to transduce cells for 24 h.
Where co-transduction was required, a 1:1 ratio of retroviral
ERK5 and caMEK5 were added to each well and cells were
transduced for 24 h. Following a 24-h transduction, media was
refreshed and cells were cultured for an additional 3 days before
processing for Western blot analysis as described (21).

Viral Transduction of aNPCs—For Western blot analysis of
shERKS5 specificity, aNPCs were plated as a monolayer culture
on poly-L-ornithine/fibronectin-coated, 12-well tissue culture
plates at a density of 3 X 10° cells per well in culture media as
described above. Twenty-four hours after plating, protamine
sulfate was added to the culture media at a final concentration
of 8 ug/ml, and cells were infected with 20 ul of 1 X 10° IU/ml
of shNS and shERKS5 retroviruses. Four days following retrovi-
rus infection, cells were lysed for Western blot analysis as
described (21). For immunocytochemistry studies, aNPCs were
plated as a monolayer culture on poly-D-lysine/laminin- or
poly-L-ornithine/fibronectin-coated aclar coverslips in 24-well
plates at a density of 1 X 10° cells per well in culture media.
Twenty-four hours after plating, protamine sulfate was added
to culture media at a final concentration of 8 ug/mland 6 —8 ul
of 1 X 10° IU/ml of retroviruses were added to each well and
allowed to transduce cells for 24 h. In cases where co-transduc-
tion with retrovirus and lentivirus were needed (Fig. 6), aNPCs
were first transduced with retrovirus for 10 h followed by trans-
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duction with lentivirus for an additional 24 h at a ratio of
3:1, respectively. Following transduction, culture media was
changed and cells were cultured for an additional 5 days before
being processed for immunocytochemistry.

Neurotrophin Treatment—For neurotrophin activation of
ERKS5, aNPCs were plated as a monolayer on poly-L-ornithine/
fibronectin-coated 12-well plates at a density of 7 X 10° cells
per well. Forty-eight hours after plating, cells were switched
into culture medium free of EGF and bFGF overnight before
treatment with brain-derived neurotrophic factor (BDNF) (50
ng/ml, Alomone Labs) or NT3 (100 ng/ml, Millipore). For neu-
rotrophin stimulation of aNPC neuronal differentiation, cells
were plated as a monolayer on poly-L-ornithine/fibronectin-
coated aclar coverslips at a density of 1 X 10° cells per well. One
day after plating, cells were transduced with 8 ul of shNS or
shERK5 retrovirus in the presence of 8 ug/ml of protamine
sulfate. Twenty-four hours later, the virus-containing medium
was removed and cells were cultured with fresh medium for 3
days to allow retroviral expression. Cells were then incubated
for 3 days in fresh medium containing 100 ng/ml of NT3, or 1
pg/ml of BSA as a control. Finally, EGF and bFGF were
removed from the culture medium and cells were incubated for
an additional 5 days in the continued presence of NT3 or BSA to
allow neuronal differentiation.

To examine the effect of ShERK5 on more differentiated
aNPCs, cells were plated as a monolayer at a density of 1 X 10°
cells per well on poly-L-ornithine/fibronectin-coated aclar cov-
erslips in medium containing 50 ng/ml of BDNF or 100 ng/ml of
NTS3 for 3 days. EGF and bFGF were then removed from the
culture medium and cells were incubated for an additional 3
days in the continued presence of BDNF or NT3. Cells were
then transduced with shNS or shERKS5 retroviruses as above
and incubated for an additional 5 days in culture medium
free of EGF and bFGF but in the continued presence of BDNF
or NT3.

Lentiviral Neurog2 Transfer Construct (pRRL-cPPT-CMV-
Neurog2-PRE-SIN-IRES-EGFP)—The FLAG-Neurog2 cDNA
sequence was inserted into a multiple cloning site of lentiviral
transfer vector pRRL-cPPT-CMV-X-PRE-SIN-IRES-EGFP,
described in Ref. 24, upstream from the IRES-directed marker
protein eGFP (enhanced green fluorescent protein). High-titer
lentiviral stocks were produced as described (24).

NeuroD2-Luciferase Reporter Gene Assay—Primary cortical
neurons were prepared from embryonic day 15 (E15) Sprague-
Dawley rats (Charles River Laboratories) and cultured in Petri
dishes for 5 h before transfection. Cells were transiently trans-
fected with Nucleofector® Transfection Reagent (Amaxa Bio-
systems, Inc.) as previously described (25). Briefly, E15 cortical
neurons were collected and resuspended in Rat Neural Stem
Cell Nucleofector® Transfection Reagent at a density of 6 X 10°
cells/100 ul. For each transfection, 6 X 10° cells were trans-
fected with 5 ug of NeuroD2-Luc reporter, 100 ng of pRL
Renilla Luc reporter (Promega), 1 ug of FLAG-Neurog2
expression construct or pPCDNA3 control plasmid, and 4 ug of
shERKS5 retroviral plasmid or shNS control plasmid using the
Amaxa Nucleofector® with A31 protocol. Immediately follow-
ing Nucleofection, cells were resuspended in pre-warmed
(37 °C) regular culture medium and incubated at 37 °C for 20
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min. Cells were then resuspended in regular culture medium
(Neurobasal Medium (Invitrogen), 2% B27 without retinoic
acid, 10 ng/ml of bFGF) and plated onto 12-well plates coated
with poly-D-lysine/laminin. After 72 h in culture, cells from
each well were lysed with 100 wl of passive lysis buffer and 20 ul
of lysates were applied for dual luciferase assay per the manu-
facturer’s protocol (Promega).

Stereotaxic Surgery—The stereotaxic procedure was per-
formed on adult C57/BL6 male mice (8 —10 weeks old, Charles
River Laboratories) as described (40, 41). Mice were anesthe-
tized by intraperitoneal injection (21-23 ul/g of body weight) of
ketamine (7.0 mg/ml) and xylazine (0.44 mg/ml) dissolved in
0.9% bacteriostatic saline (Hospira, Inc.). One microliter of ret-
rovirus (10°-10'° IU/ml) was injected at a rate of 0.25 ml/min
bilaterally into the dentate gyrus with the following coordinates
relative to Bregma: 1.65 mm posterior, =1.62 mm medial-lat-
eral, and 2.30 mm ventral.

Statistical Analysis—All of the in vitro cell culture data were
from at least two independent experiments with duplicates or
triplicates each (total # = 5 for each data point). In vivo cellular
quantification data were from at least two independent exper-
iments with » = 12 for data in Fig. 8 and n = 6 for data in Fig. 9.
Pairwise comparison of the means was analyzed by Student’s ¢
test, two-tailed analysis for data presented in Figs. 3, 4, 6, 7, and
9. One-way analysis of variance with Fisher’s LSD post hoc anal-
ysis was performed to analyze data presented in Figs. 5 and 8.
Data represent mean = S.E., n.s. not significant; *, p < 0.05; **,
p < 0.0L;**, p < 0.001.

RESULTS

ERKS Expression in the Adult Mouse Brain Is Specific to the
Neurogenic Regions—ERKS5 expression in the adult mouse brain
was examined by immunohistochemistry using an affinity-pu-
rified ERK5-specific antibody directed against the unique
C-terminal tail of ERK5 protein (18). We found no ERK5 pro-
tein in cornu ammonis (CA) 1 and CA3 regions of the hip-
pocampal formation, or most other areas of adult brain includ-
ing the cortex and striatum (Fig. 1), consistent with other
reports (26). However, ERK5 protein was specifically expressed
in the SVZ (Fig. 1, A and B) and along the SGZ of the dentate
gyrus in the hippocampal formation (Fig. 1, C and D). Specifi-
cally, ERK5 was expressed in SGZ cells co-labeled with markers
for stem/progenitor cells (Sox2, GFAP), proliferation (BrdU,
PCNA), transiently amplifying progenitors and/or newborn
neurons (PSA-NCAM, DCX, and NeuroD) (Fig. 2, A-S and X).
Some of the ERK5™ cells were also positive for both GFAP and
Sox2, suggesting ERK5 expression in radial glia-like stem cells
(Fig. 2, A-G and X). However, very few ERK5™ cells co-ex-
pressed NeuN, a marker for mature neurons. Of the few NeuN ™
cells that were also ERK5", the NeuN staining intensity was
much lower than that in NeuN"/ERK5™ cells (Fig. 2, T-W).
Thus, these ERK5"/NeuN™ cells likely represent cells just
beginning to express NeuN and are still in the early stage of
terminal differentiation. This is consistent with the fact that
none of the ERK5™" cells co-express calbindin, a marker for
mature granule neurons (Fig. 2X). Finally, almost 80% of ERK5 ™
cells in the SGZ were also PSA-NCAM " and DCX ™. The spe-
cific expression of ERK5 in adult neurogenic regions is quite
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FIGURE 1. ERK5 MAPK expression in the adult mouse brain is restricted to
the adult neurogenic regions. Images are representative immunostaining
of coronal sections of adult mouse brain tissue showing ERK5 protein expres-
sion (green) primarily in the SVZ (A and B) and SGZ (C and D) but not in CA1 or
CA3 of the hippocampal formation (E-H), the cortex (I and J), or striatum (K
and L). Hoechst staining (blue) was used to identify all cell nuclei (B, D, F, H, J,
and L). Scale bar in A represents 100 um and applies to all panels.

unique and interesting, and suggests an important function for
ERKS5 in regulating adult neurogenesis, particularly for the reg-
ulation of the cell fate of transiently amplifying progenitors
and/or newborn neuron populations.

ERKS Signaling Contributes to Neuronal Differentiation of
SGZ-derived aNPCs in Culture—SGZ-derived aNPCs were
prepared from the dentate gyrus of 8 —10-week-old adult mice
as described (35, 42). Western analysis confirmed ERK5 expres-
sion in these cells (supplemental Fig. S1). When aNPCs were
allowed to differentiate in culture by removing bFGF and EGF
from the culture media, retroviral infection of ERK5 shRNA,
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FIGURE 3. ERK5 signaling is necessary for promoting neurogenesis of SGZ-derived aNPCs in culture. aNPCs were infected with nonspecific shRNA control
retroviral vector (shNS) or shRNA to ERKS5 retrovirus as indicated. Both retroviral vectors encode eGFP marker protein under a bicistronic promoter. One day
after virus infection, cells were washed and then incubated in culture medium free of EGF and bFGF for 5 days to allow spontaneous differentiation. Cells were
then fixed forimmunocytochemistry and co-stained for GFP to identify virus-infected cells (green) and various cell-type specific markers (red). A-D, co-staining
of GFP with B-lll tubulin. £, quantification of the percentage of GFP™ cells that are also B-lll tubulin™. F~/,immunostaining of GFP -infected cells and Nestin™
neural stem cells. J-M, immunostaining of GFP *-infected cellsand PCNA™ proliferating cells. N, quantification of the percentage of GFP* cells that also express
Sox2, Nestin, or PCNA. Scale bar in A represents 25 um and applies to all images. Arrowheads point to GFP* cells co-labeled with various cell markers, whereas

Hoechst/GFP GFP/PCNA

arrows point to GFP™ cells that are marker negative.

which specifically suppresses the expression of endogenous
ERKS5 but not the closely related ERK1/2 (Ref. 25 and supple-
mental Fig. S1), significantly decreased the number of cells
expressing B-11I tubulin, a marker for newborn neurons (Fig. 3,
A-E). Concomitantly, shRNA to ERK5 increased the number of
cells expressing markers for stem/progenitor cells (Sox2, Nes-
tin) and proliferation (PCNA) (Fig. 3, F-N). However, it did not
promote glial differentiation (33 versus 26% cells co-expressed
glial marker GFAP in shNS- or shERK5-infected cells, respec-
tively, p > 0.5).

To activate endogenous ERKS5 signaling, wild type (wt) ERK5
or caMEKS5 were subcloned into a retroviral expression vector,
upstream from an IRES-directed marker protein eGFP. Retro-
viral transduction of caMEKS5 specifically activated endogenous
ERK5 (Fig. 4A) and was sufficient to decrease the number of
cells positive for Sox2, Nestin, and PCNA, whereas simultane-
ously increasing the pool of B-1II tubulin™ neurons even in the
presence of mitogens bFGF and EGF (Fig. 4, B-0). These data
suggest a critical role for ERK5 in promoting neurogenesis in
cultured aNPCs. Furthermore, aNPCs that did not differentiate
into neurons upon ERKS5 inhibition remained in the proliferat-
ing and stem/progenitor stage rather than undergoing preco-
cious glial differentiation (data not shown).

Neurog2 May Be a Downstream Target of ERKS in Adult
Neurogenesis—To elucidate downstream mechanisms mediat-
ing the neurogenic effect of ERK5 in SGZ cells, we investigated
if ERK5 regulates the transcriptional activity of Neurog2, a basic
helix-loop-helix transcription factor expressed in SGZ progen-
itors (43, 44). A dual luciferase reporter assay was performed to
measure Neurog2-stimulated transcription initiated from the
NeuroD2-Luc reporter (25). Expression of Neurog?2 alone stim-
ulated NeuroD2-Luc activity 4-fold; this transcription was sup-
pressed by co-transfection of shERKS5 (Fig. 5). Neurog?2 is essen-
tial for neurogenesis in the dentate gyrus during development
(45); however, its function in adult hippocampal neurogenesis
has not been elucidated. Consequently, we examined if ectopic
expression of Neurog?2 is sufficient to promote neuronal differ-
entiation of SGZ cells and if this is regulated by ERK5 signaling.
SGZ-derived aNPCs were infected with lentiviruses expressing
Neurog2-IRES-GFP; lentiviral-GFP was used as a control.
Expression of Neurog2 was sufficient to increase the number of
B-11I tubulin™ neurons even in the presence of bFGF and EGF
(Fig. 6, A-I). In contrast, Neurog2 decreased the number of
Sox2™ neural stem cells. Significantly, co-infection of ShERK5
retroviruses blocked the effect of Neurog2 on neuronal differ-
entiation (Fig. 6, J-R). These data suggest that Neurog?2 exhibits

FIGURE 2. ERKS5 is primarily expressed in transiently amplifying progenitors and/or newborn neurons in the SGZ. A-W, representative confocal images
of brain sections immunostained for ERK5 (green), GFAP (A-C and G) (white), and various other cellular markers (red) including Sox2 (D-G), BrdU (H-K),
doublecortin (DCX) (L-0), NeuroD (P-S), and NeuN (T-W). Panel G represents the enlarged boxed areas in panels C and F. Similarly, images in panels K, O, S, and
W are enlarged images of their corresponding boxed areas in panels J, N, R, and V. Scale bar in A represents 25 um and applies to allimages except the enlarged
ones. Scale bar in G represents 10 wm and applies to K, O, S, and W. Dashed lines outline the SGZ layer of the dentate gyrus. X, quantification of marker-positive
cells in total ERK5™" cell population along the SGZ. Data represent mean percentage of double- or triple-labeled cells.
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Fokk

neurogenesis, we determined if ERK5 is activated by neurotro-

,E' % I I phins in aNPCs. Treatment with either BDNF or NT3 induced
E E 4 phosphorylation of ERK5 (p-ERK5) in SGZ-derived aNPCs
% g 3 (Fig. 7A), indicative of ERK5 activation. NT3 also increased the
53 2 number of B-III tubulin® neurons (Fig. 7B), suggesting that
29 . NT3 stimulates neuronal differentiation of these cells. Signifi-
* E , j . l cantly, the effect of NT3 on neuronal differentiation was com-

pletely blocked by shERK5. Additionally, shERK5 inhibited
neuronal differentiation when aNPCs were pretreated with
BDNEF or NT3 to prime neuronal differentiation (supplemental
Fig. S2). These data suggest that NT3 stimulates hippocampal
neurogenesis by activating the ERKS5 signaling pathway.
Activation of Endogenous ERKS Promotes SGZ Neurogenesis
in Vivo—To investigate if activation of ERK5 promotes adult
neurogenesis in vivo, we delivered retroviruses encoding
caMEK5-IRES-eGFP and/or wtERK5-IRES-eGFP as well as the

+ + + + NeuroD2-Luc Reporter

- + - + Neurog2

shNS shERKS

FIGURE 5. Neurog2 transcriptional activity requires ERK5 activity. Rat
embryonic day 15 primary cortical cells were transfected with plasmids for
NeuroD2-Luc reporter only, or together with a Neurog2 expression vector in
pcDNA, shERKS retroviral plasmid or shNS control plasmid.

pro-neural activity in SGZ cells and may act as a downstream

target of ERK5 during adult hippocampal neurogenesis.

NT3 Promotes Neuronal Differentiation of SGZ-derived
aNPCs in an ERK5-dependent Manner—To begin to identify
upstream activators of ERK5 signaling that regulate SGZ adult
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vector-control retrovirus to the dentate gyrus of adult mice
using a stereotaxic surgery protocol (41). Two weeks following
stereotaxic surgery, mice were sacrificed and their brains pro-
cessed for immunohistochemistry to identify GFP™-infected
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FIGURE 7. NT3 activates ERK5 and stimulates neuronal differentiation of
SGZ-derived aNPCs through ERK5. A,BDNF and NT3 induce ERK5 phosphor-
ylation, indicative of ERK5 activation. SGZ-derived aNPCs were treated with
vehicle control (NS, lane 1), 50 ng/ml of BDNF (lanes 2-5), or 100 ng/ml of NT3
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control. B, NT3 stimulates neuronal differentiation of SGZ-derived aNPCs
through a process that requires ERK5. SGZ-derived aNPCs were infected with
retroviruses encoding a nonspecific control (shNS) or shERKS5. Cells were then
incubated in EGF/bFGF-free medium and treated with NT3 (100 ng/ml) for 5
days to induce neuronal differentiation. Cells treated with BSA (1 wg/ml) were
used as a control.

cells and cells expressing NeuroD (Fig. 8, A-I). Retroviral
expression of caMEKS5 alone or together with wtERKS5 in vivo
significantly increased the number of NeuroD™ cells in the ret-
rovirus-infected cell population (GFP ") along the SGZ (Fig. 8)).
The fact that co-expression of wtERK5 with caMEKS5 did not
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further increase the number of NeuroD™ cells relative to
caMEKS5 alone suggests that caMEKS5 is sufficient to activate
enough endogenous ERKS5 to stimulate neurogenesis in vivo.

Inducible and Conditional Deletion of ERKS in Adult Neuro-
genic Regions Reduces Adult Hippocampal Neurogenesis by
Attenuating Neuronal Differentiation—To determine whether
ERKS5 signaling is required for adult neurogenesis in vivo, we
utilized the inducible and conditional ERK5 knock-out (icKO)
mice we recently generated (29). Tamoxifen administration
into adult Nestin-CreER/ERK5'>*/**" mice specifically deletes
the erk5 gene in Nestin-expressing neural stem cells, thereby
avoiding potential deleterious effects on the entire brain during
embryonic development. Male Nestin-CreER™/ERK5'"*"
loxp and female ERK5'*"'**” mice were mated to generate
experimental animals (Nestin-CreER™/ERK5'*"/1oxP and
ERK5'**/1xP mijce). The general health and overall appearance
were not different among littermates before or after tamoxifen
treatment.

To confirm the specificity of tamoxifen-induced, Nestin-
CreER-mediated recombination, we crossed Nestin-CreER™
with R26-YFP reporter mice where Cre-mediated recombina-
tion removes a transcriptional STOP to allow YFP expression
(30). Tamoxifen or vehicle was administered to Nestin-
CreER™/R26-YFP'***/!°*¥ mice, and animals were sacrificed
10 days after the last dose of tamoxifen. We observed no YFP
expression in the mouse brain of vehicle control treated mice
(Fig. 9A). In contrast, there were abundant YFP ™" cells along the
SGZ of tamoxifen-treated mouse brains (Fig. 9B). Furthermore,
YFP™" cells in tamoxifen-treated mice were restricted to the
adult neurogenic regions only (data not shown). These data
suggest that Cre-ER-mediated recombination is specific to
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Retroviral eGFP control (vector) (A-C), caMEK5-IRES-eGFP alone (D-F), or
together with wtERK5-IRES-eGFP (G-/) was stereotaxically injected into the
dentate gyrus of 8 —-10-week-old mice. Mice were sacrificed 2 weeks later and
brain sections were immunostained for GFP (green) or NeuroD (red). Scale bar
in A represents 25 um and applies to all images. Dashed lines outline the SGZ
layer of the dentate gyrus. Arrowheads point to GFP*/NeuroD™ co-labeled
cells, whereas arrows point to GFP™ cells that are negative for NeuroD. J, the
percentage of GFP™ and NeuroD™* co-labeled cells along the SGZ was quan-
tified. Expression of caMEKS5 alone or together with wtERK5 greatly increases
the number of NeuroD ™ cells in the total GFP™ population.

adult neurogenic regions and there is no discernible leakiness of
the Cre-recombinase from the Nestin-CreER™ driver.
Tamoxifen was administered to male Nestin-CreER™/
ERK5!OXP/1oxP (ERK5 jcKO) and ERK5'*?1°*P (control) mice to
induce Cre-mediated recombination of erkS in Nestin-express-
ing neural stem cells. To label adult-born cells, BrdU was
administered 7 days after the last dose of tamoxifen treatment
and mice were sacrificed 4 weeks later. Treatment with tamox-
ifen effectively decreased the number of ERK5 * cells in the SGZ
of ERK5 icKO mice by 75% compared with control animals (Fig.
9, C-E). There was no difference in the total number of BrdU™
cells in the dentate gyrus of control versus ERK5 icKO mice (Fig.
9F). However, deletion of the erk5 gene reduced the number of
adult-born, mature neurons (NeuN and BrdU double-positive
cells among total BrdU™ population) in the dentate gyrus (Fig.
9, K—M). Concomitantly, there was an increase in the num-
ber of BrdU™ cells co-labeled with DCX or Calretinin, a
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marker for immature granular neurons (Fig. 9, G—J and M).
This suggests that although ERK5 deletion does not change
the total number of adult-born cells in the SGZ, it reduces
the total number of adult-born mature neurons by delaying
neuronal differentiation.

DISCUSSION

New neurons are continuously born in the adult dentate
gyrus of the hippocampus. Although these adult-born neurons
have been characterized at the cellular level, signaling mecha-
nisms regulating adult hippocampal neurogenesis are not well
defined. The goal of this study was to investigate the role of the
ERK5 MAP kinase in the regulation of adult hippocampal
neurogenesis.

Despite its abundant presence in the developing brain, ERK5
expression declines as the brain matures (21) and it is generally
thought to be absent in the adult brain (see Ref. 26 and Allen
Brain Atlas). We report here, that although ERK5 expression is
generally absent in most areas of the adult brain, it is promi-
nently expressed in the two neurogenic regions. The expression
of ERK5 MAP kinase is quite unique and distinct from other
signaling molecules implicated in adult neurogenesis, such as
NeuroD, sonic hedgehog, Wnt, PI3K-Akt, and BDNF, which
are more widely expressed in the brain (46 —54). It also suggests
that ERK5 may be critical in the regulation of adult neurogen-
esis. Indeed, shRNA knockdown of ERKS5 in cultured aNPCs or
conditional deletion of the erk5 gene specifically in the neuro-
genic regions of the adult mouse brain reduces neurogenesis in
vitro and in vivo, respectively. By contrast, ectopic activation of
endogenous ERK5 signaling via expression of caMEK5 pro-
motes neurogenesis in cultured aNPCs as well as in the dentate
gyrus of mouse brains. These data suggest that ERK5 signaling
is an important regulator of adult neurogenesis in SGZ cells
both in vitro and in vivo.

Although ERKS5 expression in the SGZ of the adult mouse
brain is found in cells expressing markers for neural stem/pro-
genitor cells, actively proliferating cells, transiently amplifying
progenitors and/or newborn neurons, the majority of ERK5-
positive cells express markers for transiently amplifying pro-
genitors and/or newborn neurons. These data indicate that
ERK5 may primarily regulate adult hippocampal neurogenesis
through its action on these cell populations, including affecting
neuronal differentiation and maturation. Indeed, shRNA
knockdown of ERKS5 in cultured aNPCs reduces the number of
newborn neurons while simultaneously increasing the number
of proliferating cells and progenitor cells. These data, coupled
with the fact that shERK5 did not increase the number of
GFAP™" astrocytes suggest that inhibition of ERK5 attenuates
neuronal differentiation without causing precocious glial dif-
ferentiation. Using transgenic mouse technology, we condi-
tionally deleted the erk5 gene specifically in Nestin-expressing
neural stem cells in the adult brain. Although this inducible and
conditional gene targeting of erk5 did not affect the total num-
ber of adult-born cells (BrdU™) in the dentate gyrus in vivo, it
reduced the number of adult-born mature neurons (BrdU™" and
NeuN™) while concomitantly increasing the number of cells
expressing immature neuron markers DCX and Calretinin.
These data suggest that loss of ERK5 causes a delay in the nor-
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mal progression of neuronal differentiation and maturation
during adult neurogenesis.

Neural progenitors in the SGZ express a cascade of transcrip-
tion factors including Neurog2 (43, 44). Neurog2 belongs to a
family of basic helix-loop-helix transcription factors that also
includes Neurogl and are critical for neuronal fate specification
during development (55). Neurog?2 is essential for neurogenesis
in the dentate gyrus during development (45). However, its role
in adult SGZ neurogenesis has not been demonstrated. Here we
report that ectopic expression of Neurog? is sufficient to pro-
mote neuronal differentiation of SGZ-derived aNPCs in cul-
ture, providing evidence that Neurog2 may confer pro-neural
activity during adult hippocampal neurogenesis. We previously
reported that ERK5 regulates both the transcriptional and pro-
neural activities of Neurogl during cortical development (25).
This prompted us to investigate if ERK5 regulates adult hip-
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pocampal neurogenesis through Neurog2. Indeed, shRNA sup-
pression of ERKS5 signaling inhibited both the transcriptional
and pro-neural activities of Neurog2 in cultured SGZ-derived
aNPCs. Although it is possible that ERK5 could act down-
stream, in parallel, or upstream of Neurog2, the fact that ERK5
activity is required for Neurog2-stimulated transcription favors
the interpretation that ERK5 is an upstream regulator of
Neurog?2.

What are the upstream extracellular signals that ERK5
responds to in regulating adult hippocampal neurogenesis? We
have published evidence that ERKS5 is activated by neurotro-
phins including brain-derived neurotrophic factor (BDNF) and
NT3 in neurons (18). Interestingly, BDNF/TrkB signaling has
been implicated in regulating adult hippocampal neurogenesis
both under normal physiological conditions and after experi-
mental manipulations such as voluntary exercise and chronic
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treatment with antidepressants (56 —67). However, its down-
stream mechanisms have not been elucidated. We hypothe-
sized that neurotrophins may activate ERK5 in SGZ-derived
aNPCs and promote neuronal differentiation through ERKS5.
Indeed, ERKS5 is activated by both BDNF and N'T3 in these cells,
and shRNA inhibition of ERK5 signaling suppresses the neuro-
nal differentiation effect of NT3.

In summary, findings in this study identify ERK5 MAP kinase
as a novel signaling pathway regulating adult hippocampal neu-
rogenesis, especially in neuronal differentiation. Furthermore,
Neurog2 may be a downstream target, whereas NT3 may be an
upstream activator of ERKS5 in this process. Because erkS gene
deletion is temporally and spatially regulated and specific to
adult neural stem cells in the brain of the Nestin-CreER™/
ERK5'**/1xP mouse, this ERK5 icKO mouse strain provides a
unique and powerful tool to investigate the relationship
between adult neurogenesis and hippocampus-dependent
learning and memory.
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