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Genetic Activation of ERK5 MAP Kinase Enhances Adult
Neurogenesis and Extends Hippocampus-Dependent
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Recent studies have shown that inhibition of adult neurogenesis impairs the formation of hippocampus-dependent memory. However, it
is not known whether increasing adult neurogenesis affects the persistence of hippocampus-dependent long-term memory. Further-
more, signaling mechanisms that regulate adult neurogenesis are not fully defined. We recently reported that the conditional and
targeted knock-out of ERK5 MAP kinase in adult neurogenic regions of the mouse brain attenuates adult neurogenesis in the hippocam-
pus and disrupts several forms of hippocampus-dependent memory. Here, we developed a gain-of-function knock-in mouse model to
specifically activate endogenous ERKS5 in the neurogenic regions of the adult brain. We report that the selective and targeted activation of
ERKS5 increases adult neurogenesis in the dentate gyrus by enhancing cell survival, neuronal differentiation, and dendritic complexity.
Conditional ERK5 activation also improves the performance of challenging forms of spatial learning and memory and extends
hippocampus-dependent long-term memory. We conclude that enhancing signal transduction of a single signaling pathway within adult
neural stem/progenitor cells is sufficient to increase adult neurogenesis and improve the persistence of hippocampus-dependent mem-

ory. Furthermore, activation of ERK5 may provide a novel therapeutic target to improve long-term memory.
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Introduction

Adult neurogenesis in the subgranular zone (SGZ) of the dentate
gyrus (DG) is a dynamic process by which new functional neu-
rons are generated from adult neural stem cells/precursors. These
neurons integrate into the hippocampal circuitry and contribute
to some hippocampus-dependent behaviors (Deng et al., 2010;
Ming and Song, 2011). For example, ablation of adult neurogenesis
by focal irradiation, antimitotic drugs, or genetic manipula-
tion leads to deficits in the formation of some hippocampus-
dependent memories (Shors et al., 2001; Imayoshi et al., 2008;
Clelland et al., 2009; Deng et al., 2009). Conversely, increased
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adult neurogenesis by exercise (Creer etal., 2010), treatment with
small molecules (Petrik etal., 2012; Wangetal., 2012), or deletion
of the proapoptotic gene Bax (Sahay et al., 2011) improves
hippocampus-dependent spatial learning. However, it is un-
known whether enhancing adult neurogenesis increases memory
persistence. The discovery of signaling pathways that enhance
adult neurogenesis may lead to therapeutic strategies for improv-
ing memory loss due to aging or injury. Therefore, it is important
to develop genetic models that can be used to selectively enhance
adult neurogenesis through activation of specific signaling
pathways.

In the brain, the ERK5 MAP kinase is specifically expressed in
the adult neurogenic regions (Pan et al., 2012b; Pan et al., 2012¢;
Lietal., 2013). ERKS5 is homologous to ERK1/2 but is specifically
phosphorylated and activated by MEK5 (English et al., 1995;
Zhou etal., 1995). MEKS5 is highly specific for ERK5 and does not
activate other MAPKs even when overexpressed (English et al.,
1995; Zhou et al., 1995). All effects of MEK5 have been attributed
to its ability to activate ERK5 (Hayashi and Lee, 2004). The
MEKS5-ERKS5 signaling pathway is activated by neurotrophins in
developing neurons (Watson et al., 2001; Liu et al., 2003; Ca-
vanaugh, 2004; Liu et al., 2006; Cundiff et al., 2009; Pan et al.,
2012d; Zou et al., 2012), and by neurotrophins and prolactin in
adult neural stem/progenitor cells (Pan et al., 2012d; Zou et al.,
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adult neurogenesis in the hippocampus and
disrupts several forms of hippocampus-
dependent memory formation (Pan et al.,
2012a; Pan et al., 2012¢; Pan et al., 2012d).
These data indicate that ERK5 may play
an important role in the regulation of
adult hippocampal neurogenesis.

In this study, we generated a site-
R specific knock-in mouse line that allows
inducible and conditional expression of a
constitutive active MEK5 (caMEKS5). This
genetic approach provides a unique tool to
conditionally activate endogenous ERK5
specifically in the adult neurogenic re-
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(ROSA26; Soriano, 1999) in embryonic stem
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(ES) cells derived from a hybrid of 129S6/
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high recombination efficiency, provides
ubiquitous transgene expression and is not
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Figure1. Strategy for generating (ROSA26)caMEK5-eGFP ' knock-in mouse line. 4, Biochemical analysis to confirm that the
caMEKS5-eGFP fusion protein is constitutively active and functional to activate ERKS5. After transfection into NIH3T3 cells, caMEK5-
eGFP fusion protein stimulates phosphorylation of endogenous ERKS, but not extracellular signal-regulated kinases 1/2 (ERK1/2).
Empty vector (eGFP) was used as a negative control and caMEK5-HA as a positive control. B-actin was used as a loading control. B,
caMEKS5-eGFP fusion protein stimulates the transcriptional activity of MEF2C, a transcription factor and well characterized sub-
strate of ERK5. NIH3T3 cells were transfected with a Gal4-luciferase reporter, an expression vector for Gal4-MEF2C fusion protein,
and an expression vector for wild-type ERK5 to measure ERK5 stimulation of MEF2C-mediated transcriptional activity, as described
previously (Cavanaugh et al., 2001). The activities of cells cotransfected with eGFP or wild-type (wt) MEKS were used as baseline
controls, whereas the activities of cells transfected with caMEK5-HA were used as a positive control. ***p < 0.001 compared with
eGFP- or wt-MEK5-transfected cells. ¢, Schematic diagram depicting the caMEK5-eGFP targeting vector that targets the ROSA26
genomic locus after homologous recombination in mouse ES cells. cDNA sequence encoding caMEK5-eGFP fusion protein was
cloned into the targeting vector behind a PGK-Neo-STOP cassette, which was flanked by two loxP sites. The targeting vector
contains a (BA promoter, diphtheria toxin (PGK-DTA) for negative selection, and genomic ROSA26 sequences for homologous
recombination. D, Southern blot analysis of DNA from 20 ES cell clones digested by Mfel and hybridized with a 3" probe identified 2
targeted ES clones; clone #5 and clone #25. Of the 73 total ES cell clones screened, five were positive, targeted clones (data not shown). E,
Southern analysis of DNA digested by Ndel and hybridized witha 5" probe confirmed the five targeted clones. £, Southern blot analysis of
DNA digested by Mfel or Ndel and hybridized with the Neo probe showed that three of the five ES cell clones were integrated with a single
copy of the target gene: clones #25, #36, and #55. The ROSA caMEK5-eGFP mice were derived from clone #55.

2012; Li et al., 2013; Wang et al., 2013), promoting the survival
and neuronal differentiation of newborn neurons both during
development and in adult neurogenesis. Inducible and condi-
tional gene targeting of the Mapk7 gene, which encodes ERK5 in

Ndel

5" and 3’ arms of the Gt(ROSA)26Sor target-
ing vector are 7.7 and 4.1 kb, respectively. A
diphtheria toxin (DTA) expression cassette
was placed after the 3’ arm for negative se-
lection. Mouse G4 ES cells (George et al.,
2007) were electroporated with linearized
targeting vector using an Amaxa Nucleofec-
tor device and grown under positive selec-
tion using G418. Cells in which the plasmid
was randomly inserted into the chromosome
instead of through homologous recombina-
tion would express DTA and be killed by the
toxin. After drug (G418) selection, 96 of
G418-resistant ES cell clones were picked
from 96-well culture plates and expanded in
24-well culture plates in the presence of
G418 until cells reached confluence.
Seventy-three clones grew up and were
screened by Southern blot hybridization us-
ing a 3" probe on ES cell DNA digested with
Mfel. Five positive ES clones were subjected
to confirmatory Southern blot analysis using a 5" probe on Ndel-
digested DNA. An internal Neo probe was used on DNA digested with
either Mfel or Ndel to detect single-copy integration. Three of the
successfully targeted ES clones with single copy integration (clones
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#25, #36, and #55) were then expanded and A Nestin-Cre
injected into the blastocoel of 3.5-d-old X
mouse blastocysts, which were then surgi-
cally transplanted to the uterine horns of
pseudopregnant females for developing chi- B
meras. Of the 3 ES cell clones injected, only
clone #55 generated chimeras, which were
subsequently genotyped by PCR to confirm
germline transmission. This line of mice
(ROSA caMEK5-eGFP '°*P) was used for sub-
sequent breeding and analysis.

Animals and tamoxifen administration. The
driver Nestin-Cre transgenic mouse line
B6.Cg(SJL)-TgN(NesCre) (Jackson Laborato-
ries; Tronche et al., 1999), the driver Nestin-
CreER™ transgenic mouse line (Kuo et al.,
2006), and the reporter line Rosa26-loxP-stop-
loxP-TdTomato (line Ail4; Madisen et al.,
2010) have been described previously. The
ROSA caMEK5-eGFP'*" mice were crossed C 1

Control

Nestin-Cre:
caMEKS5

with these driver or reporter mice to generate
three knock-in lines: (1) Nestin-Cre:ROSA
caMEK5-eGFP " mice, in which caMEK5-
eGFP is expressed in Nestin-expressing neural
stem cells during both the embryonic and
adulthood stages; (2) Nestin-CreER ™:ROSA
caMEK5-eGFP 1% mice in which caMEK5-
eGFP is expressed in Nestin-expressing cells
upon tamoxifen administration; and (3) Nestin-
CreER™:ROSA  caMEK5-eGFP'***/TdToma-
t0'? mice, in which both caMEK5-eGFP and
TdTomato, each from one ROSA locus, are
expressed in Nestin-expressing cells upon ta-
moxifen administration.

To induce Nestin-CreER ™-mediated re-
combination of caMEK5-eGFP and/or TdTo-
mato in neural stem cells in the adult brain,
mice (8—10 weeks old) were given freshly made
tamoxifen (200 mg/kg; Sigma) by oral gavage
once a day for 7 d for cellular studies or once a
day for 4 d in each cycle for 3 cycles with 2-week
intercycle intervals for behavior studies, as de-
scribed previously (Pan et al., 2012a; Pan et al.,
2012c¢). Animals were housed under standard
conditions (12 h light/dark cycle) with food
and water provided ad libitum. All experimen-
tal procedures were approved by the University
of Washington Institutional Animal Care and
Use Committee.

Bromodeoxyuridine labeling. Bromodeoxyu-
ridine (BrdU; Sigma) was dissolved in sterile
saline with 0.007% NaOH and administered at
100 mg/kg by intraperitoneal injection 5 times
(every2h)in 1 d or once a day for 6 consecutive
days, as specified in the figure legends. Mice were killed either 2 h or 6
weeks after the last BrdU injection to identify BrdU-labeled proliferative
cells or BrdU-retaining, adult-born cells.

Immunohistochemistry. The following primary antibodies and dilu-
tions were used for immunohistochemistry or immunocytochemistry:
rat monoclonal anti-BrdU (1:500; AbD Serotec); mouse monoclonal
anti-NeuN (1:500; Millipore); mouse monoclonal anti-B-IIT tubulin (1:
1000; Promega), mouse monoclonal anti-GFAP (1:1000; Millipore); rab-
bit polyclonal anti-GFP (1:500; Invitrogen); rabbit polyclonal anti-
DsRed (1:1000; Clontech); goat polyclonal anti-doublecortin (DCX, 1:200;
Santa Cruz Biotechnology). Rabbit polyclonal anti-ERK5 (1:500) was
generated previously and affinity purified using recombinant MBP-
ERKS5 protein (Cavanaugh et al., 2001). Fluorescent secondary antibod-
ies were all used at a dilution of 1:500 (Invitrogen).

Figure 2.
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caMEK5-eGFP specifically activates endogenous ERKS, but not the closely related ERK1/2, in the brain after Cre-
mediated recombination. A, Breeding scheme for generating Nestin-Cre:caMEK5 mice to express caMEK5-eGFP in the brain.
(ROSA26)caMEK5-eGFP ™1 mice were crossed with the Nestin-Cre mice to generate Nestin-Cre:caMEK5-eGFP'™"'* mice,
designated Nestin-Cre:caMEKS mice. caMEK5-eGFP '™/ littermates were controls. B, Fluorescentimages showing caMEK5-eGFP
expression around the lateral ventricle regions of the brain of newborn Nestin-Cre:caMEKS5 pups, but not that of the controls. Green,
eGFP; blue, Hoechst. Scale bars, 100 m in all images. ¢, Western blot analysis of newborn mouse brain lysates demonstrates
expression of caMEK5-eGFP fusion protein in brain homogenates of Nestin-Cre:caMEK5 (pups #1 and #2), but not that of control
littermate pups. The anti-MEK5 antibody recognizes both endogenous MEK5 and caMEK5-eGFP fusion proteins. Phosphorylated
ERKS (p-ERK5) and ERK1/2 (p-ERK1/2) were detected by an antibody that recognizes both on the same blot. Total ERK5 and 3-actin
were used as loading controls. Expression of caMEK5-eGFP fusion protein induced phosphorylation of endogenous ERK5, but not

Mice were killed and perfused transcardially with 4% paraformalde-
hyde (PFA) in phosphate-buffered saline (PBS, pH 7.4). Brains were
postfixed in 4% PFA overnight, followed by 30% (w/v) sucrose/PBS
solution at 4°C until brains sank. Immunohistochemistry for all except
eGFP was performed on 30-um-thick coronal brain sections using a
free-floating antibody staining method as described previously (Wang et
al., 2013). For eGFP or phospho-ERK1/2 staining, a tyramide signal am-
plification (TSA; PerkinElmer) kit was used (Lagace et al., 2007). Briefly,
tissues were rinsed with TBS (0.1 m Tris-HCl, pH7.4, 0.9% NaCl) for 3 X
10 min, followed by quenching endogenous peroxidase with 1% H,O,/
TBS 2 X 15 min. Tissues were blocked in 10% goat serum, 1% BSA in
TBST (TBS with 0.1% Tween 20) for 1-2 h at room temperature, fol-
lowed by incubation with primary antibodies (rabbit anti-GFP; Invitro-
gen; rabbit anti-phospho-ERK1/2 [Thr202/Tyr204]; Cell Signaling
Technology) diluted at 1:2000 or 1:4000 in blocking buffer overnight at
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in all panels.

4°C. After washing 4 X 10 min with TBST, tissues were incubated with
secondary antibody (biotinylated goat anti-rabbit; Vector Laboratories)
at a 1:250 dilution for 2 h at room temperature. Tissues were further
washed for 4 X 10 min, followed by incubation with streptavidin-HRP
(TSA kit; PerkinElmer) at 1:200 or Extra-Avidin (Sigma) at 1:400 for 30
min at room temperature. Staining was visualized with Cy3-Tyramide or
fluorescein-tyramide (NEL704A or NEL701; PerkinElmer) 1:75 for 8 min in
the dark at room temperature.

Confocal imaging and analysis. All images were captured with an
Olympus Fluoview-1000 laser scanning confocal microscope with nu-
merical aperture (NA) 0.75 with 10X or 20X lenses or an NA 1.3, 40X
oil-immersion lens. Optical Z-sections (1 wm) were collected and pro-
cessed using Image] software (NIH). Images were uniformly adjusted for
color, brightness, and contrast with Adobe Photoshop CS6.

Analysis of dendritic morphology. All images were captured using
Olympus Fluoview-1000 laser scanning confocal microscope with NA
1.35, 60X oil-immersion lens or NA 4.0, 100X oil-immersion lens. Op-
tical Z-series (0.5 um) were collected and processed using Fiji software
(NIH). Quantification of dendritic length and number of dendrites were
performed as described previously (Li et al., 2013), using Simple Neurite
Tracer (NIH), with at least 16 individual neurons analyzed per genotype.
Sholl analysis to determine number of crossings was measured using the
Sholl Analysis function in Fiji (NIH). Skeleton images of individual neu-
rons were traced using Simple Neurite Tracer in 3D across a Z-series and
projected as a maximum projection 2D image. For quantification of
dendritic spines, at least 40 dendrites per genotype were measured for
length using Simple Neurite Tracer and the total number of spines per
dendrite was quantified manually after capture at a 300X digital zoom.
For all quantifications, the experimenter was blinded to the genotype.

o Vehicle

caMEKS5-eGFP expression is conditionally induced in the adult neurogenic regions of the mouse brain. 4, Experimental
scheme for generating NesCreER:caMEK5 mice. Nestin-CreER ™:caMEK5-eGFP'™®/"" mice were generated by crossing
(ROSA26)caMEK5-eGFP '**°P ith Nestin-CreER ™ mice. Eight-week-old mice were treated with vehicle (corn oil) or tamoxifen
orally once a day for 7 d and perfused 3 weeks after the last tamoxifen dosing. B—I, Anti-eGFP immunostaining (green) demon-
strates expression of caMEK5-eGFP in the SGZ of the DG and the SVZ of NesCreER:caMEKS, but not control mice. Scale bars, 50 wm
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Quantification of immunostained cells. Every
eighth serial coronal section (30 um) was im-
munostained and immunoreactive-positive
cells in the granule cell layer of the DG along
the septotemporal axis were counted with the
experimenter blinded to mice genotypes or
treatments, as described previously (Pan et al.,
2012c). Resulting numbers were multiplied by
8 to obtain an estimated total number of la-
beled cells per dentate gyrus. For colocalization
analysis, cells were analyzed per marker com-
bination using confocal microscopy. At least
200 immunopositive cells from each mouse
were selected randomly and the presence of
overlapping fluorescent signals in a Z-series
stack of a single cell was considered as an indi-
cation of a double-positive cell.

Western analysis. Whole-brain lysates were
extracted from newborn pups. Briefly, brains
were dissected and cut into halves along the
midline. A single half brain of each pup was
mechanically homogenized with 150 ul of
Triton-X 100 lysis buffer on ice using a homog-
enizer until tissue became homogenized with-
out any remaining clumps. Tissue fragments
were then transferred into a 1.5 ml tube and
added with an additional 300 ul of lysis buffer.
Samples were kept on ice for 15 min with fre-
quent vortexing, followed by centrifugation for
10 min at 13,000 X g. Supernatant was col-
lected and stored in —80°C until use. Protein
concentration was determined by a BCA pro-
tein assay (Pierce). Samples containing 10 ug
of protein were separated on 10% SDS-PAGE
gels and transferred to PVDF membrane (Mil-
lipore), followed by immunoblotting and ECL
Plus (GE Healthcare) detection. The following
antibodies were used as primary antibodies for
Western analysis: rabbit anti-ERK5 (1:20,000;
Cavanaugh et al., 2001), rabbit anti-phospho-
ERKS5 (1:1000, Thr218/Tyr220; Cell Signaling
Technology), rabbit anti-GFP (1:1000; Invitrogen), rabbit anti-MEK5
(1:1000; Enzo Life Sciences), and mouse anti-B-actin (1:20,000; Sigma).

Open field test. The open field test, which measures the baseline locomo-
tor activity and anxiety, was performed as described previously (Pan et al.,
2012c). TruScan Photo Beam Tracking arena (Coulbourn) was used for the
test and TruScan 2.02 software (Coulbourn) was used for data analysis. Mice
were tested on two consecutive days in the same arena.

Novel object recognition and novel location recognition. This assay was
done as described previously with slight modifications (Pan et al., 2012c).
A 5 min session was used throughout the experiment for both training
and tests. The same cohort of mice was used for testing 1, 24, and 48 h
memory using different sets of objects. A separate cohort of mice was
used for the 72 h test. Exploratory activity for each toy was recorded for
both training and testing sessions and analyzed by experimenters blinded
to genotypes.

Novel location recognition was performed as described previously
(Okamura et al., 2011). Briefly, two identical objects were placed in
distinct corners of the open field, where a mouse was allowed to
explore for 5 min during the training session. To exclude spatial
preferences of object location, alternating corners were chosen for
object presentation during training. Testing was performed 1, 48, or
72 h after training, during which time one of the two objects (ran-
domly chosen) was moved to a different corner and the time spent
exploring both objects over 5 min was quantified. Increased time
spent exploring the object in the novel location was interpreted as
successful retention of spatial memory for the object that had not
been moved. Different sets of objects were used for each test of the
same cohort of mice.
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Figure4. Induced conditional activation of ERK5 in the adult neurogenic regions of NesCreER:caMEK5 mice enhances hippocampal neurogenesis. 4, Breeding and tamoxifen treatment scheme
for generating NesCreER:caMEKS5 and control littermates used in this and all behavior experiments. B—E, Representative DCX immunostaining images (green) from the SGZ of control (B, ) and
NesCreER:caMEKS (D, E) mouse brains, perfused 2 weeks after the last day of a 7 d tamoxifen treatment. Images in Cand E are enlarged areas from boxed regions in B and D, respectively. Scale bars,
50 m. F, Quantification of DCX *cellsineach DG.n = 4 mice/group; *p << 0.05. G, H, Representative BrdU (green) and NeuN (red) costaining from the SGZ of control (G) and NesCreER:caMEK5
(H) mouse brains perfused 7.5 weeks after the last day of a 7 d tamoxifen treatment. BrdU was injected once a day for 6 d starting 4 d after the last day of tamoxifen. Scale bar, 100 wm. I,
Quantification of data from G and H, the number of NeuN * and BrdU * cells per DG. n = 5 mice/group; *p << 0.05.J, Ten days after the last tamoxifen injection, BrdU was injected every 2h X 5
and mice were perfused 2 h after the last injection. Total BrdU ™ cells in each DG of mice was quantified. n = 3— 4 mice/group. K, Ten days after the last tamoxifen injection, BrdU was injected every
2h X 5and mice were perfused 6 weeks after the last BrdU injection. Total BrdU  cells in each DG of mice were quantified. n = 5 mice/group; *p << 0.05. BrdU was injected every 2 h X 5 forJand K.

The discrimination index is defined as the difference between the ex- Morris water maze assay. The classic Morris water maze assay (MWM)
ploration time for the novel object or object in the novel location and that ~ assay was done with the same setting (room, pool, platform, extra-maze
for the familiar object or location, respectively, divided by total explora-  cues, etc.) as we described previously (Pan et al., 2012¢). Two cohorts of
tion time.

mice were tested for this assay. For Cohort 1, mice were trained two trials
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Induced conditional caMEK5 expression in the adult neurogenic regions does not alter ERK1/2 activity. A, Representative phospho-ERK1/2 (p-ERK1/2) staining (green) in the

DG and quantification of p-ERK1/2 ™ cells per DG. B, Representative phospho-ERK1/2 (p-ERK1/2) staining (green) in the pyramidal cell layer of the CAT region and quantification of

p-ERK1/2 * cells per CA1. n = 3 mice/group. N.S., not significant. Scale bar, 25 um.

per day with 40 s swim and 15 s consolidation on the escape hidden
platform for each trial until the learning curve for both control and
knock-in mice plateaued (10 d for this cohort). One day after the last day
of training (d11), a probe test was performed as above. On d12 (1 d after
the probe test), mice were subjected to reversal training for 2 trials a day
and 8 consecutive days where the escape hidden platform was moved
from the initial quadrant (Q1) to the opposite quadrant (Q3). A reversal
probe test was performed 1 d after the last day of reversal training. Two
days after the reversal probe test, a visible platform test was performed as
described previously (Pan et al., 2012¢). For Cohort 2, mice were trained
4 trials per day with 40 s swim followed by 15 s consolidation on the hidden
escape platform for each trial for 8 consecutive days (d1-d8). One day after
the last training trial (d9), a probe test was performed in which the hidden
platform was removed and mice were allowed to swim for 60 s in search of
the platform. The same probe tests were repeated three more times on d23,
d37, and d51 (2, 4, and 6 weeks after the first probe test, respectively).

Statistical analysis. All data were expressed as mean = SEM. Student’s
t test (two-tailed) was used to analyze in vivo cellular data and novel
object recognition. A t test or ANOVA with repeated measures was used
to analyze data for MWM training tests. One-way ANOVA with post hoc
analysis was used for probe tests. In the figures, NS is not significant; *p <
0.05; **p < 0.01; and ***p < 0.001.

Results

Generation of an ERK5-activating knock-in mouse line

To generate a mouse line that can be used to activate ERK5 in
a temporally and spatially controlled manner, a cDNA se-

quence encoding a constitutive active MEK5 (caMEKS5; Kato
et al.,, 1997; Liu et al., 2006) was first cloned into the
pEGFP-N1 vector to generate the caMEK5-eGFP fusion pro-
tein. In vitro biochemical analysis showed that this caMEK5-
eGFP fusion protein is constitutively active and functional, as
evidenced by its selective phosphorylation of ERKS, but not
the closely related ERK1/2 (Fig. 1A), and by its ability to stim-
ulate transcriptional activity of MEF2C, a well characterized
ERKS5 substrate (Kato et al., 1997; Liu et al., 2003; Fig. 1B).

The caMEK5-eGFP cassette was then cloned into the Gt(ROSA)
26Sor such that it would only be expressed by removal of a floxed
Pgk-Neo STOP cassette (Fig. 1C). The ROSA caMEK5-eGFP
mice with homologous recombination of this construct into the
Gt(ROSA)26Sor genomic locus (ROSA26) were generated as de-
scribed in the Materials and Methods (Fig. 1D-F).

caMEKS5-eGFP gene specifically activates ERKS5 in the brain

To ascertain whether the caMEK5-eGFP fusion protein can
activate endogenous ERK5 in the brain of knock-in mice, we
crossed ROSA caMEK5-eGFP '***/1*" mice with Nestin-Cre mice
(Tronche et al., 1999) to generate Nestin-Cre:caMEK5 mice that
express a single copy of caMEK5-eGFP in all Nestin-expressing
cells and their progeny during brain development (Fig. 24). Im-
munohistochemistry of the brain sections revealed that Nestin-
Cre:caMEK5 newborn pups expressed caMEK5-eGFP, whereas
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their control littermates (without Nestin- A
Cre) did not (Fig. 2B), confirming the
conditional expression of caMEK5-eGFP. X
Western analysis confirmed expression of
the caMEK5-eGFP fusion protein in the
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not of control littermates (Fig. 2C). The
expression level of caMEK5-eGFP fusion
protein was approximately half that of the
endogenous MEKS5, suggesting that the
transgene is not overexpressed com-
pared with the endogenous MEKS5. Signif-
icantly, expression of caMEK5-eGFP
increased phospho-ERKS5, but not the
closely related phospho-ERK1/2, demon-
strating that the caMEK5-eGFP fusion
protein is constitutively active and can

NeuN/TdT

60+

40+

20+

NeuN*/Total TdT* cells (%)

Control  NesCreER:caMEK5/TdT

7 weeks after tamoxifen administration

specifically activate endogenous ERK5 in
knock-in mouse brains.

Inducible and conditional activation of
ERKS5 in the adult neurogenic regions
increases hippocampal neurogenesis by
promoting cell survival and neuronal
differentiation

To induce expression of caMEK5-eGFP in
adult brains, ROSA caMEK5-eGFP mice
were bred with Nestin-CreER™ mice
(Kuo et al., 2006). Mice treated with ta-

Control NesCreER:caMEK5/TdT G
F 80+ =

moxifen of the resulting line, Nestin-
CreER™:ROSA caMEK5-eGFP, are
designated NesCreER:caMEKS5  (Fig.
3A). Cre-mediated recombination and
expression of caMEK5-eGFP in these
mice should occur specifically in Nestin-
expressing neural stem cells and their
progeny. Indeed, a 7d tamoxifen treat-
ment induced caMEKS5-eGFP expression
specifically in the two neurogenic regions of
adult mice, the DG and the SVZ, as evi-
denced by eGFP immunofluorescence (Fig.
3C,E,G,I). Vehicle-treated control mice did
not show any GFP staining in these regions
(Fig. 3B,D,F,H), demonstrating the tight
control of Nestin-CreER ™-mediated re-
combination in these mice.

The effect of caMEKS5 on adult neuro-
genesis was examined using brain sections
from NesCreER:caMEK5 mice and ROSA
caMEK5-eGFP ' littermates simi-
larly treated with tamoxifen as controls (Fig. 4A). There was a
statistically significant increase in the total number of DCX * cells
in the DG of NesCreER:caMEK5 mice at 2 weeks after the last
tamoxifen administration (p = 0.047; Fig. 4B—F). In a separate
set of experiments, mice were dosed with tamoxifen for 7 d and
perfused 7.5 weeks after the last dose of tamoxifen. To label adult-
born cells, BrdU was injected daily for 6 d starting 4 d after the last
dose of tamoxifen. The DG of NesCreER:caMEKS5 mice had an
increased number of adult-born, mature neurons (NeuN * and
BrdU * cells, p = 0.019; Fig. 4G—I). These data suggest that con-
ditional ERK5 activation by caMEK5 enhances adult hippocam-
pal neurogenesis and increases the number of adult-born
neurons in the SGZ.

Figure 6.
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Expression of a single copy of the caMEK5-eGFP gene in the adult neurogenic regions of NesCreER:caMEKS/TdT mice
is sufficient to increase hippocampal neurogenesis. A, Breeding and tamoxifen treatment scheme for generating NesCreER:
caMEK5/TdT and control littermate mice. Mice were treated with tamoxifen daily for 7 d and perfused either 3 or 7 weeks later. B,
C, Representative NeuN (green) and TdTomato (red) costaining from the SGZ of control (B) and NesCreER:caMEK5/TdT (€) mouse
brains perfused 3 weeks after the last dose of tamoxifen. D, Quantification of NeuN * and TdTomato * (TdT ™) cells per DG from
data in B and C. E, F, Representative NeuN (green) and TdTomato (red) costaining from the SGZ of control (E) and NesCreER:
aMEK5/TdT (F) mouse brains perfused 7 weeks after the last dose of tamoxifen. G, Quantification of NeuN ™ and TdTomato
(TdT ) cells per DG from data in Eand F. H, I, Representative BrdU (green) and TdTomato (red) costaining from the SGZ of control
(H) and NesCreER:caMEKS/TdT (1) mouse brains perfused 7 weeks after the last dose of tamoxifen. J, Quantification of data in H
and Ifor the relative distribution of BrdU ™ cells among recombined TdT ™ cells versus BrdU * cellsamong non-recombined TdT —
cells. Scale bars, 100 em. n = 4 =5 mice/group; *p < 0.05; **p << 0.01.

We investigated whether the increased number of adult
born neurons is a result of increased proliferation, neuronal
differentiation, and/or cellular survival. To label actively pro-
liferating cells, control and NesCreER:caMEKS5 mice were in-
jected with BrdU every 2 h X 5 and perfused 2 h after the last
injection. There was no significant increase of BrdU " cells in
the DG of NesCreER:caMEK5 mice compared with control
littermates (p = 0.75; Fig. 4] ), suggesting that increased pro-
liferation is an unlikely mechanism of caMEKS5-induced adult
neurogenesis.

In a separate set of experiments, control and NesCreER:
caMEKS5 mice were injected with BrdU every 2 h X 5 and per-
fused 6 weeks later to determine the survival of adult-born cells.
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Figure7.  Induced conditional ERK5 activation enhances dendritic complexity of the adult-born neurons in the DG. Mice were treated with tamoxifen daily for 7 d and perfused 7 weeks later. A,
Representative examples of Simple Neurite Tracer-generated traces of TdT ™ neurons in control and NesCreER:caMEK5/TdT mice. B, Quantification of number of dendrites in TdT * neurons. C,
Average dendritic length of TdT ™ neurons. D, Sholl analysis of TdT * neurons. E, Representative confocal images showing spines of TdT * neurons. F, Quantification of spine density of
TdT * neurons. Scale bars, 10 wm. n = 45 mice/group; N.S., not significant; *p << 0.05; **p << 0.01; ***p < 0.001.

There was a 30% increase of BrdU * cells in the DG of NesCreER: We also confirmed that baseline ERK1/2 activity was not al-
caMEKS5 mice compared with controls (p = 0.038; Fig. 4K).  tered in the hippocampus of adult mice. Immunohistochemistry
These data suggest that increased cell survival contributes to  analysis with phospho-ERK1/2 (Thr202/Tyr204) antibody
caMEK5-induced adult neurogenesis. showed that the number of phospho-ERK1/2 " cells in the DG
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TdT (red) colabeling from the SGZ of control (4) and NesCreER:caMEK5/TdT (B) mouse brains perfused 7 weeks after the last dose of a 7 d tamoxifen treatment. Scale bar, 25 nm. €, Quantification
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(p = 0.6; Fig. 5A) and CA1 pyramidal cell layer (p = 0.79; Fig.
5B) was comparable between NesCreER:caMEK5 and control
mice.

The eGFP tag is only expressed as a caMEK5-eGFP fusion
protein in the NesCreER:caMEK5 mice, but not in the littermate
controls (Fig. 4A). To compare neuronal differentiation of adult-
born cells that have undergone Nestin-CreER-mediated recom-
bination directly in both control and NesCreER:caMEK5 mice,
we crossed male Nestin-CreER:ROSA caMEK5-eGFP'**** mice
with a transgenic reporter line, (ROSA26) floxed-stop TdTomato,
which expresses the bright fluorescent protein TdTomato (TdT)
from the same genomic locus (G#(ROSA)26Sor; Madisen et al.,
2010) as the caMEK5-eGFP protein, upon Cre-mediated re-
combination. Mice treated with tamoxifen of the resulting
line, Nestin-CreER:ROSA caMEK5-eGFP'***/TdTomato'**, were
designated NesCreER:caMEKS5/TdT, whereas similarly treated
Nestin-CreER:ROSA TdTomato™™* littermates, which lack
caMEK5-eGFP'? | were used as controls (Fig. 6A). Mice were
treated with tamoxifen for 7 d and perfused 3 or 7 weeks after the
last dose of tamoxifen. We used TdT * as a readout for cells that
had undergone Nestin-Cre-mediated recombination in both
groups of mice. There was a statistically significant increase in
the number of NeuN ™ neurons among adult-born TdTomato *
cells in the DG of NesCreER:caMEKS5/TdT mice both at 3
weeks (p = 0.017; Fig. 6B-D) and 7 weeks (p = 0.0094; Fig.
6E-G), suggesting that caMEK5 activation promotes neuronal
differentiation.

To further confirm that the cellular phenotype we observed is
specific to caMEK5 expression, we compared the distribution of
BrdU ™ cells among TdT ™ versus TdT ~ cell populations within
the same animal. There were an equal number of BrdU * cells in
TdT " versus TdT ~ populations in control mice at 6 weeks after
BrdU injection (p = 0.31; Fig. 6H-]). However, a significantly
higher proportion of BrdU " cells were TdT " in NesCreER:
caMEKS5/TdT mice (p = 0.0012), suggesting that there are more
adult-born cells in the population that express caMEK5. These
data further confirm the specificity of cellular phenotypes ob-
served with caMEKS5 mice.

Inducible and conditional activation of ERK5 enhances
dendritic complexity of adult-born neurons

We recently found that ERK5 is required for neuronal matura-
tion during adult neurogenesis in the olfactory bulb (Li et al.,
2013). We investigated whether ERKS5 activation promotes neu-
ronal maturation in the adult DG. NesCreER:caMEK5/TdT and
control littermates were killed 7 weeks after the last dose of a 7 d
tamoxifen treatment. TdT* cells in NesCreER:caMEK5/TdT
mice had significantly more dendrites than those from controls
(p = 0.00046; Fig. 7 A, B). The average length of all dendrites and
the average primary dendritic length of TdT * cells were compa-
rable between the two groups of mice (p = 0.88 and data not
shown; Fig. 7C). Furthermore, TdT " cells from NesCreER:
caMEK5/TdT mice had significantly larger numbers of dendritic
crossings assessed by Sholl analysis (Fig. 7D). Moreover, Ne-
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Figure9.  NesCreER:caMEKS5 and control mice have comparable basal locomotor activity in the open field tests. NesCreER:caMEK5 and control mice were treated with 3 cycles of a 4 d tamoxifen
regimen with 2 weeks of intercycle interval. Behavior experiments were commenced 2 weeks after the last dose of tamoxifen. Mice were placed in an open field arena for 20 min each day for 2 d. 4,
Total distance traveled on d1and d2. B, Average traveling speed. C, Floor plane move time. D, Total time spent along the margins of the arena. E, Total time spent in the center of the area. F, Percent
distance traveled along the margin. n = 9—10/group. There was no statistical significant difference between the two groups of mice.

sCreER:caMEKS5/TdT mice also have higher spine density (p <
0.001; Fig. 7E, F).

We further explored whether caMEKS5 activation affects the
adult neural stem cell (aNSC) pool. Quantitative analysis of type
I radial glia-like aNSCs (GFAP *, TdT * with radial glia-like mor-

phology) showed no significant difference between NesCreER:
caMEK5/TdT and control mice that were perfused 7 weeks after
tamoxifen treatment (p = 0.64; Fig. 8A—C). Furthermore, the
volume of the granule cell layer of the DG at 7 weeks after tamox-
ifen treatment did not change in NesCreER:caMEK5/TdT mice
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Conditional caMEK5 expression in adult neurogenic regions enhances spatial learning memory formation. A, Schematic depiction of the experimental design. Mice were subjected to

the hidden platform water maze training (2 trials/d for 10 consecutive days, d1—d10), followed by a probe test 1 d later (d11). Mice were then subjected to reversal training (2 trials/d for 8 d, on
d12-19) in which the hidden platform was relocated from Q1 to Q3. The reversal probe test was conducted 1 d after reversal training on d20 and the visible platform test on d22. B, During the 10d
training paradigm, NesCreER:caMEK5 mice swam significantly shorter distances than control mice to locate the hidden platformin Q1 on d9and d10, suggesting enhanced spatial learning. C, Latency
to platform on the last day of training (d10). D, The average swim speed quantified on d10. E, In the probe test, although both control and NesCreER:caMEK5 mice spent significantly more time in
the virtual target quadrant, Q1, than any other three quadrants, NesCreER:caMEK5 mice spent even more time in Q1 than did control mice. One-way ANOVA analysis for control: F 3 = 32.7,p <
0.001; post hoc analysis, training quadrant (Q1) > all other quadrants, p << 0.001. One-way ANOVA analysis for NesCreER:caMEK5: F 5 5 = 48.7, p << 0.001; post hoc analysis, training quadrant
(Q1) > all other quadrants, p << 0.001. F, Representative ANYmaze program generated-swimming tracing pattern of control and NesCreER:caMEK5 mice in the probe tests. n = 9—10 mice/group.

*p < 0.05; **p < 0.01; ***p < 0.001.

(p=0.58; Fig. 8D—F). These data suggest that caMEK5 activation
of ERK5 does not affect the adult neural stem cell pool.

NesCreER:caMEK5 mice show normal baseline locomotor
activity and no overt anxiety

To investigate the effect of conditional caMEKS5 stimulation of
adult neurogenesis on various animal behaviors, we adopted a
modified tamoxifen administration regime (Imayoshi et al.,
2008; Pan et al., 2012¢). Tamoxifen was administered to ROSA
caMEK5-eGFP'***/1°*? and Nestin-CreER ™:ROSA caMEK5-
eGFP'**/1°xP Jittermates once a day for 4 d in each cycle for a total
of 3 cycles with 2-week intercycle intervals to obtain control and
NesCreER:caMEK5 mice, respectively, for behavior assays. This
treatment protocol maximizes Nestin-Cre-mediated recombina-
tion for a long period of time without jeopardizing animal sur-
vival. We measured the baseline locomotor activity and anxiety
level of NesCreER:caMEK5 and control mice for two consecutive
days using an open field test. Both mice traveled the same total

distance on both days (Fig. 9A) with similar speed (Fig. 9B) and
spent similar amounts of time moving around on the floor (Fig.
9C). These data suggest that caMEK5 expression did not affect
baseline locomotor activity. Furthermore, both groups of mice
spent similar amounts of time along the margins (Fig. 9D) or
center area (Fig. 9E) of the open field. Finally, they traveled sim-
ilar distances along the margins, suggesting that NesCreER:
caMEK5 mice do not show increased thigmotaxis (Fig. 9F). The
lack of increased thigmotaxis and the fact that they do not spend
less time in the center suggest that NesCreER:caMEK5 mice do
not show increased anxiety.

NesCreER:caMEKS5 mice show improved spatial learning and
memory formation

To determine the effect of caMEK5 on the formation of spatial
learning and memory, the NesCreER:caMEK5 mice and control
littermates were subjected to an MWM test. We adopted a chal-
lenging training paradigm with two trials a day rather than four
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Figure11.

Conditional caMEK5 expression in adult neurogenic regions improves reversal spatial learning memory formation. 4, Mice were subjected to the reversal hidden platform water maze

training after the probe teston d11, as depicted in Fig. 84. During the 8 d reversal training (d12— d19), NesCreER:caMEK5 mice swam shorter distances than control mice to locate the hidden platform
inQ3, suggesting enhanced reversal spatial learning. B, Analysis of the latency to platform on the last day of reversal training (d19) showed NesCreER:caMEK5 mice spent less time than control mice
tofind the hidden platform. C, The average swim speed on d19 training was comparable between the two groups of mice. D, In the reversal probe test, both control and NesCreER:caMEK5 mice spent
significantly more time in the new virtual target quadrant Q3 than in the old target quadrant (Q1). E, The ratio of time spent in Q3 versus Q1 in reversal probe test was significantly higher for
NesCreER:caMEKS mice than control mice. F, Representative ANYmaze program generated-swimming tracing pattern of control and NesCreER:caMEK5 mice in the reversal probe tests. G, H, Control
and NesCreER:caMEK5 mice performed equally well in the visible platform test; they showed comparable latency to acquisition of the platform location (G) and similar mean swimming speed (H).

n = 9-10 mice/group. *p << 0.05; **p < 0.01; ***p < 0.001.

trials a day in this assay. Mice were trained for 10 consecutive days
(d1-d10) in the MWM test in which the hidden platform was
placed in the same location (Q1; Fig. 10A).

Both NesCreER:caMEKS5 and control mice learned the task
over this 10 d training period, manifested as swimming shorter
distances to find the hidden platform (Fig. 10B). Interestingly,
NesCreER:caMEK5 mice swam significantly shorter distances
than control mice to find the hidden platform on d9 and d10
(p < 0.05). Analysis of the latency to platform on the last day
of training (d10) also showed that NesCreER:caMEK5 mice

needed less time than control mice to find the hidden platform
(p = 0.039; Fig. 10C), although the average swim speed was
similar between the two groups of mice (Fig. 10D). In the
probe test 1 d after training (d11), both groups spent much
more time in the target Q1 searching the hidden platform than
in all other quadrants (Fig. 10E,F), but NesCreER:caMEK5
mice spent even more time in Q1 than did control mice (p =
0.04; Fig. 10E).

These mice were then subjected to a reversal training para-
digm in which the hidden platform was moved from Q1 to the



2142 - ). Neurosci., February 5, 2014 - 34(6):2130-2147 Wang et al. ® ERK5 Activation Enhances Long-Term Memory

A B E 61 -1~ Control
P b t t g ontro
robe tests £ 51 = NesCreER:caMEKS5
TT1T 24
©
[Training, 4tnals/day B 194
D9 D23 D37 D51 8
D1 g 2]
& 11
g 0 T T T T T T b "

(@)

N.S.

d o ‘ Kkk
*kdk | D dedkdk
40 . o 40 ] Fekk
= W 1 | D23
&, I D9 0 1
€ 30 1 =301 L
E [\]
§ 8 20
35 20 8 —1
c c
© 1n | £
£ 10 aé 10 4
[ =
0 1 . 112 0 1 112
Conim| NesCIoERicaMEKS Control NesCreER:caMEKS5
E ek F
30_ | 30 IL
D37 _1_ D51
0 0 I
§ 20 — § 20 - 1
© ©
(] ]
3 5
£101 £10 4
[0 [0)
S S
= [=
oj L1112 — 112 ol 1112 Bl 1] 2
Control NesCreER:caMEKS Control NesCreER:caMEK5

@

Control

caMEK5

NesCreER:

D9 D23 D37 D51

Figure12.  Conditional caMEK5 expression in adult neurogenic regions extends long-term spatial memory. A, Schematic depiction of the experimental design. Mice were subjected to training for
8d (d1-d8) with 4trials/d in the hidden platform water maze. The first probe test was conducted on d9, the day after the last day of training, and second, third, and fourth probe tests were conducted
every 2 weeks on d23, d37, and d51, respectively. B, During the 8 d training paradigm, target acquisition of the platform located in Q1 was similar for control and NesCreER:caMEK5 mice. C, Both
control and NesCreER:caMEK5 mice spent significantly more time in Q1 than any other quadrants in the first probe test on d9. One-way ANOVA analysis for control: F5 5,) = 34.0, p < 0.001; post
hocanalysis, time in training quadrant (Q1) was more than that of any other quadrants, p << 0.001. One-way ANOVA analysis for NesCreER:caMEK5 mice: F 5 ,q) = 62.5, p < 0.001; post hoc analysis,
time in training quadrant (Q1) was more than that of any other quadrants, p << 0.001. There is no statistically significant difference in time spent in Q1 between the two groups of mice (p = 0.12),
suggesting that the two groups learned equally well. D, In the second probe test conducted on d23, both control and NesCreER:caMEK5 mice still remembered Q1 and spent significantly more time
in Q1 than any other quadrants. One-way ANOVA analysis for control: F 5 5,, = 28.2, p < 0.001; post hoc analysis, time in training quadrant (Q1) was more than that of any other quadrants, p <
0.001. One-way ANOVA analysis for NesCreER:caMEKS mice: F 5 ,q) = 30.3, p << 0.001; post hoc analysis, time in training quadrant (Q1) was more than that of any other quadrants, p < 0.001. E,
During the third probe test on d37, NesCreER:caMEKS, but not control mice, spent significantly more time in Q1 than any other quadrants. One-way ANOVA analysis for NesCreER:caMEK5: F 5 ,q) =
31.3, p < 0.001; post hoc analysis, time in training quadrant (Q1) was more than that of any other quadrants, p << 0.001. One-way ANOVA analysis for control mice: F 5 5, = 5.4, p = 0.004; post
hoc analysis, time in Q1 was only more than that of the opposite quadrant (Q3), p << 0.01. F, NesCreER:caMEK5 mice, but not control mice, retained spatial memory for Q1 even at 6 weeks after
training when the fourth probe test was conducted on d51. One-way ANOVA analysis for NesCreER:caMEKS mice: £ 5 ,q) = 11.2, p << 0.001; post hoc analysis, time in Q1 was more than that of any
other quadrants, p << 0.01. One-way ANOVA analysis for control mice: F 5 5,) = 7.1, p = 0.001; post hoc analysis, time in Q1 was only more than that of Q3, p < 0.05. G, Representative swimming
pattern traces in the four probe tests generated by the ANYmaze program. n = 8 -9 mice/group. *p << 0.05; **p << 0.01; ***p << 0.001.
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*x) < 0,01; #*p < 0,001,

opposite location, Q3, and mice were trained twice a day for 8
consecutive days from d12-d19. Similar to initial training, Ne-
sCreER:caMEKS5 mice swam shorter distances than control mice
to locate the hidden platform during this reversal training period
(ANOVA with repeated measures F, ;,) = 11.2, p = 0.004; Fig.
11A). Data from the reversal training collected on d19 further
showed that the latency for NesCreER:caMEKS5 mice to find the
hidden platform was shorter than that for control mice (p = 0.03;
Fig. 11B), whereas the average swim speed was comparable (Fig.
11C). Furthermore, although both groups of mice spent more
time in the new target quadrant (Q3) than in the old one (Q1) in
the subsequent reversal probe test on d20 (t test, control, p =
0.013; NesCreER:caMEKS5, p = 0.0002; Fig. 11 D, F), the ratio of
time spent in Q3 over that in Q1 was higher for NesCreER:
caMEKS5 mice (2.8-fold) than control mice (1.5-fold, p = 0.04;
Fig. 11E). Two days after the reversal probe test, mice were sub-
jected to a visible platform test in which both groups of mice had

| N.S.
0

Control  NesCreER:caMEK5

N.S.
0 j_i

Control

Control

N.S.
o.-Li—

Control

NesCreER:caMEKS mice have longer memory in the novel object recognition test. Mice were trained with 2 objects
for 5 min and the percentage of time spent on exploring each object was quantified. Mice were then introduced to 2 objects at 1,
24,48 or 72 h later, one familiar (object a, d, g, orj) and one novel (object ¢, f, i, or I) as labeled in the figure, and the percentage of
time spent on each object during a 5 min test period and the discrimination index was quantified. A—C, Training and 1 h test. D—F,
Training and 24 h test. G-/, Training and 48 h test. J~L, Training and 72 h test. n = 9—10/group. N.S., not significant; *p << 0.05;
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similar latency to platform (p = 0.79; Fig.
11G) and mean swim speed (p = 0.21; Fig.
11H). Therefore, the differences we ob-
served in the hidden platform training
and tests were not caused by differences in
vision, ability to swim, or motivation to
escape. These data suggest that NesCreER:
caMEK5 mice exhibit enhanced acquisition of
spatial learning and memory formation.

NesCreER:caMEKS5 mice have longer
hippocampus-dependent memory

To determine whether NesCreER:caMEK5
mice also have extended long-term spatial
memory, a separate cohort of mice were
trained in the hidden platform of the MWM
using a commonly used training paradigm
in which mice were trained for four trials a
day until the learning curve reached a pla-
teau (Fig. 12A; Deng et al., 2009; Pan et al.,
2012¢). This more intense (thus easier)
training paradigm was used so both groups
* of mice learned the task equally well, thus
allowing a clear evaluation of subsequent
long-term memory retention (ANOVA
with repeated measures, F(, 5, = 1.058,p =
0.32; Fig. 12B). In the probe test performed
1 d after the last day of training (d9), both
mice performed equally well; they spent
much more time in the target quadrant
(Q1) compared with all other three quad-
rants (Fig. 12C,G, see figure legends for one-
way ANOVA analysis). Furthermore, there
was no statistically significant difference in
time in Q1 between control and NesCreER:
caMEKS5 mice. These mice were subjected to
the probe test again on d23, d37, and d51 to
evaluate long-term spatial memory reten-
tion. Although both control and NesCreER:
caMEK5 mice spent more time in the target
quadrant (Q1) compared with all other
three quadrants when tested on d23 (Fig.
12D, G, see figure legends for one-way
ANOVA analysis), only NesCreER:
caMEK5 mice retained strong spatial
memory on d37 and d51 and searched tar-
get Q1 preferentially over any of the other three quadrants (Fig.
12E-G).

The effect of genetic enhancement of adult neurogenesis by
caMEKS5 on long-term memory was further ascertained by sub-
jecting animals to a novel object recognition test, which is at least
partly dependent on hippocampal function and adult neurogen-
esis (Shimizu et al., 2007; Pan et al., 2012¢). Both control and
NesCreER:caMEK5 mice remembered the familiar object “a”
equally well 1 h after training and spent significantly more time
investigating the novel object “c” (p = 0.0023 for control and p =
0.00017 for NesCreER:caMEKS5; Fig. 13 A, B). When the memory
for the familiar object was tested 24 h after training, NesCreER:
caMEK5 mice spent significantly more time investigating the
novel object “f” than the familiar object “d” (p = 0.0096; Fig.
13D, E), indicating that they remembered the familiar object.
Although control mice spent slightly more time investigating the
novel object “f” than the familiar object “d,” the difference was

NesCreER:caMEK5

NesCreER:caMEK5

NesCreER:caMEK5
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Figure14.  NesCreER:caMEK5 mice have longer memory in the object location recognition test. 4, Tamoxifen treatment scheme

tion indexes among the different groups
of mice (Fig. 14D). By 48 h, however, only
the NesCreER:caMEK5 mice retained
memory for the familiar location (p <
0.001 for NesCreER:caMEKS5; Fig. 14E, F)
and had a significantly higher discrimina-
tion index than the two control groups
(p = 0.04 for control vs NesCreER:
caMEKS5 and p = 0.03 for vehicle vs NesCreER:caMEKS5; Fig.
14G). By 72 h, none of the mice showed memory for object loca-
tion (Fig. 14H-J). Together, the data shown in Figures 12, 13, and
14 suggest that NesCreER:caMEK5 mice have superior
hippocampus-dependent long-term memory compared with con-
trol littermates.

Discussion

Learning and memory decline with aging and are affected by
neurological diseases including epilepsy, depression, Alzheimer’s
disease, and Parkinson’s disease. Adult hippocampal neurogen-
esis has been implicated in several forms of hippocampus-
dependent memory and is adversely affected by aging and
neurodegenerative diseases (Zhao et al., 2008). Therefore, there is
considerable interest in developing strategies to improve learning
and memory persistence and to identify molecular mechanisms

for generating NesCreER:caMEK5 and two groups of control mice from littermates. B, Mice were trained with two identical objects
located at difference places (location a and b) for 5 min and the percentage of time spent on exploring each object was quantified.
At 1,48, or 72 h after training, mice were introduced to the same two objects where one remained at the same location (location
a) and the other moved to a novel location (location c). The percentage of time spent on each object during a 5 min test period and
the discrimination index were quantified. B—D, Training and 1 h test. E-G, Training and 48 h test. H—J, Trainingand 72 h test.n =
10-11/group. N.S., not significant; *p << 0.05; **p << 0.01; ***p < 0.001.

that regulate adult neurogenesis. Identification of endogenous
signaling molecules that can be manipulated to stimulate adult
neurogenesis may aid the development of therapeutic strategies
to correct cognitive disorders. The goal of this study was to de-
velop a transgenic mouse model to activate endogenous ERK5
selectively in adult neurogenic regions and to determine whether
this genetic gain of function is sufficient to stimulate adult neu-
rogenesis, improve learning, and increase memory persistence.
We generated a line of knock-in mice in which endogenous
ERKS in adult neural stem cells can be conditionally activated by
tamoxifen-induced expression of a constitutive active MEK5
through Nestin-CreER "™ -mediated recombination. We con-
firmed biochemically that the expression of caMEK5-eGFP fu-
sion protein in the brain is tightly controlled by Cre-mediated
recombination and, when expressed, caMEK5-eGFP specifically
activates endogenous ERKS5, but not the closely related ERK1/2. It
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is important to note that the caMEK5-eGFP fusion protein was
not overexpressed; rather, it was expressed at a level similar to
that of the endogenous MEKS5 protein. Evidence from two strains
of knock-in mice, NesCreER:caMEK5 and NesCreER:caMEKS5/
TdT mice, demonstrated that expression of caMEK5 increases
the number of adult-born neurons in the SGZ by promoting cell
survival without affecting cell proliferation or the stem cell pool.
Furthermore, caMEKS5 expression promotes neuronal differenti-
ation, evidenced by increases in the number of adult born DCX *
and NeuN * cells and the number of dendrites, spine densities,
and dendritic crossings. Therefore, inducible and targeted ERK5
activation was sufficient to stimulate adult neurogenesis in the
hippocampus.

Although a number of studies have investigated the functional
consequence of suppressing adult neurogenesis on learning and
memory, only a few reports have investigated whether cognition
can be improved by increasing adult neurogenesis. Animals sub-
jected to an enriched environment (Kempermann et al., 1997;
Birch et al., 2013), voluntary running (van Praag et al., 1999;
Creer etal., 2010), and chronic -antidepressant treatment (David
et al., 2009) showed increased adult neurogenesis and improved
memory formation. More recently, Petrik et al. discovered that
Isx-9, a synthetic small molecule, increases hippocampal neuro-
genesis and enhances memory in the MWM probe test (Petrik et
al., 2012). Wang et al. reported that metformin, a widely used
drug for treating type 2 diabetes, promotes adult neurogenesis
through an atypical PKC-CBP pathway and enhances reversal
spatial learning in the MWM test (Wang et al., 2012). These
studies generated much excitement about the possibility that en-
hancing adult neurogenesis may improve memory formation.

Additional studies using more selective approaches, such as
conditional and inducible gene manipulation to specifically in-
duce adult neurogenesis without affecting other biochemical or
biological pathways, are needed to establish a direct link between
increased adult neurogenesis and cognition. To date, only one
such genetic study has been reported. Sahay et al. generated a
transgenic mouse line to delete the proapoptotic gene Bax specif-
ically in adult neural stem cells; as a result, more of the adult-born
neurons survived (Sahay et al., 2011). These mice performed bet-
ter than control mice at distinguishing between similar contexts
in a fear-conditioning test, suggesting that increased adult hip-
pocampal neurogenesis improves pattern separation.

The data presented in this study provide strong and clear ge-
netic evidence supporting a causal relationship between en-
hanced adult neurogenesis and improved spatial memory
formation. When trained 4 times a day for 8 d, both NesCreER:
caMEKS5 and control mice learned equally well in the hidden
platform MWM test. At the end of training, both groups of mice
swam about 1.2 m before they found the hidden platform. When
they were trained only twice a day, the learning curve for both
mice plateaued after 7 d of training; control and NesCreER:
caMEK5 mice swam about 2.7 and 1.4 m, respectively, before
they located the hidden platform. Because there was no difference
observed in swim speed or latency to escape water in the visible
platform test, the difference observed here (2.7 vs 1.4 m) is not
due to variable swimming ability or motivation to escape water.
Therefore, this less intensive training paradigm is more challeng-
ing to mice and NesCreER:caMEK5 mice learned better than
controls under this condition. NesCreER:caMEK5 mice also
learned better in the reversal training and had stronger memory
than control mice in both the initial probe test and reversal probe
test. These data suggest that increasing adult neurogenesis is suf-
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ficient to improve learning acquisition and memory formation
for more demanding tasks.

There have been no studies reporting whether increasing adult
neurogenesis can extend the duration of memory. We present
evidence that, although both NesCreER:caMEK5 and control
mice learned equally well during training and formed similar
degrees of initial memory after training 4 times a day for 8 d in the
hidden platform MWM, the duration of long-term spatial mem-
ory was extended at least 3 times, from 2 to 6 weeks, by condi-
tional ERKS5 activation. In the novel object recognition test and
the novel location test, the memory for novel objects or novel
locations was extended from 1 to 48 h by caMEK5 expression.
Collectively, these data provide the first evidence that selective
and conditional enhancement of adult neurogenesis can signifi-
cantly delay memory decay and extend the duration of long term,
hippocampus-dependent memory.

In addition to its effect on the hippocampus, expression of
caMEKS also enhances adult neurogenesis in the SVZ (data not
shown). Although we could not completely rule out the possibil-
ity, we think it highly unlikely that the improved cognitive func-
tion observed with the NesCreER:caMEK5 mice is due to a
changes in SVZ adult neurogenesis. The behavioral assays used in
this study to assess cognition, including the MWM and novel
object location tests, are hippocampus-dependent tasks (Deng et
al., 2010). Furthermore, we have strictly eliminated any potential
olfactory cues in these assays. For example, in the novel object
recognition or object novel location assays, the objects and
testing arena were extensively cleaned with 5% acetic acid after
each use.

Signaling mechanisms underlying adult neurogenesis are
not well defined. We previously demonstrated that, in the
adult brain, ERK5 expression is specific to the neurogenic
regions and generally absent in the rest of the brain. Condi-
tional loss of ERK5 expression selectively in the adult neurogenic
regions inhibits SGZ adult neurogenesis and impairs several
forms of hippocampus-dependent memory formation, including
spatial learning (Pan et al., 2012a; Pan et al., 2012¢; Pan et al,,
2012d). Furthermore, viral expression of a constitutive active
MEKS, an upstream-activating kinase for ERK5, stimulates adult
neurogenesis both in vitro and in vivo (Pan et al., 2012¢; Pan et al.,
2012d). Together with data presented here, our results suggest
that activation of ERKS5 is both necessary and sufficient to pro-
mote adult neurogenesis in vivo and increase hippocampus-
dependent memory formation. MEK5-ERKS5 is an endogenous
MAP kinase signaling pathway that can be activated by extracel-
lular signals present in the hippocampus that are known to pro-
mote adult neurogenesis, including neurotrophins (Pan et al.,
2012d). Our data provide the first evidence that direct activation
of a single endogenous signaling pathway selectively in adult neu-
rogenic regions is sufficient to enhance adult neurogenesis in the
hippocampus and improve hippocampus-dependent memory
formation.

How adult-born neurons in the hippocampus contribute to
memory persistence is unknown and remains an interesting
question to be addressed in the future. Memory consolidation
and maintenance depends on de novo transcription and protein
synthesis (Bekinschtein et al., 2007), including repeated rounds
of NMDA receptor synthesis (Cui et al., 2004), suggesting that
memory persistence requires recurrent rounds of consolidation.
The cAMP/MAPK/CREB pathway, which is important for mem-
ory consolidation, is activated during REM sleep during the cir-
cadian cycle (Eckel-Mahan et al., 2008; Luo et al., 2013). This
reactivation of the memory consolidation pathway during REM
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sleep may generate repeated rounds of transcription and transla-
tion required for the persistence of the memory trace. There is
also electrophysiological evidence that the same sequence of syn-
aptic firing that occurs during training for a spatial memory task
is repeated during sleep (Lee and Wilson, 2002). It is possible
that, during the repeated synaptic firing in sleep, new synapses,
including those from adult-born neurons, are recruited to the
circuitry for continued maintenance of established memories.
For example, immature adult-born neurons have different acti-
vation threshold than mature granule neurons in the DG; a sig-
nificant proportion of the immature adult born neurons, but not
mature neurons, are activated by weak afferent activity (Marin-
Burgin etal., 2012). Because most, if not all, memory traces even-
tually decay, it is tempting to speculate that the strength of
recurrent synaptic firing encoding a specific memory trace may
gradually reduce over time. Because of their higher excitability in
response to weak stimulations, immature adult-born neurons
may be more suited for new synapse recruitment during recur-
rent synaptic firing in sleep, especially as time goes on and the
memory trace weakens. When adult neurogenesis is impaired,
fewer adult-born neurons and their synapses will be available to
respond to the gradually weakening synaptic firing and be re-
cruited to the memory circuitry, thus accelerating memory decay
and shortening long-term memory. In contrast, enhancing adult
neurogenesis by increasing the pool of immature adult born neu-
rons and/or the number of dendrites and spines will likely expand
the number of responding synapses, strengthen the memory cir-
cuitry, and thus extend long-term memory.

In summary, we developed an inducible genetic approach to
selectively enhance adult neurogenesis through specific activa-
tion of endogenous ERK5 MAP kinase. Our data demonstrate
that activation of a single signaling pathway, that of the ERK5
MAP kinase, is sufficient to enhance adult neurogenesis and im-
prove spatial learning under challenging conditions and to sig-
nificantly extend the duration of memory. The discovery that
memory can be prolonged by stimulating adult neurogenesis has
important implications for the development of therapeutic strat-
egies to treat memory disorders. The unique expression pattern
of ERK5 in the adult brain and its demonstrated role in both
regulation and promotion of adult neurogenesis and memory
retention provides a pharmacological window of opportunity to
improve the duration of long-term memory.
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