
Behavioral/Systems/Cognitive

Inhibition of Adult Neurogenesis by Inducible and Targeted
Deletion of ERK5 Mitogen-Activated Protein Kinase
Specifically in Adult Neurogenic Regions Impairs Contextual
Fear Extinction and Remote Fear Memory

Yung-Wei Pan,1 Guy C. K. Chan,2 Chay T. Kuo,4 Daniel R. Storm,2 and Zhengui Xia1,3

1Graduate Program in Molecular and Cellular Biology, 2Department of Pharmacology, and 3Toxicology Program, Department of Environmental and
Occupational Health Sciences, University of Washington, Seattle, Washington 98195, and 4Departments of Cell Biology and Pediatrics, Duke University
Medical Center, Durham, North Carolina 27710

Although there is evidence suggesting that adult neurogenesis may contribute to hippocampus-dependent memory, signaling
mechanisms responsible for adult hippocampal neurogenesis are not well characterized. Here we report that ERK5 mitogen-
activated protein kinase is specifically expressed in the neurogenic regions of the adult mouse brain. The inducible and conditional
knock-out (icKO) of erk5 specifically in neural progenitors of the adult mouse brain attenuated adult hippocampal neurogenesis.
It also caused deficits in several forms of hippocampus-dependent memory, including contextual fear conditioning generated by
a weak footshock. The ERK5 icKO mice were also deficient in contextual fear extinction and reversal of Morris water maze spatial
learning and memory, suggesting that adult neurogenesis plays an important role in hippocampus-dependent learning flexibility.
Furthermore, our data suggest a critical role for ERK5-mediated adult neurogenesis in pattern separation, a form of dentate
gyrus-dependent spatial learning and memory. Moreover, ERK5 icKO mice have no memory 21 d after training in the passive
avoidance test, suggesting a pivotal role for adult hippocampal neurogenesis in the expression of remote memory. Together, our
results implicate ERK5 as a novel signaling molecule regulating adult neurogenesis and provide strong evidence that adult
neurogenesis is critical for several forms of hippocampus-dependent memory formation, including fear extinction, and for the
expression of remote memory.

Introduction
The mammalian brain has the remarkable capacity to process and
store information. Since deficits in memory are prominent fea-
tures of aging and many mental disorders, there is intense interest
in the molecular and cellular basis of learning and memory. Sev-
eral signal transduction pathways in neurons, including calcium,
cAMP, and ERK1/2 mitogen-activated protein (MAP) kinase,

have been implicated in the regulation of memory formation
(Silva et al., 1992; Yin et al., 1994; Wu et al., 1995; Atkins et al.,
1998; Taubenfeld et al., 1999; Wong et al., 1999; Athos et al.,
2002). Interestingly, recent studies support the idea that hippo-
campus-dependent memory may also depend on newly gener-
ated neurons in the adult dentate gyrus.

Adult neurogenesis occurs in the subgranular zone (SGZ) of
the dentate gyrus and the subventricular zone (SVZ) along the
lateral ventricles in mammalian brains (Altman and Das, 1965;
Alvarez-Buylla et al., 1988). Adult-born neurons in the dentate
gyrus functionally integrate into the hippocampal circuitry
(Ming and Song, 2005), suggesting a role in neuroplasticity.
Hippocampus-dependent, but not hippocampus-independent,
learning increases adult neurogenesis in the dentate gyrus
(Leuner et al., 2004). Furthermore, training for hippocampus-
dependent memory selectively adds or removes adult-born neu-
rons depending on the birthdate of the neurons relative to
training (Döbrössy et al., 2003; Dupret et al., 2007). These data
support the hypothesis that newly generated adult-born neurons
of the dentate gyrus contribute to hippocampus-dependent
memory (Leuner and Gould, 2010). Despite these exciting dis-
coveries, signaling mechanisms regulating adult neurogenesis are
not fully understood. Additionally, although a number of studies
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have attempted to assess the role of adult neurogenesis in
hippocampus-dependent memory, data from different studies
are contradictory, and the function of adult-born neurons in the
dentate gyrus remains controversial (Deng et al., 2010).

ERK5 is a member of the MAP kinase family that includes
ERK1/2 (Lee et al., 1995; Zhou et al., 1995). Neurotrophin acti-
vation of ERK5 promotes the survival of newborn neurons dur-
ing embryonic development (Cavanaugh et al., 2001; Watson et al.,
2001; Liu et al., 2003; Shalizi et al., 2003; Y. Wang et al., 2006;
Finegan et al., 2009). ERK5 also specifies cortical stem/progenitor
cells toward a neuronal lineage during development by phos-
phorylating and modulating the activity of neurogenin 1 (Liu et
al., 2006; Cundiff et al., 2009). ERK5 expression in the brain is
high during early embryonic development but declines as the
brain matures (Liu et al., 2003). It is generally thought that ERK5
is not expressed in the adult brain (Di Benedetto et al., 2007).
However, on closer examination, we discovered selective ERK5
expression in the adult neurogenic regions, the SGZ and SVZ.
This pattern of expression is unique and suggests an important
role for ERK5 in the regulation of adult neurogenesis.

Here, we generated ERK5 inducible and conditional knock-
out (icKO) mice to delete erk5 specifically in the neurogenic
regions of the adult brain. This mouse strain provides a unique
and powerful tool to investigate the role of ERK5 in adult
neurogenesis and to delineate the relationship between adult
neurogenesis and hippocampus-dependent learning and
memory.

Materials and Methods
Animals. Nestin-CreER™ (Kuo et al., 2006) and ERK5 loxP/loxP (Wang et
al., 2005) mice were crossed to yield Nestin-CreER™/ERK5 loxP/� ani-

mals. Nestin-CreER™/ERK5 loxP/� mice were
further crossed with ERK5 loxP/loxP mice to
yield homozygous Nestin-CreER™/ERK5 lox/P/

loxP animals, which were used for experimental
breeding. All animal experiments were per-
formed with identically treated and handled
littermate controls. Animals were housed un-
der standard conditions (12 h light/dark cycle)
with food and water provided ad libitum, ex-
cept where indicated. All experimental proce-
dures were approved by the University of
Washington Institutional Animal Care and
Use Committee.

Reagents. The following primary antibodies
and dilutions were used for immunohisto-
chemistry: rat monoclonal anti-BrdU (1:500,
AbD; Serotec); mouse monoclonal anti-NeuN
(1:500; Millipore); and goat polyclonal anti-
NeuroD (1:200; Santa Cruz Biotechnology).
Rabbit polyclonal ERK5 antibody (1:500) was
generated previously (Cavanaugh et al., 2001)
and affinity purified using recombinant MBP-
ERK5 protein.

BrdU and tamoxifen administration. Mice
received 100 mg/kg BrdU (Sigma-Aldrich) by
intraperitoneal injection five times (every 2 h
for 10 h) in 1 d and were killed 3 weeks later to
identify BrdU-retaining, adult-born cells. Ta-
moxifen (Sigma-Aldrich) was made fresh daily
and dissolved in 2% glacial acetic acid in corn
oil solution (Sigma). To activate Cre-mediated
recombination, 5 mg of prewarmed tamoxifen
was administered orally to 10- to 12-week-old
male mice daily for 7 d (for studies presented in
Figs. 2, 3A–F,M ) or once per day for 4 d in each
cycle, for three cycles with 2 week intercycle

intervals (for studies presented in Figs. 3G–M, 4 –10).
Immunohistochemistry. Mice were perfused intracardially with ice-

cold solutions of 20 ml of PBS, followed by 20 ml of 4% paraformalde-
hyde (PFA) in PBS. Brains were harvested and postfixed in 4% PFA/PBS
overnight at 4°C, followed by 30% (w/v) sucrose in PBS solution at 4°C
until brains sunk. Immediately after sucrose embedding, brains were
frozen at �80°C until immunohistochemistry (IHC) processing. IHC
was performed on 30-�m-thick coronal brain sections using a free-
floating antibody staining method. Briefly, brain sections were washed
four times for 10 min with 0.1 M PBS, pH 7.4, followed by three times for
10 min with PBST (PBS plus 0.25% Triton X-100). Brain slices were then
incubated in blocking buffer (PBST plus 0.1% bovine serum albumin
plus 10% normal serum) for �2 h at room temperature. Where IHC for
BrdU visualization was required, brain sections were washed four times
for 10 min with 0.1 M PBS, pH 7.4; subjected to HCl treatment by sequen-
tial incubation in water for 5 min, in ice-cold 1N HCl for 10 min, and in
2N HCl for 30 min at 37°C; and, finally, neutralized by rinsing two times
for 5 min in 0.5 M borate buffer, pH 8.5. This was followed by PBST
washes and blocking as stated above. Brain sections were incubated with
primary antibodies for 48 – 60 h at 4°C on a platform shaker. Brain sec-
tions were washed in PBST four times for 10 min after primary antibody
incubation and incubated with secondary antibodies conjugated with
Alexa Fluor dyes (1:500 dilution; Invitrogen) in blocking buffer over-
night at 4°C on a platform shaker. Brain sections were then washed four
times for 10 min in PBST, incubated with 2.5 �g/ml Hoechst 33342
(Invitrogen) for 30 min, and washed three times for 5 min with PBST.
Unless otherwise stated, all IHC procedures were performed at room
temperature. Brain sections were then mounted on gelatin-coated Super-
frost plus slides (VWR) with anti-fade Aqua Poly/Mount (Polysciences).

Confocal imaging and analysis. All images were captured with an
Olympus Fluoview-1000 laser scanning confocal microscope with nu-
merical aperture (NA) 0.75, 20� lens; NA 1.3, 40� oil lens; or NA 1.35,
60� oil-immersion lens. Optical Z-sections (0.5–1 �m) were collected

Figure 1. ERK5 is specifically expressed in the adult neurogenic regions in the mouse brain. Immunostaining of coronal sections
of adult mouse brain tissue shows ERK5 protein expression (green) primarily in the SVZ (A, B) and SGZ (C, D) of the hippocampus
but is absent in other brain regions such as the cortex (E, F ) and striatum (G, H ). Hoechst staining (blue) was used to identify all cell
nuclei (B, D, F, H ). Scale bar, 100 �m.
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and processed using ImageJ software (NIH).
Images were uniformly adjusted for color,
brightness, and contrast with Adobe Photo-
shop CS4 (Adobe Systems).

Quantification of immunostained cells. One
in every eight serial brain slices through the
entire rostrocaudal extent of the granule cell
layer was immunostained for each marker. Im-
munopositive cells were analyzed and quanti-
fied using a modified unbiased stereology
technique (West et al., 1991; Kempermann et
al., 1997; Malberg et al., 2000) by confocal anal-
ysis of the granule cell layer of one-half of the
brain with the experimenter blinded to treat-
ment conditions. Resulting numbers were
multiplied by 8 to obtain an estimated total
number of cells per dentate gyrus. For colocal-
ization analysis, cells were analyzed per marker
combination using confocal microscopy. At
least 50 immunopositive cells were selected
randomly, and the presence of overlapping flu-
orescent signals in a Z-series stack of a single
cell was considered to be a double-positive cell.

Open-field test and habituation. Mice were
placed in a 10 (width) � 10 (depth) � 16
(height) inch TruScan Photo Beam Tracking
arena with clear sidewalls and infrared beams
spaced 0.6 inches apart, providing a spatial res-
olution of 0.3 inch (Coulbourn Instruments).
Mice were not prehabituated to the arena to
permit baseline locomotor activity and anxiety
level analysis. Twenty minutes of free explor-
atory time were allotted per mouse on day 1 for
the open-field test. Data were collected and an-
alyzed using TruScan 2.02 software (Coul-
bourn Instruments). To analyze habituation in
the open field, mice were placed in the same
arena 24 and 48 h later for 20 min each.

Novel object recognition. Mice were placed
into a 10 (width) � 10 (depth) � 16 (height)
inch contextual arena with clear sidewalls
(Coulbourn Instruments) containing two ob-
jects (A and B) made of plastic material for a 5
min training session and returned to their
home cages. For short-term memory reten-
tion, mice were placed back into the same
arena 1 h later with one of the previous objects
(i.e., A) and a novel object (C) for a 5 min
testing session. For longer-term memory re-
tention at 24 or 48 h, a different cohort of mice
were trained as above except that training
lasted 10 min and testing was performed either 24 or 48 h later, respec-
tively, during a 10 min testing session. A different set of objects was used
for the 24 and 48 h memory tests. Exploratory activity of each object was
recorded for both training and testing sessions and analyzed by experi-
menters blinded to genotype and treatment group.

Standard cued and contextual fear conditioning and contextual fear ex-
tinction. Mice were placed in a 10 (width) � 10 (depth) � 16 (height)
inch square-shaped arena fitted with a metal grid shock floor (Coulbourn
Instruments). On the day of training, each mouse was placed in the
training context (with striped wallpaper) and allowed to freely explore
for 2 min. A 90 dB tone, the conditioned stimulus (CS), was then pre-
sented for 30 s. During the final 2 s of tone presentation, a 0.7 mA
footshock, the unconditioned stimulus (US), was delivered. CS and US
were delivered automatically using tone generator and shocker
controlled by TruScan software (Coulbourn Instruments). Mice were
then returned to their home cages. Twenty-four hours later, the contex-
tual fear-conditioning test was performed in the training room, where
mice were placed in the same context arena without any footshock for 2

min. Two hours after the contextual test, mice were subjected to a
cued test. Mice were placed in a novel context (triangular-shaped
arena with solid gray plastic walls) in a different room and allowed to
freely explore for 2 min. The CS (tone) was then presented for 2 min.
Two hours after the cued test, mice were subjected to a control test in
which they were placed in another novel context (hexagonal-shaped
arena with clear plastic walls) in a third room for 2 min with no
presentation of either tone or footshock. Freezing behavior was re-
corded manually every 5 s for each of the 2 min assessment periods for
the three tests. Freezing behavior was defined as lack of bodily move-
ment with all four paws remaining stationary on the floor except
normal respiration. Data were collected and analyzed with experi-
menters blinded to genotype and treatment group.

One day after cued and contextual fear-conditioning tests, mice were
placed in the training context without the footshock for two extinction
trials each day, with a 4 h intertrial interval. Each extinction trial lasted a
total of 10 min, and freezing behavior was recorded during the final 2 min
of each trial. One day after the completion of the 8 d fear extinction trials,

Figure 2. Targeted deletion of erk5 specifically in adult neurogenic regions reduces SGZ neurogenesis. A, Schematic illustration
of experimental design. Tamoxifen or vehicle control was administered to 12-week-old Nestin-CreER™/ERK5 loxP/loxP mice orally,
once per day for 7 d. BrdU was administered 4 d after the last dose of tamoxifen to label newborn neurons. Animals were killed 3
weeks after BrdU injection for immunostaining. B, C, ERK5 immunostaining (green) in the SGZ for vehicle-treated (control) or
tamoxifen-treated (ERK5 icKO) Nestin-CreER™/ERK5 loxP/loxP mice. D, Quantification of total ERK5 � cells per dentate gyrus. The
number of ERK5 � cells in the SGZ is reduced in ERK5 icKO mice. E, F, Representative NeuroD immunostaining (red) in the SGZ of
control and ERK5 icKO mice. Hoechst staining (blue) was used to visualize all nuclei. G, Conditional ERK5 deletion in adult neuro-
genic regions greatly reduces the number of total NeuroD � cells in the SGZ. H, I, Representative BrdU (red) and NeuN (green)
immunostaining in the SGZ of control and ERK5 icKO mice. BrdU and NeuN colabeled cells are yellow. J, The erk5 gene deletion
decreases the total number of adult-born neurons (BrdU and NeuN double-positive cells among total BrdU � population) along the
SGZ. Graphs represent the mean count of quantified cells (�SEM) from two independent experiments (n � 3 per treatment group
per experiment). *p � 0.05; ***p � 0.001. Scale bars: B, C, H, I, 25 �m; E, F, 100 �m.

6446 • J. Neurosci., May 9, 2012 • 32(19):6444 – 6455 Pan et al. • ERK5 in Adult Neurogenesis and Memory Formation



mice were placed in a novel context (trapezoid-
shaped arena with solid gray plastic walls), and
freezing behavior was recorded for 2 min.

Modified cued and contextual fear condition-
ing using weaker electric shock. The same train-
ing and testing setup for cued and contextual
fear conditioning was used as described above,
except that animals were subjected to one to
three successive footshocks (0.3 mA, 2 s each
and separated by 2 min intershock intervals).

Morris water maze assay. This was done as
described with slight modifications (Wu et al.,
1995; M. Zhang et al., 2008). Mice were placed
in a circular pool of water at room temperature
(25°C) (1.2 m diameter, 25 cm deep). The wa-
ter was made opaque using nontoxic white
paint. Three extra-maze cues, different in
shape and size, were uniformly spaced and
placed on the wall surrounding the water tank.
A small escape platform (13 � 8 cm) made of
clear Plexiglas was submerged just below the
surface of the water and maintained in a fixed
location for the entire training session. To be-
gin a trial or test, mice were randomly started
in drop zones, facing the wall, in any of the
three quadrants without the platform. A total
of 32 trials (4 trials per day for 8 consecutive
days) were performed during the training ses-
sion. Mice were allowed to swim for 40 s to find
the platform, or were guided to the platform
after 40 s of the allotted maximum swim time
was reached. Each trial ended after mice were
allowed to stay on the escape platform for 15 s.
A probe test was performed 24 h after the last
training trial in which the escape platform was
removed and mice were allowed to swim for
60 s in search of the escape platform. Reversal
training ensued 24 h after the probe test for a
total of 28 trials (4 trials per day for 7 consecu-
tive days) where the escape platform was
placed in the opposite quadrant from the initial
training session. A reversal probe test was per-
formed 24 h after the last trial of reversal train-
ing. Five hours after the reversal probe test, a
visible platform test consisting of four trials
was performed where a visible platform was
placed above the water surface in a new quad-
rant other than the initial or reversal quadrants
and mice were allowed to swim to locate the
visible platform. In all sessions and tests, mice
were allowed an intertrial interval of 30 min.
All data were collected using ANYmaze soft-
ware (San Diego Instruments) and analyzed
off-line with the experimenter blinded to treat-
ment and genotypes.

Pattern separation assay. This was measured
by the delayed-nonmatching-to-place test us-
ing the eight-arm radial maze (Clelland et al.,
2009; Guo et al., 2011). Mice were food re-
stricted 4 d before beginning the assay until
85–90% of free-feeding body weight was
reached. Each mouse was subjected to four tri-
als per day for 5 consecutive days, with an in-
tertrial interval of 30 min. Each trial was
divided into two phases, a training phase and a
choice phase. During the training phase, six of
eight arms of the radial arm maze were
blocked, leaving the sample arm and start arm
open, separated by 90° from each other. Food

Figure 3. ERK5-positive cells along the SGZ are significantly reduced 3 and 12 weeks after tamoxifen treatment. A–F, ERK5
immunostaining 3 weeks after a 7 d treatment paradigm with vehicle control (A–C, Control) or tamoxifen (D–F, icKO). G–L, ERK5
immunostaining 12 weeks after a 3 � 4 d treatment paradigm with vehicle control (G–I, Control) or tamoxifen (J–L, icKO). Scale
bar, 25 �m. Dashed lines outline the SGZ layer of the dentate gyrus. M, Quantification of total ERK5-positive cells per dentate gyrus.
Data represent mean percentage from two independent experiments; error bars represent SEM with n � 2 animals per treatment
group per time point per experiment. **p � 0.01.
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reward was placed at the end of the sample arm.
Mice were placed in the maze facing the end of
the start arm, allowed to freely explore for 3
min, and were guided to the sample arm unless
they retrieved the food reward from the sample
arm before the 3 min cutoff time. Mice were
allowed to eat for 60 s in the sample arm before
being placed back in their home cage for �30 s,
during which time the maze was rotated 45°
and the arms were cleaned with 5% acetic acid
to minimize odor reference. The choice phase
test was conducted immediately after cleaning,
during which new sample and start arms were
opened and the original arms were blocked,
but the relative location of the arms during the
training phase remained fixed. Additionally, a
test arm was opened and separated by either
one arm (separation 2) or three arms (separa-
tion 4) from the new sample arm. Each mouse
was subjected to the same total number of sep-
aration 2 or 4 tests, although the two separa-
tions were presented randomly in sequence
each day. Food reward was placed at the end of
the test arm during the choice phase. Mice were
placed in the maze facing the end of the start
arm and allowed to make a choice in the maze.
When a mouse entered the test arm, it was
scored as a correct choice, and the mouse was
allowed to eat for 60 s before being removed
from the maze. When a mouse entered the
sample arm, reentered the start arm, or did not
make a choice within 3 min, it was scored as an
incorrect choice. On days 1 and 2, mice that
made an incorrect choice were allowed to self-
correct and explore the maze for a maximum of
3 min before being guided to the test arm and
allowed to eat for 60 s. On days 3–5, mice that
made an incorrect choice were removed from
the maze immediately and not allowed access
to food reward. Correct or incorrect choices
during the choice phase were scored manually with the experimenter
blinded to experimental conditions.

Passive avoidance and remote memory assay. A light/dark chamber
(Coulbourn Instruments) with a guillotine trap door separating the two
chambers was used. A 60 W light bulb was placed over the opening of the
light chamber, whereas the dark chamber was completely covered with
black film. Mice were placed in the light chamber with the trap door
closed and were allowed to freely explore for 1 min, after which the trap
door was opened and the latency to cross over was recorded. Once mice
crossed over into the dark chamber, the trap door was closed, immedi-
ately followed by delivery of a mild footshock (0.7 mA, 2 s); mice then
remained in the dark chamber for an additional 1 min before being
removed and placed in their home cage. Twenty-four hours later, mice
were placed in the light chamber with the trap door closed and were
allowed to freely explore for 1 min. After 1 min, the trap door was
opened, and latency to cross over to the dark chamber was recorded with
a maximum crossover latency cutoff of 5 min. For the remote memory
test, mice were tested 21 d after training using the same procedure as the
24 h test.

Statistical analysis. All data are expressed as mean � SEM from at least
two independent experiments (n � 10 for each treatment group per
genotype) for in vivo behavior experiments, or n � 3 for in vivo cellular
quantification data. Student’s t test was used to analyze in vivo cellular
data. Two-way ANOVA with repeated measures was used to analyze data
for all the water maze tests (except the probe test) and fear extinction
assays. One-way ANOVA with Fisher’s least significant difference post
hoc analysis (� � 0.05) was used to analyze all other behavior data [n.s.,
not significant ( p � 0.05); *p � 0.05; **p � 0.01; ***p � 0.001].

Results
ERK5 expression in the adult mouse brain
ERK5 expression was examined by immunohistochemistry using
an affinity-purified ERK5-specific antibody. ERK5 protein was
found along the SVZ and the SGZ of the dentate gyrus in the adult
mouse brain (Fig. 1A–D). However, ERK5 was not expressed
outside of the adult neurogenic regions, including the cortex and
striatum (Fig. 1E–H). This unique pattern of expression sug-
gested an important function for ERK5 in adult neurogenesis.

Conditional targeting of ERK5 in adult neurogenic regions
attenuates adult neurogenesis in the SGZ
To investigate a role for ERK5 signaling in adult neurogenesis
in vivo, we crossed Nestin-CreER™ mice (Kuo et al., 2006)
with erk5 floxed allele mice (X. Wang et al., 2006) to yield
Nestin-CreER™/ERK5 loxP/loxP mice. After tamoxifen treat-
ment, the erk5 gene is conditionally knocked out (ERK5 icKO)
specifically in Nestin-expressing neural stem cells in the adult
brain of this mouse strain. Thus, erk5 deletion is temporally
and spatially regulated and restricted to the adult neurogenic
regions, limiting potential side effects on other areas of the
brain during embryonic development.

Male Nestin-CreER™/ERK5 loxP/loxP mice were treated with
vehicle (control) or tamoxifen to induce Cre-mediated recombina-
tion of erk5 in Nestin-expressing neural stem cells. In a separate
set of experiments, tamoxifen administration to Nestin-CreER™/

Figure 4. Baseline motor activity and habituation, monitored via the open-field activity test, is not affected in ERK5 icKO mice.
A, Schematic illustration of the experimental design. Tamoxifen or vehicle was administered to 12-week-old Nestin-CreER™/
ERK5 loxP/loxP mice orally, 4 d in each cycle, for a total of three cycles with 2 week intercycle intervals. Animals were subjected to
behavior assays 2 weeks after the last dose of tamoxifen. B, Total floor plane movement on day 1 (d1), d2, and d3. C, Total time
spent along the margins of the open field. D, Total distance traveled. E, Average traveling speed. Data represent the mean of two
independent experiments with n � 10 animals per treatment group per experiment.
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R26-YFP loxP/loxP reporter mice confirmed the specificity of
tamoxifen-induced, Nestin-CreER™-mediated recombination
(data not shown). Tamoxifen treatment did not affect the general
health and overall appearance among littermates. A 7 d tamox-
ifen treatment decreased the number of ERK5� cells in the SGZ
by 65% compared with vehicle controls (Fig. 2A–D; t test, p �
0.001). This was accompanied by a significant reduction in the
total number of NeuroD� cells (Fig. 2E–G; t test, p � 0.028) and
adult-born, mature neurons (NeuN and BrdU double-positive
cells among total BrdU� population) along the SGZ (Fig. 2 H–J;
t test, p � 0.023). NeuroD is a marker for transiently amplify-
ing progenitors and/or newborn neurons, whereas NeuN is a
marker for mature neurons. These data suggest a critical role
for ERK5 in promoting adult neurogenesis in the SGZ in vivo.

ERK5 icKO mice had no memory for novel objects measured
48 h after training
To examine the effect of conditional erk5 deletion on hippo-
campus-dependent animal behavior, we used a modified tamox-
ifen dosing regimen (Imayoshi et al., 2008) to ensure prolonged
erk5 gene deletion and a cumulative loss of ERK5� cells over a
period of time in the neurogenic regions. Tamoxifen was admin-
istered once per day for 4 d in each cycle, for a total of three cycles
with a 2 week intercycle interval (Fig. 3). The number of ERK5�

cells along the SGZ was reduced 80% even 3 months after the last
dose of tamoxifen treatment (Fig. 3M; t test, p � 0.005 for 3 week
and p � 0.007 for 3 month analysis), which provided a relatively
large time window (at least 3 months) for behavior tests.

We first assessed motor function of ERK5 icKO and control
mice and found no statistically significant differences in their-
open field activities or their ability to habituate to the open field
in 3 consecutive days (Fig. 4B, one-way ANOVA, F(1,2) � 22.16,
p � 0.13; Fig. 4C, F(1,2) � 1.32, p � 0.46; Fig. 4D, F(1,2) � 29.51,
p � 0.12; Fig. 4E, F(1,2) � 29.51, p � 0.12). Furthermore, ERK5
icKO mice exhibited no defects in memory for novel objects mea-
sured 1 h after training (Fig. 5A,B; one-way ANOVA, F(1,27) �
58.6, p � 0.001 for control mice and F(1,19) � 42.11, p � 0.001 for
ERK5 icKO mice in Fig. 5B) or 24 h after training (Fig. 5C,D;
one-way ANOVA, F(1,13) � 11.5, p � 0.005 for control and
F(1,19) � 9.08, p � 0.007 for ERK5 icKO in D). The lack of any
deficits in memory for novel objects measured 1 and 24 h after
training, in the open-field test and open-field habituation, sug-
gests that ERK5 icKO mice have no defects in vision and general
mobility and are not ataxic.

Interestingly, ERK5 icKO mice had no memory for novel ob-
jects measured 48 h after training (Fig. 5E,F; one-way ANOVA,
F(1,13) � 30.36, p � 0.001 for control and F(1,19) � 0.0062, p �
0.94 for ERK5 icKO in Fig. 5F), suggesting that ERK5 icKO mice
may be deficient in longer-term memory.

Inducible and conditional deletion of the erk5 gene interferes
with a challenging form of contextual fear memory and
contextual fear extinction
Animals were subjected to contextual fear conditioning (Fig.
6 A), a form of hippocampus-dependent learning and mem-
ory. In initial experiments, mice were trained with a single 0.7
mA, 2 s footshock, which is a standard method used in con-
textual fear conditioning (Shan et al., 2008). Using this train-
ing protocol, ERK5 icKO mice did not exhibit defects in
memory for contextual fear measured 24 h after training (Fig.
6 B; one-way ANOVA, F(1,17) � 1.30, p � 0.27). The contextual
memory for both ERK5 icKO and control mice was context

specific since the mice did not show training-induced de-
creases in mobility when tested in a novel context 24 h after
training (Fig. 6C; one-way ANOVA, F(1,17) � 1.31, p � 0.27).
These data are consistent with other data using the 0.7 mA
footshock paradigm reporting that adult neurogenesis is not
required for contextual fear conditioning (Dupret et al., 2008;
C. L. Zhang et al., 2008; Deng et al., 2009). Furthermore,
memory for auditory-cued fear conditioning, a form of amygdala-
dependent but hippocampus-independent learning and mem-
ory, was also unaffected in ERK5 icKO mice (Fig. 6 D; one-way
ANOVA, F(1,17) � 0.15, p � 0.71).

Figure 5. ERK5 icKO mice are deficient in the memory for novel object tested at 48 h after
training. A, B, Memory for novel object 1 h after training is not affected in ERK5 icKO mice. A,
During the training session, control and ERK5 icKO mice were presented with two objects, A and
B, for 5 min, and the percentage of time spent exploring each object was quantified. B, During
the test session, conducted 1 h later, control and ERK5 icKO mice were presented again with two
objects, A (familiar) and C (novel), for 5 min, and the percentage of time spent exploring each
object was quantified. C, D, Memory for the novel object 24 h after training is not affected in
ERK5 icKO mice. C, A new cohort of mice was used. The training session was conducted for
10 min with objects A	 and B	, and exploration time was quantified. D, The test session
was conducted 24 h later with objects A	 and C	 for 10 min. E, F, ERK5 icKO mice have no
memory for the novel object 48 h after training. E, After the 24 h test, animals were trained
with objects A
 and B
 for 10 min. F, The test session with presentations of objects A
 and
C
 was performed 48 h later. Data represent mean exploration time from three indepen-
dent experiments with n � 8 animals per treatment group per experiment. n.s., Not
significant. **p � 0.01; ***p � 0.001.
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Although targeted deletion of ERK5
did not affect the formation of contextual
fear memory, ERK5 icKO mice were im-
paired in contextual fear extinction (Fig.
6E; two-way ANOVA, F(1,8) � 17.68, p �
0.003). This is consistent with another re-
port implicating adult neurogenesis in
contextual fear extinction (Deng et al.,
2009). The contextual memory that per-
sisted after fear extinction trials was con-
text dependent since neither ERK5 icKO
nor control mice showed increased freez-
ing when exposed to a novel context after
the 8 d fear extinction training (Fig. 6F;
one-way ANOVA, F(1,17) � 3.27, p �
0.09).

Contextual fear memory generated
with a single 0.7 mA footshock is a very
strong (thus relatively easy) form of epi-
sodic memory that persists up to 11 weeks
(Shan et al., 2008). Contextual fear extinc-
tion is a distinct form of hippocampus-
dependent learning and memory (Fischer
et al., 2007). It may be more challenging
than contextual fear conditioning because
it is an active form of forgetting in which
the animals learn to dissociate the context
from the footshock. For example, al-
though it took only a single 0.7 mA foot-
shock to establish the initial contextual
fear memory, it took repeated trials of
context exposure over the course of 8 d
without the footshock for this memory to
undergo extinction in control mice. This
prompted us to investigate whether tar-
geted deletion of ERK5 interferes with
contextual fear memory when mice are
subjected to a more challenging form of contextual memory
training. We examined the sensitivity of wild-type C57/BL6 mice
to contextual fear conditioning using a weaker aversive stimulus,
0.3 mA footshock. When C57/BL6 mice were trained for contex-
tual fear memory using a 2 s, 0.3 mA footshock, they had to be
shocked three times to generate contextual memory as strong as
that generated with a single 2 s, 0.7 mA footshock (Fig. 7A,B).
Thus, contextual fear training using the 0.3 mA footshock is a
weaker training paradigm and more difficult compared with the
single 0.7 mA footshock.

Interestingly, when ERK5 icKO mice were trained for contex-
tual fear memory using this more challenging protocol (three
times, 0.3 mA footshocks, 2 s each), they responded to the shocks
as well as control mice during the three-shock training session
(data not shown). However, memory for contextual fear, mea-
sured 24 h after training, was significantly reduced in ERK5 icKO
mice (Fig. 7C; one-way ANOVA, F(1,18) � 7.13, p � 0.01). The
remaining fear memory was still context specific because animals
did not freeze in a novel context (Fig. 7D; one-way ANOVA,
F(1,12) � 0.72, p � 0.41) and erk5 deletion did not affect cued-fear
conditioning(Fig.7E;one-wayANOVA,F(1,12)�2.00, p � 0.18). The
fact that the freezing response immediately after each shock and
cued memory were normal in ERK5 icKO mice suggests that the
mutant mice exhibit shock sensitivity comparable to control
mice. Collectively, these data indicate that targeted deletion of
erk5 attenuates contextual fear extinction and the formation

of contextual memory generated by a more demanding train-
ing protocol using a weaker shock paradigm than normally
used in contextual fear conditioning.

Effects of conditional erk5 deletion on spatial learning
and memory
Animals were subjected to the Morris water maze test (Fig. 8),
a spatial learning and memory task that is also hippocampus
dependent. Although ERK5 icKO mice initially took a little
longer to locate the hidden platform on day 1, they learned to
locate the hidden platform almost as well as control mice over-
all over the course of an 8 d training period (Fig. 8 B; two-way
ANOVA, F(1,7) � 3.10, p � 0.12). There was also no significant
difference when ERK5 icKO and control mice were subjected
to a probe trial 24 h after training (Fig. 8C; one-way ANOVA,
F(7,146) � 58.71, p � 0.12).

We then subjected animals to reversal training in which the
hidden platform was moved to the opposite location. Reversal
training may be more demanding than the initial hidden plat-
form training because the mice need to actively forget the old
location of the hidden platform and learn to find it in a new
location. Interestingly, ERK5 icKO mice swam longer distances
than control mice to find the new platform during a 7 d period of
reversal training (Fig. 8D; two-way ANOVA, F(1,6) � 5.56, p �
0.05). Furthermore, whereas control mice spent much more time
in the new target quadrant than in the old one during the subse-
quent probe test, ERK5 icKO mice spent the same amount of time

Figure 6. ERK5 icKO mice are compromised in contextual fear extinction. A, Schematic illustration of the standard fear-
conditioning paradigm where animals were subjected to one 0.7 mA, 2 s footshock. B, Control and ERK5 icKO mice have similar
levels of contextual fear memory 24 h after training. C, Neither control nor ERK5 icKO mice froze when placed in a novel context 24 h
after training. D, Control and ERK5 icKO mice showed similar cued-fear response 24 h after training. E, However, fear extinction was
impaired in ERK5 icKO mice. Day 0, Day of contextual fear testing; day 1, first day animals were subjected to fear extinction training.
F, The freezing response that persisted after fear extinction trials was context specific because animals did not freeze in a novel
context on day 9, 1 d after the completion of the fear extinction trials. Data are mean � SEM from two independent experiments
with n � 8 animals per treatment group per experiment. n.s., Not significant. **p � 0.01; ***p � 0.001.
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searching in both quadrants (Fig. 8E,G; one-way ANOVA,
F(7,145) � 14.31, p � 0.002 for Fig. 8E between control and ERK5
icKO mice; F(7,145) � 14.31, p � 0.001 for control mice between
old and new quadrants; F(7,145) � 14.31, p � 0.143 for ERK5 icKO
mice between old and new quadrants). Consistently, ERK5 icKO
mice spent less time in the target platform zone than control mice
during the reversal probe test (Fig. 8F; one-way ANOVA,
F(1,31) � 0.85, p � 0.36 for the probe test and F(1,31) � 8.26, p �
0.007 for the reversal probe test). These data suggest that ERK5
icKO mice exhibit impaired acquisition of newer spatial informa-
tion and did not learn the new location of the hidden platform as
well as control mice. However, ERK5 icKO mice swam similar
total distances with similar speed as control mice measured dur-
ing the first probe test and the reversal probe test (data not
shown). Furthermore, ERK5 icKO mice performed equally well
as the control mice in the visible platform test, performed 1 d
after the reversal probe test (data not shown). Thus, the defi-
ciency of ERK5 icKO mice in acquisition of newer spatial infor-
mation in the reversal hidden platform test was not attributable
to a procedural learning deficit, their lack of ability to swim, or
motivation to escape from the water.

ERK5 icKO mice are deficient in pattern separation
ERK5 icKO mice were subjected to the radial arm maze pattern
separation assay, a form of spatial learning and memory that is
dentate gyrus dependent (Farioli-Vecchioli et al., 2008; Clelland

et al., 2009; Guo et al., 2011) (Fig. 9A). Pattern separation is
the process of transforming similar representations or mem-
ories into highly dissimilar, nonoverlapping representations.
Thus, it is also considered a difficult form of hippocampal
memory formation (Clelland et al., 2009; Guo et al., 2011).
ERK5 icKO mice displayed a deficit in this form of pattern
separation at both separations 2 and 4 (Fig. 9B; one-way
ANOVA, F(3,63) � 3.94, p � 0.012).

Remote fear memory is impaired in ERK5 icKO mice
Passive avoidance is another form of hippocampus-dependent
fear conditioning. We analyzed ERK5 icKO mice for their ability
to learn this task and to retain remote fear memories (Fig. 10). A
mild footshock (0.7 mA, 2 s) was delivered once mice crossed
over into the dark chamber during training. ERK5 icKO mice
showed similar crossover latency as control mice when tested 24 h
after training, suggesting that they learned the task and can re-
trieve the memory. Interestingly, ERK5 icKO mice showed no
remote memory measured 21 d after training (one-way ANOVA,
F(5,40) � 40.34, p � 0.001). These data define a new role for adult
neurogenesis in the expression of remote memory.

Discussion
New neurons are constantly born in the dentate gyrus of the
hippocampus in the adult mammalian brain. However, the func-
tional impact of these adult-born neurons on hippocampus-
dependent functions is still an open question. Furthermore,
signaling mechanisms regulating adult neurogenesis are incom-
pletely defined. Our goal was to investigate the role of ERK5 MAP
kinase in the regulation of adult hippocampal neurogenesis and
associated physiological functions.

Here we report that the expression of ERK5 MAP kinase is
restricted to the two neurogenic regions in the adult mouse brain.
This pattern of expression distinguishes ERK5 from other signal-
ing molecules implicated in adult neurogenesis, including Neu-
roD, sonic hedgehog, and Wnt, which are more widely expressed
in the brain (Kenney et al., 2004; Lie et al., 2005; Gao et al., 2009;
Suh et al., 2009). It also suggests that ERK5 may regulate adult
neurogenesis. Indeed, conditional deletion of the erk5 gene, spe-
cifically in the neurogenic regions, attenuated adult hippocampal
neurogenesis in vivo.

Although several studies have attempted to assess the role of
adult neurogenesis in hippocampus-dependent memory forma-
tion, the results have been inconsistent (Deng et al., 2010; Leuner
and Gould, 2010). For example, although some studies showed
that ablation of adult neurogenesis interferes with contextual fear
response (Imayoshi et al., 2008), contextual fear memory (Saxe et
al., 2006), contextual trace memory (Guo et al., 2011), contextual
fear extinction (Deng et al., 2009), and contextual fear memory
transfer out of the hippocampus (Kitamura et al., 2009), other
studies suggest that inhibition of adult neurogenesis does not
affect contextual fear conditioning (Shors et al., 2002; Dupret et
al., 2008; C. L. Zhang et al., 2008; Deng et al., 2009; Jaholkowski et
al., 2009). Several factors may contribute to these seemingly con-
tradictory results, including design of the behavior studies. Here,
we sought to examine the effects of targeted erk5 deletion on
contextual fear memory by directly comparing two paradigms
that have been used in previous reports, one time 0.7 mA, 2 s
versus three times 0.3 mA, 2 s each (Imayoshi et al., 2008; Deng et
al., 2009). Interestingly, ERK5 icKO mice show reduced contex-
tual fear memory using the three times 0.3 mA, 2 s footshock but
not the one time 0.7 mA, 2 s footshock.

Figure 7. ERK5 icKO mice exhibit reduced contextual fear memory when animals were
trained with weaker electric footshocks. A, Schematic illustration of the modified cued-
contextual fear-conditioning paradigm using 0.3 mA shock intensity delivered up to three
times. B, C57BL/6 mice were subjected to one, two, or three footshocks (0.3 mA, 2 s each), with
2 min intershock intervals to generate a dose-dependent fear-conditioning response. Freezing
behavior in the same context but without footshock was recorded 24 h later. For subsequent
experiments in C–E, animals were subjected to three footshocks (0.3 mA, 2 s each), with 2 min
intershock intervals. C, When placed into the same shocking context 24 h later, contextual fear
memory was reduced in ERK5 icKO mice. D, The fear memory was context specific because
animals did not freeze when placed into a novel context 24 h after training. E, Memory for the
hippocampus-independent, auditory-cued fear conditioning measured 24 h after training was
unaffected in ERK5 icKO mice. Data are mean � SEM from two independent experiments with
n � 6 per treatment group per experiment. **p � 0.01.
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Adult neurogenesis has also been im-
plicated in spatial learning and memory in
some studies (Dupret et al., 2008; Farioli-
Vecchioli et al., 2008; Imayoshi et al.,
2008; C. L. Zhang et al., 2008; Clelland et
al., 2009; Garthe et al., 2009; Jessberger et
al., 2009; Creer et al., 2010; Guo et al.,
2011), but not in others (Shors et al., 2002;
Meshi et al., 2006; Saxe et al., 2006; Denis-
Donini et al., 2008; Jaholkowski et al.,
2009). In addition to the differences in ex-
perimental design of behavior assays, sev-
eral other factors may contribute to these
contradictory results, including the speci-
ficity of the methods used to ablate adult
neurogenesis. Many early studies used
X-irradiation or antimitotic drugs to
ablate adult neurogenesis. Although
these methods are effective at reducing
adult neurogenesis, they are not specific to
adult neural progenitor cells (aNPCs) and
can affect other neurons. These treatments
may also lead to significant side effects,
including neural inflammation. More re-
cent studies used transgenic expression of
a lethal gene, such as diphtheria toxin us-
ing the Nestin-CreER T2;NSE-DTA mice
(Imayoshi et al., 2008), thymidine kinase
(Saxe et al., 2006; Deng et al., 2009), or the
pro-apoptotic protein Bax (Dupret et al.,
2008) to kill adult-born cells. Although
these approaches are more specific to aN-
PCs than irradiation or antimitotic drugs,
greatly increased cell death in the dentate
gyrus may interfere with normal hip-
pocampal function. In other studies, a
specific gene, such as cyclin D2, Wnt, TLX,
or PI3K, was deleted or inhibited (Denis-
Donini et al., 2008; C. L. Zhang et al.,
2008; Jaholkowski et al., 2009; Jessberger
et al., 2009). However, these genes are also
expressed in neurons of the brain, and the
deletion or inhibition of these genes in
mice may not be restricted to aNPCs. The
off-target effects associated with these ap-
proaches may contribute to ambiguity in
interpretation of the results.

The contradictory results in the liter-
ature regarding the functional impact
of adult-born neurons on hippocampus-
dependent function necessitated studies
using more specific genetic approaches
with less off-target side effects to manipu-
late adult neurogenesis. One strategy uses
transgenic mouse technology to condi-
tionally disrupt a specific gene both tem-
porally and spatially in adult neurogenic regions. Indeed, a recent
study used this approach to delete fragile X mental retardation
protein (FMRP), a protein that is enriched in neurons but also
expressed in adult neural stem cells. This study reported evidence
that adult neurogenesis contributes to learning and memory
(Guo et al., 2011). A superior strategy to disrupt adult neurogen-
esis would be to identify a signaling molecule that is only ex-

pressed in neurogenic regions of the brain that is required for
adult neurogenesis and to conditionally disrupt that gene in adult
neurogenic regions. The present study identifies ERK5 MAP ki-
nase as such a molecule. We have demonstrated spatially and
temporally controlled deletion of erk5 in the neurogenic regions
of the adult brain, which led to significant inhibition of adult
neurogenesis in the dentate gyrus.

Figure 8. ERK5 icKO mice show impaired learning of newer spatial information. A, Schematic depiction of the experimental
design. Mice were subjected to 8 d of training [4 sessions per day, 30 min intersession interval, from day 1 (d1) to d8] in the hidden
platform water maze. A probe test was conducted 24 h later. Mice were then subjected to 7 d of reversal training (4 sessions per day,
30 min intersession interval) where the escape hidden platform was relocated to the opposite quadrant of the water maze. This was
followed by the reversal probe test and visible platform test. B, Target (in quadrant 1) acquisition in the hidden platform, quantified
as swim distance to platform, was similar in control and ERK5 icKO mice, demonstrating similar spatial learning. C, ERK5 icKO mice
spent a similar amount of time in the virtual target quadrant as control mice in the probe test, suggesting that ERK5 icKO mice
retained the spatial memory. D, Swim distance to escape in the reversal hidden platform training where the hidden platform was
moved to quadrant 3. ERK5 icKO mice swam longer distances, suggesting impaired learning of newer spatial information. E,
Control but not ERK5 icKO mice spent significantly more time in the new virtual target quadrant 3 than in the previous virtual target
quadrant 1 during the reversal probe test. F, ERK5 icKO mice spent less time in the target platform zone than control mice during
the reversal probe test. G, Representative computer-generated tracing of the swim-and-search pattern of control versus ERK5 icKO
mice in the initial probe test and the reversal probe test. Data are mean � SEM from two independent experiments with n � 10
per treatment group per experiment. n.s., Not significant. *p � 0.05; **p � 0.01; ***p � 0.001.
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Our data showed that ERK5 icKO mice do not exhibit general
behavioral defects in the open-field activity assay or open-field
habituation, memory for novel object at 1 and 24 h, cued-fear
conditioning, contextual fear conditioning using a 0.7 mA foot-
shock, or the acquisition of the initial spatial learning and mem-
ory in Morris water maze training. Thus, these mice have no
defects in vision, general mobility, general curiosity, ability to
swim, motivation to escape from the water, or procedural learn-
ing, and they are not ataxic.

However, it is interesting that targeted deletion of erk5
interfered with novel object memory measured 48 h after
training, contextual fear extinction, contextual fear memory
from weaker footshocks (0.3 mA), reversal water maze test,
and pattern separation. These data suggest that ERK5 knock-
out mice are deficient in several forms of hippocampus-
dependent memory, which share the property of being more
challenging. Several studies have implicated the dentate gyrus
in pattern separation (Clelland et al., 2009; Creer et al., 2010;
Guo et al., 2011). Data presented in this study provide addi-
tional genetic evidence supporting a role for adult neurogen-
esis in this dentate gyrus-dependent function. The fact that
erk5 deletion interferes with fear extinction and reversal of
hidden platform training suggests that adult neurogenesis may
be important for learning that requires active forgetting of a
prior memory.

How enduring long-term, or remote memory is formed is an
important question. Although recent studies have shed light on
mechanisms responsible for the formation of recent hippo-
campus-dependent memories, much less is known regarding
how recent memories are transformed into remote memories
(Frankland and Bontempi, 2005). We discovered that although
ERK5 icKO mice have normal fear memory 1 d after training in
the passive avoidance assay, their remote memory at 21 d was
completely disrupted. These data are the first demonstration that
adult neurogenesis contributes to the expression of remote
memory.

Together, our data identify ERK5 MAP kinase as a novel sig-
naling pathway regulating adult neurogenesis in the dentate
gyrus and demonstrate a causal relationship between ERK5-
regulated adult neurogenesis and the expression of remote
memory as well as several challenging forms of hippocampus-
dependent memory formation, including fear extinction. This
study also provides the first evidence for a physiological function
of ERK5 in vivo in the adult mammalian brain.
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Dupret D, Fabre A, Döbrössy MD, Panatier A, Rodríguez JJ, Lamarque S,
Lemaire V, Oliet SH, Piazza PV, Abrous DN (2007) Spatial learning
depends on both the addition and removal of new hippocampal neurons.
PLoS Biol 5:e214.

Dupret D, Revest JM, Koehl M, Ichas F, De Giorgi F, Costet P, Abrous DN,
Piazza PV (2008) Spatial relational memory requires hippocampal adult
neurogenesis. PLoS One 3:e1959.

Farioli-Vecchioli S, Saraulli D, Costanzi M, Pacioni S, Cinà I, Aceti M, Micheli
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