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Abstract

Although there is evidence that adult neurogenesis contributes to the therapeutic efficacy of chronic antidepres-
sant treatment for anxiety and depression disorders, the role of adult neurogenesis in the onset of depression-
related symptoms is still open to question. To address this issue, we utilized a transgenic mouse strain in which
adult neurogenesis was specifically and conditionally impaired by Nestin-CreER-driven, inducible knockout (icKO)
of erk5 MAP kinase in Nestin-expressing neural progenitors of the adult mouse brain upon tamoxifen adminis-
tration. Here, we report that inhibition of adult neurogenesis by this mechanism is not associated with an increase
of the baseline anxiety or depression in non-stressed animals, nor does it increase the animal’s susceptibility to
depression after chronic unpredictable stress treatment. Our findings indicate that impaired adult neurogenesis
does not lead to anxiety or depression.
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New neurons are continuously born in two regions of the adult mammalian brain, the hippocampus and the
olfactory bulb, through a process called adult neurogenesis. These adult-born neurons are critical for
learning and memory, as well as olfaction. Furthermore, an increase in adult neurogenesis likely contributes
to the therapeutic efficacy of chronic antidepressants. However, whether impaired adult neurogenesis
underlies the etiology of anxiety and depression is still unclear. This study aims to address this question by
utilizing a genetic mouse model in which the production of adult-born neurons is inducibly and selectively
impaired. Our data suggest that impaired adult neurogenesis alone does not contribute to anxiety or
Kdepression, nor does it increase depression after chronic stress. /
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eral ventricles in mammalian brains (Altman and Das,
1965; Alvarez-Buylla et al., 1988). Adult-born neurons in
the dentate gyrus functionally integrate into the hip-
pocampal circuitry and play a critical role in cognitive
processes such as contextual and spatial memory and
pattern separation. Interestingly, there is also a link be-
tween adult neurogenesis and psychiatric disorders in-
cluding anxiety and depression (Kheirbek et al., 2012;
Petrik et al., 2012). Sustained stress exposure not only
induces maladaptive fear responses and depression, but
it also decreases the production and survival of adult-
born hippocampal neurons in animal models (Duman,
2004; Warner-Schmidt and Duman, 2006). Furthermore,
treatment of anxiety/depression with antidepressants nor-
malizes the level of adult neurogenesis (Czéh et al., 2001;
David et al., 2009; Koo et al., 2010; Garza et al., 2011).
Studies that combined depression animal models and
neurogenesis-ablation animal models suggest that intact
adult neurogenesis is critical for antidepressant-mediated
reversal of the depressive state (Santarelli et al., 2003;
David et al., 2009; Revest et al., 2009; Koo et al., 2010;
Surget et al., 2011).

Despite these exciting discoveries, conflicting evidence
exists regarding a direct link between impairment of adult
neurogenesis and the etiology of depression/anxiety. For
example, although a recent study supports a causal role
for decreased adult neurogenesis in depression (Snyder
et al.,, 2011), other studies in the literature report the
absence of depression-like behavior in animals with im-
paired adult neurogenesis (Santarelli et al., 2003; Surget
et al., 2008; David et al., 2009; Jayatissa et al., 2010;
Surget et al., 2011; lascone et al., 2013; Jedynak et al.,
2014; Pascual-Brazo et al., 2014). Furthermore, stress
does not always decrease adult neurogenesis (Reif et al.,
2006; Lagace et al., 2010). The increase in adult neuro-
genesis caused by exercise is paradoxically associated
with an increased level of anxiety (Fuss et al., 2010), and
some effects of antidepressants are neurogenesis-
independent (David et al., 2009; Mendez-David et al.,
2013; Jedynak et al., 2014). There is a general consensus
that adult-born neurons in the dentate gyrus contribute to
efficacy of antidepressants in the treatment of anxiety and
depression. However, the participation of adult hip-
pocampal neurogenesis in the onset of anxiety and
depression-related symptoms is still not clear. Whether
adult neurogenesis is involved in the modulation of base-
line anxiety and depression or in maintaining appropri-
ate emotion and mood in the context of stress are key
unanswered questions. Further studies using different
neurogenesis-ablation strategies and multiple anxiety and
depression animal models are needed to clarify this issue.
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ERKS5 is a MAP kinase whose expression in the adult
brain under normal physiological conditions is limited to
the neural stem/progenitor cells, transiently amplifying
progenitors, and/or newborn neurons in the adult neuro-
genic regions; it is not expressed in mature neurons in the
adult brain (Pan et al., 2012b; Pan et al., 2012c; Pan et al.,
2012d; Li et al., 2013). Tamoxifen administration to adult
Nestin-CreER™/ERK5'*F"*XF mice leads to inducible de-
letion of erk5 in the adult brain (Pan et al., 2012b; Pan
et al.,, 2012c; Pan et al.,, 2012d; Li et al., 2013). This
deletion is specific to Nestin-expressing neural progeni-
tors, occurs only after tamoxifen administration, and sus-
tains for at least 3 months. Deletion of erk5 disrupts adult
neurogenesis in hippocampus as well as the subventricu-
lar zone, and impairs multiple forms of hippocampus-
dependent learning and memory, including contextual
fear memory, spatial learning and memory, and pattern
separation (Pan et al., 2012c; Pan et al., 2012a, 2013).

To investigate whether the impairment of adult neuro-
genesis in ERK5 inducible knockout (icKO) mice is asso-
ciated with anxiety and depression-like behaviors, we
subjected the mice to a series of behavioral tests to
evaluate their anxiety and depression. We report that
inhibition of adult neurogenesis by erk5 deletion does not
induce anxiety or depression-like behaviors in non-
stressed animals, nor does it increase an animal’s sus-
ceptibility to depression in the context of stress.

Materials and Methods

Animals

Nestin-CreER™ (Kuo et al., 2006) and ERK5/©F/loxP
(Wang et al., 2005) mice were crossed to yield Nestin-
CreER™/ERK5'*F'* animals. Nestin-CreER™/ERK5'*F/*
mice were further crossed with ERK5>F"°*F mice to yield
homozygous  Nestin-CreER™/ERK5'>F/oF  gnimals,
which were used for experimental breeding. These mouse
strains were the same as previously described (Pan et al.,
2012a; Pan et al., 2012b; Pan et al., 2012c; Pan et al.,
2012d; Li et al., 2013). All animal experiments were per-
formed with identically treated and handled littermate
controls. Because there may be sex differences in adult
neurogenesis (Barha et al., 2011; Roughton et al., 2012;
Hillerer et al., 2013) and there are generally more individ-
ual variations using female mice in behavior tests because
of their short estrous cycles, we only used male mice for
behavioral tests in this study to reduce variation and the
number of animals needed. A small cohort of Nestin-
CreER™/ERK5/>F/oF mjice were also bred with
Gt(ROSA)26Sor-YFP (R26-YFP) mice (Srinivas et al., 2001) to
yield Nestin-CreER™/ERK5>F"1oP/R26-YFP*F">F mice (Li
et al., 2013) for cellular studies. Unless specified, mice
were group housed under standard conditions (12 h light/
dark cycle) with food and water provided ad libitum. All
animal procedures were performed according to the reg-
ulation of the authors’ university’s animal care committee.

Administration of tamoxifen

To initiate Cre-mediated recombination, 10- to 12-
week-old mice were dosed with 200 mg/kg tamoxifen or
vehicle (corn oil with 2% acetic acid) via oral gavage once
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per day for 4 d per cycle, for a total of three cycles with a
2 week inter-cycle interval (3 X 4 d), exactly as previously
described (Pan et al., 2012c; Pan et al., 2012d; Li et al.,
2013; Wang et al., 2013). The tamoxifen administration to
most of the animals (cohorts 2-4) was performed by the
same investigator (Dr. Pan) as in previous studies (Pan
et al., 2012a; Pan et al., 2012b; Pan et al., 2012c; Pan
et al., 2012d). The tamoxifen-treated Nestin-CreER™/
ERK5'*F/oXF mice were designated as the ERK5 inducible
and conditional knock-out (icKO) mice, while vehicle-
dosed littermates of the same genotype or tamoxifen-
treated ERK5'°XF/*F |ittermates were used as controls for
all behavioral experiments (see Fig. 1 for controls included
in each cohort).

Animal behavior tests

Four different cohorts of mice were used for behavior
tests in this study (Fig. 1). A timeline for each cohort,
showing the order of behavior tests and the length of time
between each behavioral assay is illustrated in Figure 1.
There was no statistically significant difference between
the body weight of control and ERK5 icKO mice. For
example, at the end of all behavioral tests for cohort 3
mice, the average body weight was 23.963 +0.693 g
(mean = SEM) for control and 23.238 + 0.466 g (mean =
SEM) for ERK5 icKO, p > 0.05. The light levels (lux) for
each behavioral test are: open field: 250 lux; elevated-plus
maze: 250 lux; dark/light box: light chamber: 300 lux;
sucrose splash test: 250 lux; sucrose preference test: 250
lux; forced-swim test: 250 lux; tail suspension test: 250
lux; novelty-induced hypophagia: 1000 lux; novelty-
suppressed feeding: 1000 lux.

Open-field assay

The assay was performed 2 weeks after the last dose of
tamoxifen. Mice were placed in an unfamiliar arena with
clear side walls (10 X 10 X 16 inch; TruScan) and were
allowed to freely explore the arena for 20 min. They were
returned to their home cages after the test. Their locomo-
tor activity was tracked by photo beams preinstalled to
the arena and then analyzed by TruScan Software (Coul-
bourn Instruments).

Elevated-plus maze

A beige elevated-plus maze apparatus was used for this
experiment (San Diego Instruments). The maze consists
of two perpendicular open arms, two perpendicular
closed arms, and a center area. Each arm measures 50 X
5 cm and the center area measures 5 X 5 cm. The
one-third distal portion of the two open arms and the two
closed arms were defined as the open ends and the
closed ends, respectively. The maze was placed in the
center of a room with its stage 40 cm above the floor level
and all the arms at least 50 cm away from any object in the
room. Animals were placed in the center of the maze
facing toward one of the open arms and allowed to freely
explore the stage for 5 min. A video camera was installed
on the ceiling of the room and directly above the center of
the maze. The video camera was connected with a com-
puter and ANY-maze software (San Diego Instruments)
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was used to track and analyze the movement in a real-
time mode.

Dark/light exploration assay

The test was conducted in a two-chamber shuttle box
with an opaque divider in the middle (Coulbourn Instru-
ments). Each chamber measures 17 X 17 X 33 cm. An
opening measuring 6 X 6 cm was located at the center
bottom of the divider. The walls of one chamber were
made of black plexiglass while those of the other chamber
were transparent. The ceiling of the box was made of a
sheet of aluminum with a round hole measuring 1 cm in
diameter over the center of the light chamber. Mice were
habituated in the room for 1 h before the test with the
room lights off. During the test, the room was not illumi-
nated but the light compartment was lit by a 60W bulb
closely placed over the hole on the ceiling. During the test,
a mouse was first placed into the dark chamber and
allowed to freely travel between the chambers for 5 min.
The time spent in the light chamber was scored.

Splash test

The splash test was performed by splashing a sucrose
solution on the animal’s belly. Briefly, mice were split into
individual cages and singly housed for at least 1 week
prior to the test. On the day of testing, mice were
splashed with a 10% sucrose solution on their belly using
a wooden cotton-tipped applicator and quickly returned
to the home cages. Grooming behavior, defined as touch-
ing, scrubbing, or licking the belly with snout, was moni-
tored for 5 min. The latency to the first groom, the number
of grooms, and total duration of the grooming were re-
corded by an experimenter blind to the genotype and
treatment of the mice.

Sucrose preference assay

Mice were given access to both plain water and a sucrose
solution and their preference for the sucrose solution was
quantified. Briefly, 3 d prior to the testing, singly housed
mice were habituated to sucrose by being given a water
bottle containing plain water and a second bottle with 1%
sucrose with the left/right location balanced across ani-
mals and switched every day. After 3 d of habituation,
both bottles were removed for 16 h overnight (5 P.M. to 9
A.M.). The water and sucrose bottles were then reintro-
duced in reversed left/right locations to the mice for 24 h.
Bottles were weighed before the test, 20 min after the
start of the test, and at the end of the test. The total
drinking was expressed as the sum of the consumptions
from both the plain water and sucrose bottles. The su-
crose preference was expressed as the percentage of
sucrose consumption of the total liquid consumption.

Novelty-suppressed feeding test

The novelty-suppressed feeding test was performed by
scoring the latency to feed for a food-deprived mouse
when it is introduced to an unfamiliar environment. Briefly,
prior to the test, individually housed mice were subjected
toan 18 h (6 P.M. to 12 P.M.) food deprivation followed by
food restriction (about 3 g of food per d) for 72 h. Mice
were weighed before the food restriction and then
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Cohort 1:

Dosing: 4daysX3cycles Expl Exp2 Exp3Exp4
10-wk old

2wk 2wk 2wk djid d

Mouse groups:
Control: Nestin-CreER™/ERKS5/oxPoxP mice dosed with Vehicle
icKO: Nestin-CreER™/ERKS5/°XPoxP mice dosed with Tamoxifen

Exp1: Open field test

Exp2: Dark/light box test

Treatment: Chronic unpredictable stress
Exp3: Forced swim test

Exp4: Tail suspension test

Cohort 2:

Dosing: 4daysX3cycles Expl  Exp2
10-wk old

2wk 2wk 2wk 3d

Mouse groups:
Control: Nestin-CreER™/ERKS5/°xP!loxP mice dosed with Vehicle
icKO: Nestin-CreER™/ERKS5/°xPloxP mice dosed with Tamoxifen

Exp1: Open field test
Exp2: Elevated plus maze test

Cohort 3:

Dosing: 4daysX3cycles
10-wk old é v i

2wk 2wk 2wk

Mouse groups:
Control: Nestin-CreER™/ERK5/°xP/loxP mice dosed with Vehicle
icKO: Nestin-CreER™/ERKS5/oxPoxP mice dosed with Tamoxifen

Order of behavioral experiments: spaced by 1-2 days between adjacent experiments.
Exp1: Open field test

Exp2: Dark/light box

Exp3: Forced swim test

Exp4: Tail suspension test

Exp5: Sucrose splash test

Exp6: Sucrose preference test

Exp7: Novelty suppressed feeding test

Exp8: Novelty induced hypophagia test

Cohort 4:

Dosing: 4daysX3cycles Expl Exp2 Exp3 Expd
10-wk old

2wk 2wk 2wk Swk 1wk| 1wk

Mouse groups:

Control A: ERK5'*PoxP mice dosed with Vehicle

Control B: ERK5/°*P/loxP mice dosed with Tamoxifen

Control C: Nestin-CreER™/ERK5'xF/oxP mice dosed with Vehicle
ERKS5 icKO: Nestin-CreER™/ERKS5/°xPloxP mice dosed with Tamoxifen

Exp1: Context fear conditioning training and 1d memory test
Exp2: Remote memory test

Exp3: Dark/light box test

Exp4: Tail suspension test

Figure 1 Mouse cohorts used for behavior tests and experimental timeline for each cohort.
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weighed daily to avoid the loss of more than 15% of the
body weight. Novelty-suppressed feeding assay was per-
formed 20 h after the last feeding at 8 A.M. A hexagonal
cylinder with clear Plexiglass base (hexagon of 12.5 cm
for each side) and walls (height of 30 cm) was used as the
test chamber. The cylinder was placed on a sheet of white
filter paper to increase light reflection. A half pellet of
mouse food (about 3 g) was placed on a piece of chemical
weighing paper (3 X 3 cm) in the center of the floor of the
cylinder. A mouse was removed from its home cage,
weighed, and introduced to one corner of the cylinder.
The mouse was allowed to freely investigate the cylinder
and the food for a maximum of 15 min. Feeding behavior
was observed by an experimenter blind to the genotype
and treatment of the mouse. Once the mouse bit the food,
the latency to biting was recorded and then the mouse
and a new preweighed pellet of food were quickly trans-
ferred to the home cage. The mouse was undisturbed in
the home cage for 5 min and then the food was removed
and weighed again.

Novelty-induced hypophagia assay

In novelty-induced hypophagia assay, mice were given
access to chocolate milk in an unfamiliar environment and
the latency to drink was scored. Briefly, singly housed
mice were habituated to Darigold chocolate milk for 30
min per day for 3 consecutive days. On the fourth day, a
mouse was introduced into a clean cage with the same
dimensions as the home cage, and with access to a bottle
of chocolate milk, but the cages had the following modi-
fications to enhance aversiveness: no bedding, bright
lighting, and white paper under the cage. The mouse was
allowed to freely investigate the cage and drink chocolate
milk for 15 min. The latency to drink the chocolate milk
and the number of trips to the chocolate milk were scored
by an experimenter blind to the genotype and treatment of
the mice.

Forced-swim assay

The test was performed by using a standard protocol of
forced-swim test for mice. Briefly, a 4 L glass beaker (16.5
cm in diameter) filled with water (23-25 °C) to a depth of
17.8 cm was used as the apparatus. Mice were placed in
the beaker and allowed to swim undisturbed for 6 min and
then removed, dried, and returned to their home cages.
Water was changed between each subject. The entire
session was recorded from the side by a video camera.
The video was scored later by an experimenter blind to
the genotypes for the latency to first episode of immobil-
ity, the duration of immobility, and immobile episodes
during the last 4 min of the session.

Tail-suspension test

Tail-suspension test was performed by suspending a
mouse from a horizontal bar 50 cm above the floor by
adhesive tape placed approximately 1 cm from the tip of
the tail. Immobility, including the latency to first immobile
episode, the number of immobile episodes, and the ac-
cumulated time spent immobile, within a 6 min session
was scored by an experimenter blind to the genotype and
treatment of the mice.
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Chronic unpredictable stress treatment

Singly housed mice were treated with a 14 d schedule of
chronic unpredictable stress (CUS) treatment for a total
period of 4 weeks (2 repeats of the same 14 d schedule).
The stressors included restraint (1.5 h), cold swim (15 °C,
10 min), wet bedding/cage tilt (45°, 16 or 20 h), inversion
of the light/dark cycle (16 h), tail pinch (with plastic
clothespins, 10 min), warm swim (25 °C, 6 min), inescap-
able shock (0.7 mA, 0.5 s/min X3 min or 3 s/min X3 min),
and food and water deprivation (16 h) on a randomized
schedule.

Statistical analysis

All data were expressed as mean = SEM. Comparison
between the control and ERKS5 icKO groups was analyzed
by Student’s t test, two-tailed analysis. n = 9-12 for
control group and 10-14 for ERK5 icKO mice in each test.

Results

Inhibition of adult neurogenesis by targeted deletion
of ERKS5 is not associated with an increased level of
anxiety in non-stressed mice

Under normal conditions, ERK5 expression in the adult
brain is limited to the neural stem/progenitor cells, tran-
siently amplifying progenitors, and/or newborn neurons in
the adult neurogenic regions including the subgranular
zone (SGZ) of the dentate gyrus in the hippocampus and
the subventricular zone/rostral migratory stream. ERK5 is
not expressed in mature neurons (NeuN™) in the adult
brain (Pan et al., 2012c; Pan et al., 2012d; Li et al., 2013;
Wang et al., 2013). Data in Figure 2 confirm that ERK5
protein is specifically expressed along the SGZ of the
dentate gyrus, and that it is colabeled with markers for
transiently amplifying progenitors and/or newborn neu-
rons (PSA-NCAM, DCX), but not with NeuN, a marker
expressed in mature neurons.

We utilized an inducible and conditional ERK5 knock-
out (ERK5 icKO) mouse model to determine whether the
inhibition of adult neurogenesis by ERK5 deletion alters
baseline anxiety. In this model, adult Nestin-CreER™/
ERK5'>F!oXP mjice were treated with tamoxifen to induce
erk5 gene deletion in the Nestin-expressing neural stem
cells (ERK5 icKO), while vehicle-treated mice of the same
genotype or ERK5'F/x |ittermates treated with tamox-
ifen or vehicle were used as controls (see Fig. 1 for
details). Previous studies showed that Nestin-CreER™-
driven erk5 deletion occurs only upon tamoxifen admin-
istration (Pan et al., 2012c; Pan et al., 2012d; Li et al.,
2013; Wang et al., 2013). To further examine the specific-
ity of tamoxifen-induced, Nestin-CreER™-mediated re-
combination, Nestin-CreER™/ERK5'**F mice were
crossed with R26-YFP reporter mice where Cre-mediated
recombination removes a transcriptional STOP to allow
YFP expression (Srinivas et al., 2001). Nestin-CreER™/
ERK5/oF/oxP1RD6- YFP/OXF/oXP mice were euthanized 10 d
after the last dose of tamoxifen or vehicle control. There
was ERK5 but no YFP expression in the SGZ of vehicle
control treated mouse brain (Fig. 3A). In contrast, there
were abundant YFP™ cells but no ERK5™ cells along the
SGZ of tamoxifen-treated mouse brains. Furthermore,
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Figure 2 ERK5 MAPK expression in the dentate gyrus of the adult mouse brain. Images are representative immunostaining of coronal
sections of adult mouse brain tissue showing ERK5 protein expression (green) primarily in transiently amplifying progenitors and/or
newborn neurons (doublecortin™ (DCX) or NCAM™) but not in mature neurons (NeuN, red) in the SGZ. Hoechst staining (blue) was
used to identify all cell nuclei. Scale bar represents 100 um and applies to all panels.

there were no YFP* cells in the cortex, stratum, CAT,
CA2, or CA3 of the hippocampus after tamoxifen treat-
ment (Fig. 3B). These data indicate that Nestin-Cre-ER™-
mediated deletion of erk5 is specific to adult neurogenic
regions and there is no discernible deletion of erk5 without
tamoxifen or in non-neurogenic regions after tamoxifen
treatment.

Deletion of erk5 leads to impaired hippocampal adult
neurogenesis primarily through delayed neuronal differen-
tiation (Pan et al., 2012c; Pan et al., 2012d). The reduction
of ERK5" cells (75-80%) in the SGZ was similar at 3-4
weeks and 12 weeks after the last dose of tamoxifen
treatment in naive mice without behavior testing (Pan
et al., 2012c; Pan et al., 2012d). Here we show that ERK5
protein is still not expressed in ERK5 icKO mice even after
animals have been subjected to a series of behavior tests
for learning and memory in a 3 month period (Fig. 3C).

Conditional deletion of erk5 impairs multiple forms of
hippocampus-dependent learning and memory, including
contextual fear memory, spatial learning and memory,
and pattern separation (Pan et al., 2012c; Pan et al,,
2012a, 2013). To evaluate the level of anxiety of ERK5
icKO mice, we first subjected the mice to a series of
behavior assays, including the open-field, elevated-plus

March/April 2015, 2(2) e0014-14.2015

maze, and the dark/light exploration tests, to test the
animal’s adaptation and spontaneous exploration in new
environments. In the open-field assay, a mouse was
placed in an unfamiliar arena and locomotor activity was
recorded. The level of anxiety is primarily assessed by the
level of ambulation and the avoidance of exploration to
the center of the arena (Bourin et al., 2007; Ramos, 2008).
In comparison to control littermates, ERK5 icKO mice did
not change the overall ambulation level, quantified as the
number of moves (p = 0.324; Table 1)1, moving distance
(p = 0.460), and moving time (o = 0.419)® on the floor
plane (Fig. 4A), nor did they show reduced exploration to
the center of the arena, expressed as the number of
entries to the center (p = 0.760)*, and the time spent in
the center of the arena (p = 0.512)° (Fig. 4B). These data
indicate that non-stressed ERK5 icKO mice do not display
overt anxiety-like behavior in the open-field assay.

To confirm the findings from the open-field assay, we
subjected the ERK5 icKO and control mice to two ap-
proach—avoidance conflict-based behavioral paradigms
for assessing anxiety behaviors: the elevated-plus maze
and the light/dark exploration test. The elevated-plus
maze is based on the natural aversion of rodents for open
spaces; decreased exploration in the open arms is a sign
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A Nestin-CreERTM/ERK5!0xP/loxP|R26R-YF PloxP/loxP mjce

Tamoxifen

Vehicle

B Tamoxifen treated Nestin-CreERT'V'IERK5'°XP"°XP/R26R-YFP'°XP"°XPmice
Cortex Striatum

C After 3-months of behavior testing for learning and memory

Hoechst

YFP

Tamoxifen
treated ERK5'oxP/loxP

Tamoxifen treated
Nestin-CreER™/
ERK5onPIonP

Hoechst ERK5 Merge

Figure 3 Characterization of the specificity of Nestin-CreER-mediated recombination in ERK5 icKO mice. A, ERK5 and YFP
immunostaining in the dentate gyrus of Nestin-CreER™/ERK5'*/°xFP|R26-YFP/oF/1oXF animals treated with tamoxifen or vehicle
control, demonstrating the specificity and effectiveness of Nestin-Cre-ER™-mediated erk5 deletion. Scale bar, 100 um. B, YFP
immunostaining in the cortex, striatum, and CA1-3 of the hippocampus of Nestin-CreER™/ERK5'XF/1oxP|R26-YFP'OXF/oXP animals

Control

ERKS icKO
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continued

treated with tamoxifen, demonstrating that Nestin-Cre-ER™-mediated recombination does not occur in non-neurogenic regions.
Scale bar, 100 um. €, ERK5 immunostaining in the dentate gyrus of ERK5 icKO and control animals 3 months after behavior testing
for learning and memory, demonstrating the sustained deletion of erk5 during the time frames of behavior testing. Scale bar, 25 um.

of anxiety (Bourin et al., 2007; Ramos, 2008). The ERK5
icKO mice did not exhibit an increased avoidance to the
open spaces compared to control mice, quantified by the

Table 1 Statistical table

Data structure Type of test Power
1% Normal distribution  Two-tailed Student’s t test 15%
2 Normal distribution  Two-tailed Student’s t test 11%
3 Normal distribution  Two-tailed Student’s t test 12%
4 Normal distribution  Two-tailed Student’s t test 5%
5 Normal distribution  Two-tailed Student’s t test 20%
6 Normal distribution  Two-tailed Student’s t test 10%
7 Normal distribution ~ Two-tailed Student’s t test 10%
8 Normal distribution  Two-tailed Student’s t test 10%
9 Normal distribution  Two-tailed Student’s t test 11%
10 Normal distribution  Two-tailed Student’s t test 12%
11 Normal distribution  Two-tailed Student’s t test 3%
12 Normal distribution  Two-tailed Student’s t test 5%
13 Normal distribution  Two-tailed Student’s t test 25%
14 Normal distribution  Two-tailed Student’s t test 7%
15 Normal distribution  Two-tailed Student’s t test 3%
16  Normal distribution  Two-tailed Student’'s t test 11%
17 Normal distribution  Two-tailed Student’s t test 23%
18 Normal distribution  Two-tailed Student’s t test 3%
19  Normal distribution  Two-tailed Student’s t test 13%
20 Normal distribution Two-tailed Student’s t test 4%
21 Normal distribution Two-tailed Student’s t test 72%
22  Normal distribution  Two-tailed Student’s t test 9%
23 Normal distribution  Two-tailed Student’s t test 35%
24  Normal distribution  Two-tailed Student’s t test 9%
25 Normal distribution Two-tailed Student’s t test 26%
26 Normal distribution Two-tailed Student’s t test 3%
27 Normal distribution Two-tailed Student’s t test 12%
28 Normal distribution Two-tailed Student’s t test 4%
29 Normal distribution Two-tailed Student’s t test 11%
30 Normal distribution Two-tailed Student’s t test 11%
31 Normal distribution Two-tailed Student’s t test 5%
32 Normal distribution Two-tailed Student’s t test 8%
33 Normal distribution  Two-tailed Student’s t test 6%
34 Normal distribution Two-tailed Student’s t test 100%
35 Normal distribution  Two-tailed Student’s t test 80%
36 Normal distribution Two-tailed Student’s t test 100%
37 Normal distribution Two-tailed Student’s t test 28%
38 Normal distribution Two-tailed Student’s t test 3%
39 Normal distribution Two-tailed Student’s t test 10%
40 Normal distribution  Two-tailed Student’s t test 4%
41 Normal distribution  Two-tailed Student’s t test 3%
42  Normal distribution  Two-tailed Student’s t test 3%
43 Normal distribution  Two-tailed Student’s t test 8%
44  Normal distribution  Two-tailed Student’s t test 5%
45  Normal distribution  Two-tailed Student’s t test 5%
46 Normal distribution  Two-tailed Student’s t test 6%
47  Normal distribution  Two-tailed Student’s t test 6%
48 Normal distribution Two-tailed Student’s t test 8%

+#Numbers in this column refer to the corresponding superscripted numbers
following p values in Results.
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amount of time spent in the open arms (p = 0.630)° and
the open ends defined as the distal one-third of open
arms (p =0.758)" (Fig. 5A,B). However, it is still possible
that ERK5 icKO mice spent more time in immobility while
they were in the open arms, a hidden sign of elevated
maladaption. We therefore analyzed the immobile behav-
ior in the open arms and found that ERK5 icKO mice did
not exhibit an increase of immobility in the open arms (p =
0.725)® (Fig. 5C), confirming that they were actively ex-
ploring the open arms as control mice did. Their overall
fear response to a novel environment was not compro-
mised by ERK5 deletion, as both groups of mice spent
about 50% of time (150 s during the 5 min test) in immo-
bility on the apparatus (o = 0.543)° (Fig. 5D). These results
indicate that ERK5 icKO mice are not deficient in their
ability to explore an unfamiliar and open environment, and
they do not exhibit increased anxiety in the elevated-plus
maze test.

In contrast to the elevated-plus maze test, the light/dark
exploration assay is based on the innate aversion of
rodents to brightly illuminated areas. Mice were intro-
duced into a novel shuttle box with one dark and one
brightly illuminated compartment. Decreased tendency to
explore the light compartment indicates elevated anxiety
(Crawley and Goodwin, 1980; Bourin and Hascoét, 2003).
The vehicle-treated control mice explored the light com-
partment substantially, although they still exhibited a pref-
erence for the dark compartment (2 min in light and 3 min
in dark compartment over a 5 min period), consistent with
the behavior of normal mice reported in the literature
(Bourin and Hascoét, 2003). ERK5 icKO mice did not
show a decreased tendency to explore the light compart-
ment: the latency to their first entry (p = 0.553)'°, total
number of entries (p = 0.981)"", and accumulated time
spent exploring the light compartment (p = 0.673)'2 were
not significantly different from their control littermates
(Fig. 6). These data indicate that ERK5 icKO mice are
competent in exploring an unfamiliar and brightly lit envi-
ronment and do not exhibit anxiety in the dark/light ex-
ploration assay.

Feeding in a new environment is an indication of adap-
tation, whereas the inhibition or delay of feeding behavior
in a new environment, hypophagia, is a sign of anxiety
(Dulawa and Hen, 2005). One commonly used hypopha-
gia test is novelty-suppressed feeding, in which a food-
deprived mouse is introduced to a new environment with
a pellet of food and the latency to feed is quantified.
Compared with the vehicle control mice, ERK5 icKO mice
did not delay their first attempt to eat food (p = 0.212)'®
(Fig. 7A). However, a confounding factor for this test is the
animal’s degree of hunger and level of appetite, which
may affect their motivation for food, thus the latency to
feed. Therefore, food consumption in a familiar environ-
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control icKO

control icKO

Figure 4 ERK5 icKO mice are not deficient in an open-field test. Naive mice were introduced into an open-field arena for 20 min. Activity was
scored by the TruScan software. A, There was no difference in the total number of moves, the total distance traveled, or the total time spent
moving in the floor plane between ERK5 icKO mice and control mice. B, The ERK5 icKO mice did not exhibit reduced exploration in the center
of the arena, shown as the number of entries to the center, the distance traveled, or the time spent in the center of the arena. n.s., Not significant.

ment, in their home cages, to which they were returned
after the test, was used to assess their motivation for
food. There was no significant difference between ERK5
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icKO mice and the control mice in their home cage food
consumption (p = 0.545)'* (Fig. 7B). Together, these data
suggest that ERK5 icKO mice do not display an elevated
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Figure 5 ERK5 icKO mice performed similarly to the controls in the elevated-plus maze. Mice were placed in the elevated-plus maze
and allowed to explore for 5 min. Exploratory activity and immobility were analyzed by AnyMaze Software. A, Time spent in open arms
and closed arms. B, Time spent in open and closed ends (the distal one-third of the open and closed arms). C, Time spent immobile
in the open and closed arms. D, Total time immobile in the entire maze. n.s., Not significant.
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Figure 6 ERK5 icKO mice are not deficient in a dark/light exploration test. Mice were first placed into the dark compartment of a
shuttle box with one dark and one light compartment. They were allowed to freely explore the box for 5 min. A, The latency to the
first entry of the light compartment. B, The total entries to the light compartment. C, The time spent in the light compartment. n.s.,

Not significant.

level of hypophagia, indicating that they do not have an
increased level of anxiety in the novelty-suppressed feed-
ing test.

Mice were also subjected to another behavior test for
hypophagia, the novelty-induced hypophagia test (Du-
lawa and Hen, 2005), in which a palatable snack (choco-
late milk) was used and no food restriction is required. The
test was performed in a new mouse cage without bed-
ding, an unfamiliar but less aversive environment. Again,
there was no difference between ERK5 icKO mice and
control mice in the latency to drink the chocolate milk (p =
0.935)"® or the frequency of drinking (p = 0.387)'® within
the observation period, confirming that ERK5 deletion
does not cause hypophagia (Fig. 8).

Impaired adult neurogenesis by targeted deletion of
ERKS5 is not associated with depression-like
behaviors in non-stressed mice

Symptoms of depression include a lack of self-care, loss
of interest in pleasure, and the feeling of hopelessness. An
array of behavioral tests have been developed to assess

each of these aspects of depression in rodents. For ex-
ample, grooming behavior observed in the splash test is
used to assess self-care, the sucrose-preference test is
designed to evaluate the level of interest in pleasure, while
the tail-suspension test and forced-swim test are two
frequently used tests for quantification of hopelessness
and despair.

To assess whether the inhibition of adult neurogenesis
by ERK5 deletion is associated with depression-like be-
havior, we first evaluated self-care, specifically the
grooming behavior, of the ERK5 icKO mice and control
mice using the splash test. Mice were splashed with
sucrose solution on their abdomen and their grooming
behavior was then scored. We did not observe a differ-
ence between the two groups of mice in their latency to
groom (p = 0.205)", grooming frequency (o = 0.899)'®, or
the duration of grooming (p = 0.415)"° (Fig. 9), suggesting
that inhibition of adult neurogenesis by ERK5 deletion
does not affect self-care in non-stressed animals.

Next, we evaluated whether ERK5 deletion affects the
animal’s interest in pleasure using the sucrose-preference
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Figure 7 ERK5 icKO mice do not display enhanced hypophagia behavior in a novelty-suppressed feeding test. After 4 d of food
restriction, individually housed mice were introduced into an unfamiliar environment with one pellet of regular mouse food. A, Latency
to eat the food pellet in the unfamiliar environment. B, Food consumption in the home cage. Once the mouse started eating the food
or the 15 min time limit was reached, the mouse and a new preweighed food pellet were quickly transferred to the home cage and
the food consumption in the next 5 min was measured. n.s., Not significant.
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Figure 8 ERK5 icKO mice behave the same as control mice in a novelty-induced hypophagia test. Individually housed mice were
trained with chocolate milk 30 min per day on 3 consecutive days in their home cages. On the fourth day, each mouse was transferred
into a new mouse cage without bedding but with the access to a bottle of chocolate milk. The mouse was allowed to drink the milk
freely for 15 min. A, Latency to drink the chocolate milk. B, Total number of trips to the chocolate milk. n.s., Not significant.

assay. Mice were given access to both sucrose water and
plain water. A significant preference to sucrose water
versus plain water indicates the interest for pleasure. We
first habituated both the ERK5 icKO mice and control
mice to freely available water and 1% sucrose for 3 d.
After 16 h of fluid deprivation, mice were reintroduced to
both bottles and their preference for each bottle was
measured during a 20 min test followed by a 24 h test.
Both groups preferred the sucrose drink over the plain
water in the first 20 min (p = 0.799, ERK5 icKO mice vs
control mice)?° (Fig. 10A) as well as over the next 24 h (p =
0.188, ERK5 icKO mice vs control mice)?’ (Fig. 10B), and
they consumed the same amount of total liquid (p =
0.468)% (Fig. 10C).

To assess hopelessness, we subjected ERK5 icKO
mice and control mice to the forced-swim and tail-
suspension tests. In the forced-swim test, a mouse is
placed into an inescapable container filled with water.
After a brief period of vigorous swimming, the mouse
exhibits a characteristic immobile posture. Early onset of
immobility and an increased level of immobility indicate

A B
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control icKO -

increased behavioral despair or lowered mood (Porsolt
et al., 1977). Compared with controls, ERK5 icKO mice
showed no signs of increased despair in the forced-swim
test, determined by the latency to the first immobile epi-
sode (p = 0.192)%%, the immobility frequency (p =
0.470)?4, and the total time spent immobile (p = 0.191)%°
(Fig. 11). In the tail-suspension test, the mice were hung
on a bar by the tail for 6 min and immobility behavior was
scored. The ERK5 icKO mice did not show earlier onset of
immobility (p = 0.942)%%, or increased frequency (p =
0.840)? or duration of immobility (p = 0.389)%8 (Fig. 12),
signs of increased behavioral despair.

ERKS5 icKO mice do not show enhanced behavioral

despair after chronic unpredictable stress treatment
Finally, we investigated whether impaired adult neurogen-
esis increases the animal’s susceptibility to depression in
the context of chronic stress, using a modified CUS pro-
tocol. Stressors included food and water deprivation,
cage tilt and wet bedding, cold swim and warm swim,
electrical foot shock, tail pinch, and alteration of light/dark

C
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Figure 9 ERK5 icKO mice do not display reduced grooming behavior in the splash test. Mice were splashed with 10% sucrose
solution on the abdomen and their grooming behavior was observed in the home cage for 5 min. A, Latency to first groom. B, Total
time spent grooming. C, Number of grooming episodes. n.s., Not significant.
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Figure 10 ERK5 icKO mice do not show more anxiety in the sucrose preference test. Mice were habituated to freely accessible plain drinking
water and 1% sucrose water for 3 d. Then, after 16 h of water deprivation, they were given access to both plain and sucrose water for 24 h. The
consumption from each bottle was measured after the first 20 min of the test and again at the end of the test. A, Percentage of sucrose water
consumption at 20 min. B, Percentage of sucrose water consumption at the end of the 24 h test. C, Total consumption from the two bottles in
24 h. n.s., Not significant.

cycle with a randomized schedule for 4 weeks. Mice were  formed another set of experiments using a fourth cohort
then subjected to the forced-swim or tail-suspension of ERK5 icKO mice, which had been subjected to
tests to evaluate depression. There was no difference  hippocampus-dependent learning and memory behavior
between ERK5 icKO and control mice in their latency to  tests. In addition, ERK5'>F/o*F |ittermates similarly treated
immobility (o = 0.389)*° and time spent immobile (p =  with tamoxifen or vehicle were added as genotype con-
0.527)%* in the forced-swim test (Fig. 13A), and in their  trols. The ERK5 icKO mice showed reduced remote con-
latency to immobility (o = 0.816)*", frequency of immo-  textual fear memory (Pan et al., 2012a) (Fig. 14A) (o =
bility (p = 0.694)*?, and time spent in immobility (p = 0.00055%¢, p = 0.016%°, and p = 0.010%¢ for percent
0.771)%% in the tail-suspension test (Fig. 13B). These data  freezing on a 5 week test, when ERK5 icKO mice were
indicate that the inhibition of adult neurogenesis by ERK5  compared with control A, B, and C, mice respectively).
deletion does not increase the animal’s susceptibility to  However, they showed no change in the dark/light box

depression induced by chronic unpredictable stress. test (Fig. 14B) and tail-suspension test (Fig. 14C) com-

pared to all three groups of control mice, including geno-
The same cohort of ERK5 icKO mice that have type controls and tamoxifen drug controls (p = 0.436%,
impaired hippocampus-dependent memory do not p = 0.980%, and p = 0.765% for time in light, and p =
show anxiety/depression-like behavior 0.920%°, p = 0.985%', and p = 0.952“2 for light entries in

The behavior data in Figures 4-13 suggest that impaired  the dark/light box test; p = 0.580%%, p = 0.7964, and p =
adult neurogenesis does not lead to anxiety/depression-  0.769% for immobile latency, and p = 0.714%¢, p =
like behaviors. Since these data are all negative, we per-  0.665%” and p = 0.589%® for the immobile episodes in the
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Figure 11 ERK5 icKO mice do not display increased despair behavior in a forced swim test. A 4 L glass beaker with water added to
17 cm from the base was used as the apparatus for this test. A mouse was dropped into the water and immobility was observed from
the side for a total of 6 min. A, Latency to the first episode of immobility. B, Total number of immobile episodes in the last 4 min of
the test. C, Accumulated duration of immobility in the last 4 min of the test. n.s., Not significant.
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Figure 12 ERK5 icKO mice do not show increased despair behavior in a tail-suspension test. A, Latency to the first episode of
immobility. B, Total number of episodes of immobility. C, Accumulated duration of immobility. n.s., Not significant.

tail-suspension test when ERK5 icKO mice were com-
pared with control A, B, and C mice, respectively).

Discussion

Because of the tissue- and cell type-specific expression
of ERKS; the selectivity, specificity, and sustainability of
Nestin-CreER™-driven erk5 deletion; and a demonstrated
role for ERK5 in adult neurogenesis, the ERK5 icKO mice
provide an excellent animal model to examine a functional
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role of adult hippocampal neurogenesis in the etiology of
anxiety and depression, since other brain regions outside
of the adult neurogenic zones are not affected in the ERK5
icKO mice. Because an animal’s emotionality and affect
are multidimensional, and most of the behavioral tests are
based on spontaneous exploration or physical responses
and thus involve many nonpsychiatric functions, including
locomotion, vision, and hearing, an animal model may be
deficient in one aspect of the emotion and mood but not
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Figure 13 ERK5 icKO mice do not exhibit enhanced depression after a 4 week course of CUS treatment. A, Latency to the first episode of
immobility from the onset of the test, and the accumulated duration of immobility in the last 4 min of the forced-swim test. B, Latency of immobility,
the total number of episodes of immobility, and the accumulated duration of immobility in the tail suspension test. n.s., Not significant.

March/April 2015, 2(2) e0014-14.2015

eNeuro.sfn.org



I~ euro New Research 14 of 17

A Context fear conditioning —1 d and 5-week remote memory tests

100 -
100 1 M Control A
w0 80 - O Control B g 80 -
5 O Control C '5
O 60 - EERKS ickO g 007
L -
2 a0 - g 40 *
(8] S
- Q
£ - * 20
0 | e E , 0 ,
Pre-shock 1d Test 1d Memory Remote Memory
B Darkl/light box test
n.s. n.s.
I n.s. I ' n.s. '
n.s. n.s
® 140 - 4
= 120 - g 10
S 100 - = 8-
- 80 T ) 6 i
£ 60 - -
2 30 2 4]
£ 0 = 27
PN NS ’ ry @ © L0
s Q
o& 066 o‘& ,lﬁb\ .¢°\ S & \‘;l.
¢ & & & & & & @
< & Ff f° &
C Tail suspension test
n.s n.s
I n.s. ' ' n.s. '
- 120 - s o 12 7 —_—
< 100 - —— g 10 - —
S 80 - 2 8-
£ 60 - & 6
© 40 - 2 4
3 20 - 3 2-
[} 20 €
S & &L
& & & le"‘ ¢ & & &“

Figure 14 The same cohort of ERK5 icKO mice that show impaired hippocampus-dependent memory do not exhibit anxiety/
depression-like behavior. A, ERK5 icKO mice are impaired in remote memory when the erk5 gene was inducibly deleted. Data are from
Figure 2 of Pan et al. (2012a). *#p < 0.01. B, C, These mice are not deficient in a dark/light exploration test (B) or tail-suspension test
(C), performed sequentially after the remote memory test. n.s., Not significant.
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in others (Ramos, 2008). Thus, we performed extensive
behavioral assays to assess the level of anxiety and
depression-like behaviors in ERK5 icKO mice. We found
that the ERK5 icKO mice are not deficient in any of the
nine tests examined, indicating that impaired adult neu-
rogenesis as a result of erk5 deletion does not alter emo-
tionality and mood.

Numerous studies have reported that intact adult neu-
rogenesis is required for modulating the adaptive re-
sponses to chronic stress and for the therapeutic efficacy
of antidepressants. However, there is limited evidence for
adult neurogenesis in maintaining appropriate affect and
emotion in naive and non-stressed animals (Petrik et al.,
2012). For example, cranial X-ray irradiation, which effec-
tively eradicates adult neurogenesis in most studies (Saxe
et al., 2006; Clelland et al., 2009; Kitamura et al., 2009), is
not associated with anxiety or depression-like pheno-
types in naive or non-stressed animals in the majority of
studies using this animal model (Santarelli et al., 2003;
Saxe et al., 2006; Surget et al., 2008; David et al., 2009;
Surget et al., 2011). The deletion of TrkB in GFAP™ neural
stem cells, which suppresses hippocampal neurogenesis,
is not associated with increased anxiety or depression in
non-stressed mice, assessed by the dark/light box and
open-field tests or forced-swim and tail-suspension tests,
respectively (Li et al., 2008). If anything, these mice are
less anxious and spend more time in the open arms of the
elevated-plus maze. Thus, there is no clear dose—re-
sponse correlation between the extent of impairment of
adult neurogenesis and the expression of anxiety and
depression-like phenotypes. Even more unexpectedly,
the reduction of adult neurogenesis by deletion of the cell
cycle checkpoint gene ATR produces an anxiolytic phe-
notype in marble burying, novelty-induced hypophagia,
and zero-maze tests (Onksen et al., 2011), while en-
hanced adult neurogenesis by voluntary exercise in-
creases anxiety (Fuss et al., 2010).

Since global approaches such as irradiation to ablate
neurogenesis may lead to off-target effects, inducible and
cell-specific manipulations, which directly and selectively
target adult neurogenesis, have been used to assess
whether adult neurogenesis is a regulator of anxiety and
depression. The results regarding both the presence and
types of phenotypes (anxiety or depression) from a num-
ber of these cell-specific transgenic animal models have
also been inconsistent. For example, when the pro-
apoptotic protein Bax is inducibly expressed in Nestin-
expressing adult neural stem cells, inhibition of adult
neurogenesis presents an anxiety-like phenotype (elevated-
plus maze, dark/light box, and predator-avoidance tests)
although it had no effect on depression (forced-swim and
novelty-suppressed feeding tests) (Revest et al., 2009). In
contrast, when over 99% of doublecortin™ newborn neu-
rons are eliminated in the dentate gyrus of transgenic
mice expressing thymidine kinase under the control of
GFAP promoter upon valganciclovir treatment, it does not
alter the baseline level of anxiety (elevated-plus maze), yet
causes depression (forced-swim and sucrose-preference
tests) (Snyder et al., 2011). Our data indicate that condi-
tional impairment of adult neurogenesis by inducible erk5
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deletion does not lead to anxiety or depression behavior
in non-stressed mice.

Whether a deficiency in adult neurogenesis increases
an animal’s susceptibility to anxiety and affective disor-
ders in the context of stress is an interesting, open ques-
tion. When mice were subjected to 6 weeks of CUS and
then injected with methylazoxymethanol to impair adult
neurogenesis, the mice had exacerbated CUS-induced
anxiety-like behavior, indicated by an increased latency in
the novelty-suppressed feeding test (Bessa et al., 2009).
Snyder et al. (2011) also reported that, after acute stress
resulting from being restrained for 30 min, mice lacking
adult neurogenesis show increased depression-like be-
havior in the novelty-suppressed feeding assay. Mice with
suppressed adult hippocampal neurogenesis due to the
expression of a pathological tau protein in Nestin-
expressing neural stem cells show no increase in anxiety
in an elevated-plus maze assay in a non-fearful environ-
ment (rooms with dim light and no noise), but do show a
dramatic reduction of explorative activity in a fearful en-
vironment (rooms with bright light and moderate noise)
(Pristera et al., 2013). In contrast, stress resulting from
chronic administration of corticosterone does not cause
increased anxiety in X-ray-irradiated mice compared with
the sham control (David et al., 2009). In addition, several
other studies did not observe an effect of impaired adult
neurogenesis on CUS-induced anxiety as measured by
the open-field assay, novelty-suppressed feeding test, or
cookie test (Surget et al., 2008; David et al., 2009; Surget
et al., 2011). In the present study, ERK5 icKO and control
mice performed similarly post-CUS in the forced-swim
test and tail-suspension test, indicating that disruption of
adult neurogenesis by erk5 deletion does not increase the
animal’s susceptibility to depression after CUS treatment.

It is not clear why different studies using cell-specific
manipulations to target adult neurogenesis have led to
contradictory conclusions. Some possibilities include dif-
ferences in the sex, strain and genetic differences of the
animals, details of the experimental design of behavior
assays, and the efficiency and specificity of the methods
used to ablate adult neurogenesis. For example, the mice
were in the CD1:C57/BI6 background, the thymidine ki-
nase expression was driven by the GFAP promoter, and
acute restraint was used as a stress model in the study
using GFAP-thymidine kinase transgenic mice (Snyder
etal., 2011). Our ERK5 icKO mice were in the C57/BI6:129
background, erk5 deletion was driven by the Nestin-
promoter, and mice were subjected to chronic unpredict-
able stress. Furthermore, expression of thymidine kinase
kills 98% of 1-d-old newborn neurons (Snyder et al.,
2011), whereas erk5 deletion in our ERK5 icKO mice
impairs adult neurogenesis by inhibiting neuronal differ-
entiation but does not reduce the total number of surviv-
ing BrdU™ cells (Pan et al., 2012c; Pan et al., 2012d). It is
conceivable that cell death triggered by transgenic ex-
pression of a lethal gene, such as thymidine kinase or the
pro-apoptotic protein Bax, exceeds normal physiological
level, thus causing effects that are not observed by de-
leting a specific endogenous signaling molecule like
ERKS. Indeed, similar to the report here, two other studies
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also used Nestin-Cre-ER technology to delete TrkB or
fragile X mental retardation protein (FMRP) and found that
impaired adult hippocampal neurogenesis by conditional
deletion of these endogenous signaling molecules is not
associated with depression (assessed by the novelty-
suppressed feeding and tail-suspension test, respec-
tively) (Li et al., 2008) or anxiety-like behaviors (elevated-
plus maze test) in non-stressed mice (Guo et al., 2011)).
Alternatively, anxiety/depression is not very sensitive to
adult neurogenesis and only manifests when extensive
loss of adult-born neurons occurs.

It is interesting that conditional erk5 deletion impairs
hippocampal adult neurogenesis and hippocampus-
dependent memory formation, but has no effect on anx-
iety/depression. Several other mouse models also have
disrupted learning and memory upon impairment of adult
neurogenesis but do not show depression- or anxiety-like
effects. For example, Saxe et al. (2006) reported that
although X-ray-irradiation impaired some forms of
hippocampus-dependent learning and memory, it did not
affect animal behaviors in the elevated-plus maze or dark/
light box tests. In the study by Guo et al. (2011), which is
most analogous to our report here, Nestin-cre-ER-driven
conditional knockout of FMRP reduced hippocampal neu-
rogenesis and impaired hippocampus-dependent learn-
ing and memory. However, there was no change in animal
behavior in the elevated-plus maze test (Guo et al., 2011,
their Supplemental Fig. 8). It is possible that cell-stage-
specific properties of adult-born neurons contribute to
learning and memory versus anxiety/depression. For ex-
ample, immature, adult-born neurons have higher sensi-
tivity to lower threshold stimulation and are more likely
activated by weak afferent activity than mature neurons in
the dentate gyrus (Marin-Burgin et al., 2012). Thus, adult-
born neurons may be uniquely suited for new synapse
recruitment during memory formation. In contrast, the
total number of neurons in the hippocampal circuitry may
be important for total synaptic strength. Since adult neu-
rogenesis only contributes to a very small population of
neurons in the hippocampus, reduced adult neurogenesis
in many of the animal models, although interfering with
memory formation, may not be sufficient to cause synap-
tic depression and depressive behavior.

Together, our data from the ERK5 icKO mouse model
indicate that inhibition of adult neurogenesis is not asso-
ciated with anxiety and depression-like behaviors in
non-stressed mice, nor does it increase an animal’s sus-
ceptibility to depression after chronic unpredictable
stress. Our findings support the notion that intact adult
neurogenesis is not essential for maintaining appropriate
emotion and affect.
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