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Large-Scale Phenotyping Links Adult Hippocampal Neurogenesis to
the Reaction to Novelty
R. Maarten van Dijk,1,2,3† Stanley E. Lazic,4† Lutz Slomianka,1 David P. Wolfer,1,2,3 and
Irmgard Amrein1,2*

ABSTRACT: The discovery of adult-born neurons in the hippocampus
has triggered a wide range of studies that link the new neurons to various behavioral functions. However, the role of new neurons in behavior is still equivocal. Conflicting results may be due to the difficulty in
manipulating neurogenesis without off-target effects as well as the statistical approach used, which fail to account for neurogenesisindependent effects of experimental manipulations on behavior. In this
study, we apply a more comprehensive statistical and conceptual
approach. Instead of between-group analyses, we consider the withingroup relationships between neurogenesis and behavior (ANCOVA and
mediation analysis) in a large-scale experiment, in which distinct age(3 and 5 months) and strain- (DBA and C57) related differences in
basal levels of neurogenesis in mice are compared with a large number
(~1,500) of behavioral read outs. The analysis failed to detect any association between anxiety and motor impulsivity with neurogenesis.
However, within-group adult hippocampal neurogenesis is associated
with the reaction to novelty. Specifically, more neurogenesis is associated with a longer latency to explore and a lower frequency of exploratory actions, overall indicative of a phenotype where animals with
more neurogenesis were slower to explore a novel environment. This
effect is observed in 5-months-old, but not in 3-months-old mice of
both strains. An association between the reaction to novelty and adult
neurogenesis can have a major impact on results from previous studies
using classical behavioral experiments, in which animals are tested in
a—for the animal—novel experimental set-up. The neurogenesis–
novelty association found here is also a necessary link in the relation
that has been suggested to exist between neurogenesis and psychiatric
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INTRODUCTION
Behavioral outcomes of the functional integration
of adult-born granule cells into the existing circuitry
(Shors et al., 2002; Santarelli et al., 2003; Snyder
et al., 2005; Clelland et al., 2009; Akers et al., 2014)
of the hippocampal dentate gyrus remain debatable
because covariation between neurogenesis and behavior is rarely estimated (Lazic, 2010; Lazic et al.,
2014). In the majority of studies, the link between
behavior and neurogenesis is assessed by a group-level
comparison. For example, the experimental group has
both an increase in neurogenesis and a better behavioral performance. This does not directly test whether
differences in neurogenesis are responsible for differences in behavioral performance, and it does not take
into account alternative explanations such as off-target
effects of experimental manipulations (Lazic, 2012). If
a link between behavior and neurogenesis exists, then
this link should extend to the within-group relationship between neurogenesis and behavior. This relationship is amenable to statistical testing (Lazic,
2012). When tests could be performed based on published data, these additional analyses show little or no
evidence for a link between behavior and neurogenesis, assigning the between-group effect to unknown
mechanisms other than adult neurogenesis (Lazic,
2012; Lazic et al., 2014). In addition, meta-analyses
showed only small and nonsignificant contributions of
neurogenesis to behavioral outcomes (Groves et al.,
2013; Lazic et al., 2014).
Although focusing on within-group relations, this
study initially aimed at a traditional comparison of
neurogenesis and key measures of two behavioral
traits: motor impulsivity and anxiety. Motor impulsivity was selected because previous studies have shown
differences in impulsivity in the two strains that were
used in this study (Gubner et al., 2010; Pinkston and
Lamb, 2011) and strain differences in neurogenesis
(Kempermann and Gage, 2002; Huang et al., 2010;
Clark et al., 2011). Furthermore, both strains show
age-related changes in impulsivity (Pinkston and
Lamb, 2011) and age-related differences in neurogenesis (Kempermann et al., 1998; Ben Abdallah et al.,
2010; Overall et al., 2013). Also, exercise, which transiently increases hippocampal neurogenesis (van Praag
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et al., 1999; Brown et al., 2003; Klaus and Amrein, 2012), has
been shown to alter impulsive behavior in mice and rats
(Binder et al., 2004; Garcıa-Capdevila et al., 2009). Together,
these studies suggest the presence of age and strain differences
in neurogenesis and impulsivity and a relationship in which
animals with low neurogenesis, either due to age or strain, are
more impulsive compared to their high neurogenesis counterparts. Such a relationship, which would be taken as evidence
for neurogenesis effects on a behavior, would be amenable to
within-group testing that our study aims at. In addition, the
relationship between motor impulsivity and hippocampal neurogenesis has not been directly assessed previously. In contrast,
the relationship between anxiety and neurogenesis has been
studied extensively, but with equivocal outcomes. Studies have
shown both a negative relationship with neurogenesis, where
anxiety is increased when neurogenesis is impaired (Bergami
et al., 2008; Revest et al., 2009) as well as the opposite relationship, where increased neurogenesis led to an increase of anxious
behavior (Fuss et al., 2010a,b; Onksen et al., 2012). We were
motivated to assess anxiety by a reassessment (Lazic et al., 2014)
that did suggest the presence of within-group relations between
neurogenesis and anxiety that were able to explain group differences in behavior. To take full advantage of the findings presented in earlier work, we tested both traits using two strains
known for their differences in these two behavioral traits as well
as for their different baseline levels of neurogenesis (Kempermann and Gage, 2002; Gubner et al., 2010; Pinkston and
Lamb, 2011). Strains were tested at two ages, further
differentiating both baseline levels of neurogenesis as well as
behavioral performance (Ingram et al., 1981; Lhotellier and
Cohen-Salmon, 1989; Ben Abdallah et al., 2010).
Subsequent to the assessment of the key behavioral readouts
of impulsivity and anxiety tests, we undertook an exploratory
study to assess whether behavioral outcomes beyond the key
readout of impulsivity and anxiety are associated with neurogenesis. To this purpose, we used a very large number (1,953)
of behavioral variables obtained from the IntelliCage system
(Galsworthy et al., 2005; Vannoni et al., 2014) that was used
to conduct the behavioral tests and all variables (41) recorded
during light/dark box anxiety testing. Given the exploratory
nature of this part of our study, several steps were taken to
control the false positive rate and to increase reproducibility.
First, within-group associations between neurogenesis and
behavior were estimated rather than between group differences
(Lazic, 2010, 2012; Lazic et al., 2014). Second, quantification
of cell numbers used as proxies for adult neurogenesis was
done blind and behavioral assessments were largely automated,
reducing the chance of experimenter bias. Third, the use of
two strains at two ages allowed us to assess the generalizability
of the results (Richter et al., 2010). Fourth, to reduce the number of false-negative results, a relatively large number of animals was used. Fifth, both the false discovery rate (FDR) and
permutation-based P-values were used to control for multiple
testing across all behavioral variables. Finally, when arbitrary
but important analytic decisions were made, such as selecting a
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threshold for the definition of highly correlated behavioral variables, a sensitivity analysis was performed by using different
thresholds and checking whether this affected the overall
conclusions.

MATERIALS AND METHODS
Animals
Fifty-six C57BL/6 and 50 DBA 8-week-old female mice
were given 1 week to acclimatize to the housing facility (lights
on: 20:00–08:00, room temperature: 238C, standard type III
mouse cages, free access to standard mouse food, water, and
nesting materials). To avoid batch effects, all animals were
ordered at the same time and obtained at the same age. One
week before testing, radiofrequency identification transponders
(Planet ID GmbH, Essen, Germany) were implanted subcutaneously in the dorso-cervical region under isoflurane inhalation
anesthesia. During the testing, animals were group housed in
the IntelliCage (NewBehavior AG, Zurich, Switzerland) with
shelters and free access to standard mouse food. Females were
chosen due to the likely disruption of behavioral testing by
aggressive behaviors arising in group-housed males (Van Loo
et al., 2001). Mice were assigned randomly to test or control
groups at 9 or 17 weeks of age. Both age groups were housed
in standard type III mouse cages until their introduction into
the IntelliCage experiment. Both ages represent the adult time
window within which resident granule cell numbers and the
declines in neurogenesis and cell death are stable (Ben Abdallah
et al., 2010). Strains were mixed in the IntelliCage (up to 14
mice/cage). Test groups were assessed for general exploration,
motor impulsivity, and anxiety. The control groups were also
housed in the IntelliCage, but only exploration in the IntelliCage and anxiety in the light/dark box was assessed (Fig. 1).

Behavior
Each IntelliCage was equipped with four conditioning chambers fitted in the cage corners. Each chamber contained two
drinking bottles (accessible via motorized doors) and a motorized valve for delivery of air puffs. The duration of a visit to a
corner was determined by the transponder reading and a temperature sensor detecting the presence of the animal. The number and duration of nosepokes were recorded using IR-sensors.
Licking episodes were monitored using lickometers (duration
of the episode, number of licks, and total contact time). During the first 7 days (test groups) or 30 days (control groups) in
the IntelliCage, all animals had free access to all bottles. Data
of the first 24 h were used to assess habituation in the new
environment. The number of corner visits, licks, and nosepokes
over the rest of the free adaptation week were used as measures
of activity.
The protocol used to test motor impulsivity in the IntelliCage
was taken from Kobayashi et al. (2013). To obtain access to
Hippocampus
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FIGURE 1.
Overview of behavioral experiments. Two strains
of female mice were used: C57BL/6 and DBA. For both strains,
one group was tested at 9 weeks of age and the second group at
17 weeks of age. All four groups underwent the same series of
behavioral experiments: exploration assessment, motor impulsivity
test, and the anxiety test. To control for environmentally induced,
test-dependent factors that might influence neurogenesis, each of

the four groups was paired with a control group housed under the
same condition as the test groups. Controls were monitored for
exploration for the entire test period and tested 5 min before the
end of the experiment in the light and dark box. All animals were
sacrificed immediately after finishing their final behavioral experiment. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

water, the animal had to nosepoke one of the two doors, designating that door for testing and initiating a random delay
period (0.5, 1.5, or 2.5 s). After the delay period, the door to
the water bottle on the designated side would open for 5 s. If
the animals nosepoked during the delay period (premature
nosepokes), the door to the water bottle would not open after
the delay during this trial. Any subsequent visit to any corner
would initiate a new trial. Successful trials required the animals
to wait a random delay before gaining access to water. The
task lasted for 7 days. It was preceded by two training phases
(training phase 0 for 3 days and training phase 1 for 7 days).
In T0, a nosepoke immediately opened the door. In T1, a
nosepoke started a random delay after which the door opened
whether a premature nosepoke was made or not. The number
of premature nosepokes made, the percentage of successful trials, and the latency to start drinking after the door opened
were used as principal behavioral readouts to assess motor
impulsivity.
Subsequent to the testing for impulsivity, a protocol was run
to test anxiety in the IntelliCage that was adapted from Safi
et al. (2006). Test animals were assigned to one corner and
trained to drink during two daily sessions (11:00–12:00 and
16:00–17:00). The test lasted for 7 days. During the last
drinking session, each animal received a single air puff of 2 bar
at their first lick contact. Latency and frequency of visits and
licks after the aversive stimulus were used to assess anxiety. Animals were sacrificed immediately following the IntelliCage anxiety test.
Each control animal was removed from the intellicage and
tested for anxiety in the light/dark box for 5 min according to
standard protocols (Madani et al., 2003). Immediately after the
test, the animals were sacrificed. Time spent in the different

zones as well as number of rearings, transitions, and grooming
episodes were used as principal readouts of anxiety.
Data generated by the IntelliCagePlus Controller and Analyzer applications were exported for further analysis. The IntelliCagePlus Controller software records the locations,
beginnings, durations, and ends of all visits and nosepokes.
Nosepokes are assigned to visits and all visits are assigned to an
individual mouse. For each individual nosepoke, the software
records the number and duration of the associated licks. The
recorded data was used to calculate the variables (Supporting
Information) used in the full behavioral assessments.

Hippocampus

Histology and Cell Counts
Perfusion and tissue processing were performed as described
previously (Ben Abdallah et al., 2010) followed by immunohistochemistry. For epitope retrieval, free-floating sections were
either heat treated for 40 min (Ki67, 958C) or shortly microwaved (DCX) in target retrieval solution (pH 6.0; DAKO,
Glostrup, Denmark). To inhibit endogenous peroxidase activity, sections were incubated in 0.6% H2O2 for 30 min. After
preincubation in 2% normal serum in Tris-buffered saline with
0.25% Triton (TBS-T) for 60 min at RT, the sections were
incubated overnight with the primary antibody Ki67 (polyclonal rabbit-anti-Ncl Ki-67, Novocastra, UK, 1:2000) or DCX
(polyclonal goat-anti-doublecortin, Santa Cruz, CA, 1:500).
Incubation in secondary antibody (goat anti rabbit 1:300 for
Ki67 and rabbit anti goat 1:300 for DCX) was followed by
incubation with ABC solution (Vectastain, Vector Laboratories,
Burlingame, CA). Finally, sections were stained with 3,30 -diaminobenzidine (DAB) and mounted. Between these steps, sections were rinsed in 3 changes of buffer (TBS-T between
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primary and secondary antibodies; otherwise TBS) for 10 min.
DCX-stained sections were counterstained with hematoxylin
solution, and all sections were dehydrated and cover-slipped.
The total number of DCX1 cells were estimated with the
optical Fractionator (West et al., 1991) using the StereoInvestigator software (v10.50, MBF Bioscience, Burlington, Vermont)
with a 633 lens (ZEISS Plan-Apochromat 1.40 Oil DIC).
Providing cell number estimates at a definable level of precision
(Gundersen et al., 1999; Slomianka and West, 2005) that are
independent of cell size, shape, orientation, and distribution.
DCX1 cells were counted in a frame of 40 3 40 mm with a
step size of 100 mm throughout the entire hippocampus. Total
cell P
numbers (N) wereP calculated using the formula:
N 5 Q  asf1  ssf1 , where
Q is the total number of cells
counted, asf is the area sampling fraction, and ssf is the section
sampling fraction. Cells in the top focal plane were excluded
from the counts. On average, 14 sections were assessed per animal in which a mean of 212 cells were counted.
Ki671 cells were counted exhaustively in every fifth section
omitting cells in the top focal plane. Total cell number estimates were calculated by multiplying the cell counts by the section sampling fraction. On average, 13 sections were assessed
per animal in which a mean of 498 cells were counted.
Fourteen animals (7 C57BL/6 and 7 DBA, all young group)
had to be removed from the experiment prior to analysis for
DCX due to a freezer failure, resulting in a total group size of
106 animal for testing behavioral relationships with Ki671
cells (control group: young C57BL/6: 14, adult C57BL/6: 14,
young DBA: 12, adult DBA: 13, test group: young C57BL/6:
14, adult C57BL/6: 14, young DBA: 13, adult DBA: 13) and
92 animals for the testing of relationships with DCX1 cells
(control group: young C57BL/6: 14, adult C57BL/6: 14,
young DBA: 12, adult DBA: 13, test group: young C57BL/6:
7, adult C57BL/6: 14, young DBA: 6, adult DBA: 12). All
quantification was done blind to the identity of the animals.

Statistical Analysis
Statistical analyses were conducted with R version 3.0.3. All
graphical representations were prepared using the R package
ggplot2 (Wickham, 2009).
To test for differences in cell numbers between strains and
ages, a two-way ANOVA was used with Tukey’s post-hoc test.
Prior to testing for relationships between behavior and neurogenesis, the R package caret (Kuhn, 2014) was used to identify and remove near-zero-variance and highly correlated
behavioral variables (20.9 > r > 0.9). Variables were removed
in order of mean absolute correlations, in which variables with
the highest mean (also meaning the least independent contribution to variance) were removed first until no variables above
the cut-off point were left. This preprocessing step was used to
remove redundant variables so that fewer analyses are conducted and a less-stringent correction for multiple testing is
required. Of the 1,993 recorded variables, 536 were removed.
The remaining 1,457 behavioral variables were Box–Cox transformed to ensure approximate normality.
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The relationships between behavior and neurogenesis were
tested using an ANCOVA. Main effects and all possible interactions between neurogenesis, age, and strain were included in
the model. Benjamini–Hochberg correction was used to adjust
P values across all behavioral variables (Benjamini and
Hochberg, 1995). For the additional statistical analyses, the
stepwise selection of the included interaction effects was performed using the R package MASS (Venables and Ripley,
2002). The stepwise selection starts with a full model including
all main and interaction effects after which, based on the bestfitting Akaike information criterion (AIC), interaction effects
are removed. Selection is done in a bidirectional way, where
for each removed interaction, both including and excluding all
possible interactions are tested to obtain the best overall AIC.
When performing the stepwise selection, the hierarchical order
of the effects was maintained, such that lower order main and
interaction effects were not removed if higher order interactions
involving those factors were present.
A permutation test was run on the full interaction model
where the values for the neurogenesis markers were randomly
permutated and tested in 5,000 iterations. The distribution of
P-values obtained from the permutated data represents a distribution that would be expected if there are no associations
between neurogenesis and behavior (null distribution). The
number of significant effects observed in the original data was
then tested against that of the null distribution. The P values
for all main effects as well as all interaction effects were tested
in the permutated test.
A mediation analysis was performed using the R package
mediation (Tingley et al., 2014). The strain differences were
treated as the independent variable and the neurogenesis
markers as the mediator variable.
A power analysis was not conducted because there was no
primary outcome with a specific hypothesis being tested. Sample size for each group was based on published data (Fuss
et al., 2010a) in which, postpublication, a within-group analysis suggested a significant association between neurogenesis and
behavior. No individual data points were excluded. The experimental units were the individual animals.

RESULTS
Neurogenesis, Impulsivity, and Anxiety
Estimates of the total numbers of proliferating Ki671 cells
and differentiating DCX1 neurons varied predictably with
strain and age (Fig. 2), with DBA mice having 60–65%
fewer Ki671 (F(1,103) 5 543, p < 0.001) and DCX1
(F(1,89) 5 252.5, p < 0.001) cells than C57BL/6 mice. The
age difference of 8 weeks caused a 40–50% decline in Ki671
(F(1,103) 5 171.5, P < 0.001) and DCX1 (F(1,89) 5 139.9,
P < 0.001) cell number estimates in both strains. Strain and
age interacted significantly in the raw cell numbers (Ki671
(F(1,102) 5 80.4, P < 0.001) and DCX1 (F(1,88) 5 60.7,
Hippocampus
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FIGURE 2.
Total cell numbers for the neurogenesis markers
DCX and Ki67. (A & C) Boxplots with distribution of estimated unilateral total cell numbers for (A) young neurons marked by DCX and
(C) proliferating cells marked by Ki67. Both neurogenesis markers
decrease significantly with age and show significant differences between
the two strains (all comparisons P < 0.001), no significant differences

were found between the experimental and control group. (B & D)
Representative images of stains for (B) DCX and (D) Ki67, scale bars:
10 mm. Figures are stack composites of 30 images for the Ki67 figure
and 16 images for the DCX figure, covering a section thickness of 15
mm for Ki67 and 8 mm for DCX. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

P < 0.001) but not when using log-transformed cell numbers
(Ki671 (F(1,102) 5 0.405, P 5 0.526) and DCX1
(F(1,88) 5 0.339, P 5 0.562) indicating that both strains follow a similar exponential decline with age that agrees with previous exponential models (Ben Abdallah et al., 2010; Knoth
et al., 2010; Amrein et al., 2011). Each individual group differed significantly from any other group (all comparisons
P < 0.001). No differences were observed in either Ki671
(P 5 0.418) or DCX1 (P 5 0.698) cell number estimates
between animals undergoing testing in the IntelliCage and control animals housed in the IntelliCage without behavioral test-

ing, showing that behavioral testing by itself did not alter cell
numbers. Coefficients of error of cell number estimates for
strain and age groups ranged from 0.06 to 0.13. Variability
contributed by the estimation procedure was a minor source of
the total variability of cell number estimates in the strain and
age groups (CE2/CV2 range: 0.05–0.26).
Strong strain differences exist in motor impulsivity and anxiety. Impulsivity: DBA mice make more premature nosepokes
per incorrect visit (F(1,35) 5 50.43, P < 0.001), have fewer
correct visits (F(1,35) 5 6.49, P 5 0.015) and respond slower
to rewards (F(1,35) 5 22.68, P < 0.001). All animals make

Hippocampus
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significantly more errors with increasing delay periods
(F(1,52) 5 51.64, P < 0.001). Errors appear to increase linearly
with the delays used in this study (0.5, 1.5, and 2.5 s). No differences are seen between the learning curves of the different
age groups and strains. Despite strong strain differences in neurogenesis and behavior, Ki671 or DCX1 cell numbers did
not associate with any of the main impulsivity variables (Supporting Information, Fig. 1). The lack of significant withingroup covariation strongly suggests that neurogenesis does not
impact behavior but instead covaries across groups with the
unknown factor that is responsible for the behavioral differences. Anxiety: DBA mice spend significantly more time in the
dark zone (F(1,49) 5 522.94, P < 0.001), made fewer light/
dark transition (F(1,49) 5 380.25, P < 0.001) and covered less
area in the light zone (F(1,49) 5 84.99, P < 0.001). The area
covered in the light zone was the only variable affected by age
(F(1,49) 5 4.06, P 5 0.049). Similar to impulsivity testing,
neurogenesis was not associated with the main anxiety variables
(Supporting Information, Fig. 1). Strain, age, or neurogenesis
did not impact the anxiety variables in the IntelliCage.

Large-Scale Phenotyping: Neurogenesis and
Novelty
Due to the lack of neurogenesis effects in the designed
behavioral assessments, we explored effects on 1,457 variables
(full overview in Supporting Information, S6) measured in the
IntelliCage, which allowed a more comprehensive coverage of
the behavioral phenome. In addition to variables extracted
from the tests for motor impulsivity (training phase 0, 424 variables; training phase 1, 379 variables; test phase, 379 variables)
and anxiety (IntelliCage anxiety test: 303 variables; light/dark
box: 40 variables), the 7-day exploration phase prior to testing
was subdivided (according to Vannoni et al. (2014)) into the
initial 8 h of exploration to assess habituation (44 variables)
and the remaining days grouped to assess activity and explorative behavior (424 variables). All remaining variables were
tested for both main effects and interaction effects against both
neurogenesis markers. Figure 3A shows all resulting P-values
for the estimated main and interactions effects with DCX (for
Ki67, see Supporting Information, Fig. 2). Figure 3B shows
the results after correcting for false discovery rate using the
Benjamini and Hochberg correction (Benjamini and Hochberg,
1995). After correction, 27 out of 1,457 variables show either
a main or interaction effect with either of the two neurogenesis
markers (Supporting Information, Table 1). Two notable observations can be made concerning the 27 significant associations.
First, there are no main effects of neurogenesis on behavior;
instead, all findings show an interaction with neurogenesis and
the age of the animals. Second, the majority (18 out of 27) of
significant relationships between neurogenesis and behavior are
found in the exploratory phases in the IntelliCage, and all
show an association with specifically the marker for young neurons, DCX. The variables showing a relationship with the
marker for proliferating cells, Ki67, exhibit a less uniform phenotype that, in contrast to the novelty reaction seen with
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DCX, is not robust to changes in the statistical model used.
Furthermore, the effects are only seen in form of triple interactions, i.e. they occur in only one strain and age. Finally, no
relation is seen between behavior and DCX for these variables,
i.e., the relation between behavior and proliferation is not
translated into a relation between young neurons and behavior.
To further investigate the neurogenesis-by-age interaction,
the data was split according to the two age groups, and each
age was analyzed separately. The results from this separate analysis show a main effect of neurogenesis on 41 behavioral variables. Again, the vast majority (35 out of 41) of behavioral
variables that show a significant association were recorded in
the exploration phase and were only found in the older animals. A closer inspection of the variables in the exploration
phase shows that they can be categorized into two groups:
“latency” variables, measuring the time the animals take to perform a visit, poke, or lick in a particular corner for the first
time and “frequency” variables, measuring the frequency of visits, pokes, or licks performed during the exploration phase.
One representative variable of each of the two categories was
chosen to illustrate the relationship between neurogenesis and
the specific behavioral phenotype (Fig. 4). In animals of both
strains, higher numbers of DCX1 cells are associated with a
longer latency to start drinking specifically in the older animals
(Fig. 4A, young animals P 5 0.62, adult animals P < 0.0001),
and higher numbers of DCX1 cells are associated with a
decrease in the frequency of nosepokes in older animals (Fig.
4B, young animals P 5 0.40, adult animals P 5 0.001). These
trends are consistent in all the behavioral variables found to be
significant in the exploration phase (Supporting Information,
Fig. 3). Taken together, within the older animals, more neurogenesis is associated with lower reactivity toward the novel
environment.

Confirmation by Alternative Analyses
In addition to the described approach, several alternative
parameter settings and models were used to assess the robustness of the obtained results to the method of analysis.
Mediation analysis—All 41 behavioral variables which
showed an association with neurogenesis were tested in a mediation analysis. This analysis was used to assess the degree to
which neurogenesis contributes to the overall behavioral effect
compared to alternative mechanisms. The mediation analyses
was performed separately for each age group, the strain differences were treated as the independent variable and the neurogenesis markers as the mediator. The overall results agree with
the previous analyses where after false discovery rate adjustment, the majority of reported variables in the exploration
phase were dependent on the number of DCX1 cells specifically in the older animals, in which more DCX1 cells are associated with slower exploration. The outcomes of the mediation
analysis for two variables are presented in Figure 4 (for all 41
variables, see Supporting Information, Fig. 4).
Alternative correlation coefficient cut-off points—In addition to
a correlation coefficient cut-off of 0.9, the analysis was run
Hippocampus
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FIGURE 3.
P-value distribution of the associations between
DCX and all behavioral variables. A total of 1993 variables were
extracted from the behavioral experiments, of which 1457 were
tested in an ANCOVA model to estimate the main effects of strain,
age, and DCX as well as all possible interaction effects. Resulting
P-values of the DCX estimate are plotted (A) with the distribution
of the P-values (y-axis) for each experimental phase (x-axis) with
matching P-value density plot (right) showing values per experi-

Hippocampus

mental phase. After adjustment for false discovery rate (B) 27
behavioral variables show an interaction with either DCX or Ki67
(Supporting Information, Fig. 2), the majority of these interactions can be seen in the exploration phase, more specifically the
period when the animals were introduced into the IntelliCage. No
main effects are found, all significant variables show an interaction
with the age group of the mice. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 4.
Effect of neurogenesis on novelty reactivity. The 27
behavioral variables found to be significantly associated with neurogenesis consist largely of variables measuring the exploration in the
novel environment, the variables can be grouped into two categories
(A) “latency” variables, measuring the time the animals take to perform a visit, poke, or lick in a particular corner for the first time
and (B) “frequency” variables, measuring the frequency of visits,
pokes, or licks performed during the exploration phase. For each of
the two categories, one representative variable was selected and plotted in a scatter plot and matching mediation analyses. Neurogenesis
is associated with an increased latency to drink after introduction
into the IntelliCage (A, DCX age interaction P 5 0.005, separate

main effect analyzed per age group: DCX in young animals
P 5 0.62; DCX in adult animals P < 0.0001) and a decreased frequency of nosepokes (B, DCX age interaction P 5 0.01, separate
main effect analyzed per age group: DCX in young animals
P 5 0.40; DCX in adult animals P 5 0.001). The mediation analyses show how neurogenesis has a significant effect on the total
behavioral effect observed, the effect is only seen in the older animals for both the latency (A, Neurogenesis (DCX) in young animals
P 5 0.77, in adult animals P < 0.001) and the frequency variable
(B, Neurogenesis (DCX) in young animals P 5 0.79, in adult animals P < 0.001). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

with cut-off points of 0.8 and 0.5 or with no cut-off point.
Similar overall outcomes were found for all cut-offs, i.e., variables found in the exploration phase were the only ones consistently showing an association with DCX1 cell number
estimates. Here, again, in older animals, higher numbers of
DCX1 cells are associated with slower exploration.
Assessing the differences in power—In the exploration phases,
both control and test animals were tested (n 5 106) after which

impulsivity and anxiety were assessed using the test animals
(n 5 53). Effect sizes in the different experimental phases were
compared to assess whether the lack of significant results in the
impulsivity and anxiety phases were due to the decrease in statistical power. To allow direct comparison of effect sizes, all
behavioral data was normalized. The distribution of effect sizes
in all but the first exploration phase follows a normal distribution around 0, indicating that effect sizes follow a distribution
Hippocampus
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that can be expected by chance. This is not likely to change
when the number of animals increases. However, for the first
exploration phase, all variables show either a positive or a negative effect of DCX (deviation from normality P < 0.001; Supporting Information, Fig. 5). In addition to this validation, a
so-called accuracy in parameter estimation (AIPE) was performed to estimate a total number of animals needed to replicate our results in a similar experimental set-up. Based on the
median within-group errors across all behavioral variables and
an alpha level of 0.05, we calculate that approximately 30 animals per group would be required to estimate the main or
interaction effect of neurogenesis to within one standard deviation precision (Kelley et al., 2003). In other words, the 95%
CI for an estimate will be 60.5, meaning that a standardized
effect of 0.5 will just be significant. A power analysis was performed to assess the number of animals needed to replicate the
results we observed in the adult animals (Fig. 4) in a simple,
planned comparison. To obtain 80% power, 11 animals per
group are suggested to replicate the results of the latency results
while 25 animals per group are suggested for the frequency
results.
Stepwise selection of interaction effects—In order to select the
best-fitting model for each behavioral variable, the analysis was
run using a bidirectional stepwise selection of interaction effects
as opposed to the full interaction model. Similar to the full
model, the majority of behavioral variables associated with
DCX1 cell numbers are found in the exploration phases
describing the same response to the novel environment, i.e., in
older animals, higher numbers of DCX1 cells are associated
with slower exploration.
Permutation test—In order to account for correlations between
behavioral variables, a permutation test was performed. The test
was performed on the P-values obtained from the full interaction
model, where both the P values for the main effects as well as all
possible interaction effects were tested. The experimental phases
where the results of the permutated data and the actual data are
significantly different are the first exploration phases (DCX age
interaction P < 0.001), second exploration phase (DCX strain
interaction P 5 0.04, DCX main effect P 5 0.03), impulsivity
phase training phase 0 (Ki67 triple interaction P 5 0.01), test
phase (Ki67 age interaction P 5 0.03) and light and dark box
(Ki67 age interaction P 5 0.01).
The common denominator which can be observed in these
alternative analyses is one confirming the original analysis,
where specifically in the older animals more DCX1 cells are
associated with variables measuring exploration. Within the
group of older mice, higher numbers of DCX1 cells are associated with a lower reactivity to the novel environment.

DISCUSSION
We tested different groups of mice with large differences in
basal adult hippocampal neurogenesis due age and genetic difHippocampus

ferences between strains. By using these naturally occurring differences in neurogenesis, we avoid acute off-target effects of
chemical, genetic, or environmental manipulations of adult
neurogenesis (Lazic, 2012). The pre-existing, neurogenesisindependent differences between strains and ages remain and
are accounted for by adjusting for overall strain and age effects
on behavior and testing the within-group association between
neurogenesis and behavior.
We did not observe associations between adult neurogenesis
and the vast majority of behavioral readouts. The findings in
the anxiety tests are particularly interesting given that the
nature of reported relationships are ambiguous (Bergami et al.,
2008; Revest et al., 2009; Fuss et al., 2010b). Our findings
support a recent meta-analysis (Groves et al., 2013) that did
not find an overall effect of neurogenesis on commonly used
anxiety testing paradigms, attributing this phenotype to factors
other than adult neurogenesis that differ between the groups
tested. Novelty within the experimental setup as one such factor is discussed below.
The association we found is that between neurogenesis and
the reactivity to novelty, i.e., in older animals, an increase of
DCX1 cells is associated with slower exploration. Lesions
studies have shown a hippocampal involvement in novelty
processing (Belzung, 1992; Lee et al., 2005). Also, rats living
in an enriched environment, which increases neurogenesis, display lower levels of locomotor and novelty-induced activity
compared to controls (Bowling et al., 1993; Zambrana et al.,
2007) leading to the proposal of a role of neurogenesis in coping with novelty (Kempermann, 2002). Direct evidence for a
relationship between adult neurogenesis and reactivity to novelty comes from findings in rats, in which individual differences in the reactivity to novelty correlate with differences in
neurogenesis (Lemaire et al., 1999). Furthermore, a recent
study investigating the link between adult neurogenesis and
anxiety did not find an effect of reduced adult neurogenesis.
However, when the test was repeated in a novel environment,
an effect of reduced neurogenesis was observed (Deng and
Gage, 2015). Subsequent assessments of habituation to the
novel environment (Fig. 7 in Deng and Gage, 2015) found a
higher activity in the novel environment in animals with low
neurogenesis, compared to the less active mice with high neurogenesis. If the reactivity of the animal in a novel environment
is a key component in detecting a behavioral effect of adult
neurogenesis, then this would affect not only classical anxiety
tests, but would extend to a range of behavioral tests where
animals are taken out of their home cage to be tested in an
experimental set-up. Another classical behavioral paradigm that
has been linked to adult neurogenesis is contextual fear conditioning (CFC). Several studies have reported impaired CFC in
animals with reduced neurogenesis (Winocur et al., 2006; Ko
et al., 2009) while others did not observe any effect of neurogenesis (Zhang et al., 2008; Groves et al., 2013). Trying to reconcile these inconsistencies, Drew et al. (2010) tested the link
between neurogenesis and CFC in series of different alterations
of the CFC test. Their results show an interaction between
freezing and neurogenesis, where animals with reduced
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neurogenesis freeze less than wild-type mice, but only when the
environment and stimulus are novel to the animal. In our
study, the animals were tested in their home (Intelli)cage,
allowing us to separate the effects of neurogenesis on the reaction to the novel environment and the actual behavioral testing
paradigms, which were performed after the animals became
habituated to the cage. The studies linking novelty and adult
neurogenesis have used either both sexes (Deng and Gage,
2015) or males (Lemaire et al., 1999; Drew et al., 2010) suggesting that this relationship is not sex-specific.
Changes in the reaction to novelty as a consequence of a
dysregulation of neurogenesis have previously been suggested to
influence the onset of anxiety and depression-related psychiatric
disorders in humans (Kempermann, 2002). Along the same
lines, a link was suggested between neurogenesis and mood disorders, post-traumatic stress disorder, borderline personality,
and schizophrenia, which are all characterized by an altered
stress response to novel contextual changes (Chambers and
Conroy, 2007). Our results provide the evidence for interactions between novelty reaction and neurogenesis that are part
of these hypotheses.
The decrease of neurogenesis associated with age is well
established (Kuhn et al., 1996; Ben Abdallah et al., 2010;
Amrein et al., 2011) and this decrease in neurogenesis has
often been linked to a decrease in performance in typical
hippocampus-dependent tasks, such as the water maze (GilMohapel et al., 2013) and pattern discrimination (Drapeau
and Abrous, 2008). Again, results are equivocal as other studies
found either no effect or an opposing relationship (Bizon and
Gallagher, 2003; Merrill et al., 2003; Bizon et al., 2004). Our
results indicate that, specifically in older animals, the level of
neurogenesis associates with the way a novel environment was
explored, whereas this relation was not seen in the younger animals. Previous studies that show an effect of neurogenesis on
hippocampal-dependent tasks often use group-level correlations. They may not be representative of the within-group
associations described here and are therefore difficult to compare to our data. In our own data, between-group differences
can show a reversed relationship compared to the within-group
analyses (Simpson’s effect: Simpson, 1951), i.e., C57BL/6 mice
with overall more neurogenesis have a higher frequency of
pokes compared to DBA mice (Fig. 4) even though high neurogenesis decreases visit frequency within groups. Also, the
within-group relation between neurogenesis and behavior may
depend on the stage at which neurogenesis is being assessed
(proliferation or long-term integration; Bizon and Gallagher,
2003; Bizon et al., 2004). Finally, our study was not aimed at
changes in behavior during aging, i.e., a relative small age difference of 8 weeks during early adulthood was chosen to differentiate the level of neurogenesis and not behavior. While we
took several steps to control the false-positive rate in the
exploratory part of this experiment, neither the association
between neurogenesis and novelty nor the age-specific effects
were predicted in advance. These results therefore require replication, but also introduce novelty as a factor that needs to be
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considered when planning experiments and interpreting those
already published.
Cell numbers are one first estimate of the functional importance of a cell population within the network that it belongs
to. A more comprehensive assessment of morphological or
physiological parameters and their interactions may allow the
definition of associations between neurogenesis and behavior
that go beyond those reflected in cell numbers. When combined with the large-scale behavioral phenotyping, cell numbers
are, however, able to provide a differentiated view on structure–function relationships, and this view may well be extended
from neurogenic to resident cell populations.
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