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SUMMARY

Sensory experience regulates the development of
various brain structures, including the cortex, hippo-
campus, and olfactory bulb (OB). Little is known
about how sensory experience regulates the den-
dritic spine development of OB interneurons, such
as granule cells (GCs), although it is well studied in
mitral/tufted cells. Here, we identify a transcription
factor, Npas4, which is expressed in OB GCs imme-
diately after sensory input and is required for
dendritic spine formation. Npas4 overexpression in
OB GCs increases dendritic spine density, even un-
der sensory deprivation, and rescues reduction of
dendrite spine density in the Npas4 knockout OB.
Furthermore, loss of Npas4 upregulates expression
of the E3-ubiquitin ligase Mdm2, which ubiquitinates
a microtubule-associated protein Dcx. This leads to
reduction in the dendritic spine density of OB GCs.
Together, these findings suggest that Npas4 regu-
lates Mdm2 expression to ubiquitinate and degrade
Dcx during dendritic spine development in newborn
OB GCs after sensory experience.

INTRODUCTION

Olfactory bulb (OB) interneurons are a good model for studying
the modification of neural circuits by sensory inputs from the
external world during the postnatal stages (Katz and Shatz,
1996; Lepousez et al., 2013; Nithianantharajah and Hannan,
2006; Sanes and Lichtman, 2001). OB interneurons are gener-
ated and integrated into preexisting neural circuits throughout
life (Adam and Mizrahi, 2010; Kaneko et al., 2010; Lledo et al.,
2008; Sakamoto et al., 2011; Whitman and Greer, 2009).
Newborn interneurons are generated in the subventricular
zone, migrate along the rostral migratory stream (RMS), and
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differentiate into GABA (y-aminobutyric acid)-releasing inhibi-
tory interneurons, such as granule cells (GCs) and periglomerular
cells (PGCs), in the OB (Adam and Mizrahi, 2010; Kaneko et al.,
2010; Lledo et al., 2008; Sakamoto et al., 2011; Whitman and
Greer, 2009) (Figure 1A). Importantly, adult-born OB interneu-
rons are required for signal processing in a subset of olfactory
discrimination learning tasks (Alonso et al., 2012; Bardy et al,,
2010). Odor-evoked activity affects the survival and integration
of newborn OB interneurons (Lin et al., 2010; Rochefort et al.,
2002; Yamaguchi and Mori, 2005). Moreover, olfactory sensory
deprivation, or an odor-rich environment, can promote the sup-
pression or acceleration of dendritic morphogenesis and spine
formation in newborn OB interneurons, respectively (Livneh
et al.,, 2009; Saghatelyan et al., 2005). These results suggest
that olfactory sensory experience facilitates survival, dendritic
morphogenesis, and spine formation in OB interneurons.
Recently, we found that the 5T4 glycoprotein regulates the den-
dritic arborization of OB GCs in a sensory-input-dependent
manner (Yoshihara et al., 2012). However, little is known about
the other molecular players or the precise mechanisms that inte-
grate odor-induced activity with the developmental processes of
OB interneurons.

In this study, a unilateral naris occlusion was used in combina-
tion with in situ hybridization (ISH) to search for genes whose
expression levels differed between the open and closed sides
of the OB and whose expression were detected in the interneu-
rons. These experiments identified the neuronal Per/Arnt/Sim
(PAS) domain protein 4 (Npas4) gene (Figure S1A). Npas4 is a
helix-loop-helix transcription factor containing two PAS domains
and plays a role in the development of inhibitory synapses by
regulating the expression of activity-dependent genes in hippo-
campal neurons (Lin et al., 2008). In addition, Npas4 promotes
the formation of inhibitory synapses in the developing visual
system (Lin et al., 2008) and controls the homeostatic inhibi-
tory/excitatory balance that regulates visual cortical plasticity
(Maya-Vetencourt et al., 2012). Moreover, Npas4 interacts with
several promoters that are regulated by neuronal activity (Kim
et al., 2010) and mediates the brain derived neurotrophic factor
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Figure 1. Npas4 Is Expressed in a Subset of OB GCs in a Sensory-Input-Dependent Manner

(A) Schematic diagram of the experimental protocol. A lentiviral vector carrying the CMVp —gapEYFP construct was injected into the LVs of neonatal mice at PO,
followed by a unilateral naris occlusion. EYFP* interneurons in the OB were analyzed 3 weeks (P21) after injection.

(B and C) Newborn GC dendrites in the open (B) and closed (C) sides of the OB of P21 naris-occluded mice. The scale bar represents 10 um.

(D) Quantification of the spine density (B and C) of GC dendrites. Bars and error bars represent mean + SEM (open = 0.33 + 0.02/um, closed = 0.25 + 0.02/um;
**p < 0.01 compared with the open side [a one-way ANOVA]; n = 70 cells in each side of the OB from four individuals). Newborn GC dendrites had a lower spine

density in the closed than the open side of the OB.
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(BDNF) expression (Bloodgood et al., 2013; Lin et al., 2008; Ooe
et al., 2004; Pruunsild et al., 2011; Ramamoorthi et al., 2011). A
lentiviral system was used to provide either a gain or loss of func-
tion of Npas4 in the OB interneurons during development, and
Npas4 knockout mice were used to show that Npas4 regulates
dendritic spine development in OB GCs in a sensory-experi-
ence-dependent manner. Chromatin immunoprecipitation
sequencing (ChlP-seq) and ISH analyses were performed to
identify the novel target of Npas4, an E3 ubiquitin ligase murine
double minute 2 (Mdm2) gene, which was expressed at low
levels in the wild-type OB but at higher levels in the Npas4
knockout OB (Figure S1B). Finally, isobaric tags for relative
and absolute quantitation (iTRAQ) and western blot (WB) ana-
lyses were performed to identify the novel target of Mdm2, a
microtubule-associated protein doublecortin (Dcx), which was
ubiquitinated and degraded via Mdm2 and resulted in a reduc-
tion in the dendritic spine density of the OB GCs (Figure S1C).

RESULTS

Npas4 Shows Sensory-Input-Dependent Expression in a
Subset of Newborn OB Interneurons

To test whether sensory input affects the synapse development
(synaptogenesis) of newborn mouse OB interneurons, a lentiviral
vector expressing membrane-associated GAP43-tagged
enhanced yellow fluorescent protein (gapEYFP) under the con-
trol of the cytomegalovirus promoter (CMVp—gapEYFP) was
injected into the lateral ventricles (LVs) on postnatal day 0 (PO0),
followed by a unilateral naris occlusion. After 3 weeks (P21),
we analyzed the synaptogenesis of newborn OB interneurons
by confocal microscopy (Figure 1A). Measurement of the spine
density of the GC dendrites (Figures 1B-1D) from P21 naris-
occluded mice showed that there was a 1.3-fold reduction in
the closed side compared to the open side of the OB (n = 70
cells; p < 0.01). These results confirm that odor-evoked sensory
input is necessary for the dendritic spine development of OB
GCs (Kelsch et al., 2009; Saghatelyan et al., 2005).

To investigate the molecules involved in regulating the devel-
opment of OB interneurons, we searched for genes whose
expression levels differed between the open and closed sides
of the OB and whose expression correlated with the interneu-
rons, based on DNA microarray plus ISH screenings (Yoshihara
etal., 2012). In addition to the trophoblast glycoprotein 574 gene

(Yoshihara et al., 2012), we found a transcription factor Npas4
gene that shows clear differences in its expression between
the open and closed sides of the OB (Figures 1E and 1F).
Npas4 regulates the development of inhibitory synapses in excit-
atory neurons by regulating the expression of activity-dependent
genes (Lin et al., 2008), suggesting that Npas4 could be a factor
that regulates dendritic spine development and the synaptic
connectivity of OB Npas4™ neurons, depending on the degree
of sensory input. Thus, we chose to examine the expression of
Npas4 in the OB, and following naris occlusion, in more detail.
Npas4 was expressed in a subset of GCs in the mitral cell and su-
perficial GC layers (Figure 1E). In the olfactory-deprived side of
the OB, Npas4* cell numbers decreased 1.7-fold in the mitral
cell and superficial GC layers (n = 10 sections; p < 0.01; Figures
1E and 1F). Moreover, the average Npas4 fluorescence hybridi-
zation signals decreased 1.9-fold in the closed side of the OB
compared with those in the open side (n = 10 sections; p <
0.01; Figures 1E and 1F). By contrast, olfactory stimulation
with a high concentration of the odorant amyl acetate immedi-
ately induced Npas4 expression in the OB (n = 10 sections; p <
0.01; Figures 1G and 1H), as previously described (Bepari
et al., 2012a). As shown in Figures 1l and 1J, in the GC layer,
97% of Npas4* cells expressed GAD67 (GABAgenic neuronal
marker), whereas 30% of GAD67" cells expressed Npas4 (n =
6 sections). These results demonstrate that Npas4 is expressed
in a subset of GCs and that its expression depends on the level of
sensory input.

Overexpression of Npas4 Increases the Dendritic Spine
Density of OB GCs

To investigate the role of Npas4 in neuronal development within
the OB, a gain-of-function experiment was performed by inject-
ing a lentiviral vector carrying the CMVp —Npas4 —internal ribo-
some entry site (IRES)—gapEYFP construct into the LVs of PO
mice. After 2 weeks (P14), the synaptogenesis of the Npas4-ex-
pressing neurons was compared with that of the control
mCherry-expressing neurons. The differences in the dendritic
spine density between the control and Npas4-overexpressing
GCs were dependent on the distance from the cell body (Figures
2A and 2B). For example, the spine density in the distal region of
the GC dendrites, defined as the region from the dendritic tip to
the branching point, increased 1.4-fold in Npas4-overexpressing
GCs compared with that of the control mCherry* GCs (n = 20

(E) Fluorescence ISH of OB sections from P21 naris-occluded mice. Npas4 hybridization and DAPI signals are shown in red and blue, respectively. Npas4* GCs,
which were less numerous in the closed than in the open side of the OB, were located mainly in the mitral cell layer (MCL) and superficial GC layer (GCL). The scale
bar represents 30 um.

(F) Cell numbers (left) and hybridization-signal intensities (right) of the Npas4* GCs are shown as the mean = SEM (left: open = 63 + 6 cells/0.01 mm?, closed = 37
+ 4 cells/0.01 mm?; right: open = 100% + 8%, closed = 52% + 6%; **p < 0.01 compared with the open side [a one-way ANOVA]; n = 10 sections in each side of the
OB from three individuals).

(G) Fluorescence ISH of OB sections from P21 odor-stimulated mice. Stimulation with the odorant amyl acetate led to immediate induction of Npas4 expression in
the OB. The scale bar represents 30 um.

(H) Cell numbers (left) and hybridization-signal intensities (right) of the Npas4* GCs are expressed as the mean + SEM (left: pretreatment = 13 + 2 cells/0.01 mm?,
odor stimulation = 92 + 4 cells/0.01 mm?; right: pretreatment = 100% + 6%, odor stimulation = 242% + 4%; **p < 0.01 compared with the pretreatment condition
[a one-way ANOVA]; n = 10 sections per bar from three individuals).

(I) Double ISH with the Npas4 (magenta) and GAD67 (GABAgenic neuronal marker, green) probes in OB sections from P21 odor-stimulated mice. The scale bar
represents 30 pm.

(J) Ratios of Npas4™ GAD67* GCs to Npas4™ GCs (left) and Npas4* GAD67+ GCs to GAD67* GCs (right) in the OBs of P21 odor-stimulated mice are shown as the
mean + SEM (left: 97% + 1%; right: 30% + 3%; n = 6 sections from each side of the OB from three individuals).
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cells; p < 0.01; Figures 2A and 2B). However, in the proximal
region, defined as the region from the branching point to the
cell body, there was no difference in the spine density between
the Npas4-overexpressing GCs and control GCs (n = 20 cells;
Figures 2A and 2B). Therefore, in all subsequent experiments,
the spine density of the GC dendrites was measured in the distal
region. Notably, a similar dendritic domain-specific spine forma-
tion regulated by the Npas4 gene was reported in the hippocam-
pal Cornu Ammonis area 1 pyramidal neurons (Bloodgood et al.,
2013).

Npas4 overexpression in newborn GCs at the adult stage,
following infection of P56 mice, yielded results (a 1.3-fold
increase in the spine density) similar to those seen in the neonatal
animals (n =20 cells; p < 0.01; Figures 2A, 2B, and S2A). Further-
more, Npas4 overexpression increased the number of puncta in
the distal region of the GC dendrites that were stained by either
postsynaptic (postsynaptic density protein 95 [PSD-95] or ge-
phyrin) or presynaptic (synaptoporin) markers (n = 20 cells; p <
0.01; Figure S3). These results demonstrate that Npas4 overex-
pression facilitates both presynaptic and postsynaptic develop-
ment in the distal region of the GC dendrites in the OB. Npas4
overexpression produced no significant differences in either
the total length or the branching number of GC dendrites (n =
20 cells; Figure 2C).

As shown above, olfactory sensory deprivation reduced the
spine density of the GC dendrites (Figures 1B-1D). To test
whether the dendritic spine density could be increased by
Npas4 overexpression under these conditions of reduced activ-
ity, two lentiviral vectors, CMVp —Npas4—IRES —gapEYFP and
control CMVp —gapmCherry, were coinjected into the LVs of PO
mice, followed by a unilateral naris occlusion (Figures S2B and
S2C). As expected, after 2 weeks (P14), GCs expressing the con-
trol mCherry had 1.2-fold fewer spines in the closed than in the
open side of the OB (n = 20 cells; p < 0.01; Figures S2B and
S2C). Interestingly, Npas4-overexpressing GCs possessed 1.3-
and 1.5-fold more spines in the open and closed sides of the

OB, respectively (n =20 cells; p < 0.01; compared to the controls;
Figures S2B and S2C). These results demonstrate that Npas4
overexpression augments the dendritic spine density of the OB
GCs and prevents the occlusion-induced reduction of the spine
density.

Npas4 Loss of Function Leads to a Reduction in the
Dendritic Spine Density of OB GCs

To further investigate the influence of Npas4 in the development
of Npas4* GCs, knockdown or dominant-negative lentiviral vec-
tors were used in conjunction with an Npas4 promoter construct
to identify the interneurons with endogenous Npas4 expression.
To evaluate the Npas4 promoter, which contains a 7 kb region
upstream of the initiation codon, we injected the Npas4 pro-
moter-driven gapmCherry (Npas4p—gapmCherry) vector into
the LVs of P3 Npas4*'~ mice in which the Npas4 coding region
had been replaced by green fluorescent protein (GFP) (Lin
et al., 2008) and performed immunostaining with antibodies
against mCherry and GFP at P16. This revealed a subset of
GCs, particularly in the mitral cell and superficial GC layers (in
which mCherry* GCs coexpressed the GFP gene), correspond-
ing to the endogenous Npas4 (Figure S4A). Therefore, in the
following experiments, we analyzed the dendritic morphology
of Npas4p—gapEYFP-expressing GCs, corresponding to the
endogenous Npas4* GCs.

In the Npas4 knockdown studies, we used lentiviral vectors
that express Npas4-short hairpin RNA (Npas4-shRNA) under
the human H7 promoter (H1p —Npas4-shRNA). Both the H1p—
Npas4-shRNA and Npas4p —gapEYFP vectors were coinjected
into the LVs of PO mice. Interestingly, coexpression of the
Npas4-shRNA and EYFP constructs resulted in a 1.4-fold lower
spine density of the GC dendrites than in the control Npas4p —
gapEYFP dendrites (n = 20 cells; p < 0.01; Figures 2D, 2E,
and 2G). This result shows that the Npas4 knockdown
leads to a reduction in the spine density of the GC dendrites.
Notably, Npas4 protein and mRNA were efficiently decreased

Figure 2. Npas4 Overexpression and Knockdown Facilitates and Represses the Development of Dendritic Spines in Newborn OB GCs,
Respectively

(A) Alentiviral vector carrying the control construct (CMVp —gmCherry) was injected into the LVs of PO mice, either alone or together with a second vector carrying
the Npas4 construct (CMVp —Npas4—i—gEYFP). mCherry* GCs (magenta) and EYFP* mCherry* GCs (white) were analyzed 2 weeks (P14) after injection. We
defined the proximal region as that from the soma to the first branching point of the apical dendrites and the distal region as that from the branching point to the
dendritic tip. The scale bar represents 25 pm.

(B) The spine density of the GC dendrites is expressed as the mean + SEM (distal: control = 0.29 + 0.02/um, Npas4 = 0.42 + 0.03/um; proximal: control = 0.24 +
0.04/um, Npas4 = 0.20 + 0.03/um; total: control = 0.26 + 0.03/um, Npas4 = 0.33 + 0.02/um; **p < 0.01 compared with the control [a one-way ANOVA]; n = 20 cells
per line from three individuals). Npas4 overexpression increased the spine density in the distal regions of the GC dendrites compared with that of the controls.
(C) The total lengths (left) and branching numbers (right) of the GC dendrites are expressed as the mean + SEM (left: control = 193 + 11 um, Npas4 =210 + 20 pm;
right: control = 2.8 + 0.2/cell, Npas4 = 3.1 + 0.3/cell).

(D and E) The Npas4 knockdown experiment. A lentiviral vector carrying the control construct (Npas4p —gapEYFP) was injected either alone (D) or together with
Npas4 shRNA (H1p—Npas4-shRNA) (E) into the LVs of PO mice. Coexpression of the Npas4-shRNA and EYFP constructs (E) gave rise to a lower spine density of
the GC dendrites than expression of the control vector alone (D).

(F) The Npas4 dominant-negative experiment. Expression of the CMVp —Npas4-DNA binding domain (DBD)—IRES —gapEYFP vector (F) gave rise to a reduction
in the spine density of the GCs when compared with expression of the control construct (D). The scale bar represents 10 um.

(G) The spine density (D-F) of the GC dendrites is expressed as the mean + SEM (control = 0.36 + 0.01/um, Npas4 shRNA = 0.25 + 0.02/um, Npas4 DBD = 0.23 +
0.01/um; **p < 0.01 compared with the control [a one-way ANOVA]; n = 20 cells per line from three individuals).

(H) The efficiency of Npas4 knockdown. WB analysis of HEK293T cell lysates cotransfected with CMVp —enhanced GFP (EGFP) and CMVp —Npas4 with or
without H1p —Npas4-shRNA. Npas4 protein was detected using two antibodies (Npas4-N and Npas4-C).

(I) The intensities of individual bands in (H) were normalized against that of enhanced GFP (EGFP) and are expressed as the mean + SEM (Npas4-N/EGFP:
control = 1.0 + 0.01, Npas4 shRNA = 0.02 + 0.01; Npas4-C/EGFP: control = 1.0 + 0.12, Npas4 shRNA = 0.02 + 0.01; *p < 0.05 compared with control values [a
one-way ANOVA]).
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by Npas4-shRNA, respectively, both in vitro and in vivo (Figures
2H, 2I, and S4B).

Next, we hypothesized that the overexpression of the Npas4-
DNA binding domain (DBD) alone might inhibit DNA binding of
the endogenous Npas4 and therefore affect the spine develop-
ment of the GC dendrites. Consistent with this, injection of a
lentiviral vector carrying the CMVp—Npas4-DBD—IRES —ga-
PEYFP construct into the LVs resulted in a reduction in the
spine density of the GC dendrites compared with that of mice
infected by the control CMVp—gapEYFP vector (n = 20 cells;
p < 0.01; Figures 2D, 2F, and 2G). This supports the possi-
bility that the Npas4-DBD acts in a dominant-negative manner.
Thus, two different types of experiments demonstrate that
Npas4 loss of function reduces the dendritic spine density in
the OB GCs.

Expression of Npas4 Rescues the Reduction in the
Dendritic Spine Density of OB GCs from Npas4
Knockout Mice

To further explore the effects of Npas4 loss of function in the OB
interneurons, we analyzed Npas4* GCs in Npas4 knockout mice
in which the Npas4 coding region was replaced by GFP (Lin et al.,
2008). We then injected a lentiviral vector carrying the Npas4
promoter-driven gapmCherry (Npas4p—gapmCherry) into the
LVs of Npas4*"*, Npas4*'~, and Npas4~'~ mice at P3 and immu-
nostained OB sections with an mCherry antibody at P17. The
dendrites of mCherry* (endogenous Npas4*) GCs in the hetero-
zygotes showed a spine density 1.2-fold lower than that of the
wild-type mice (n = 20 cells; p < 0.01; Figures 3A and 3C),
whereas the dendrites of null mice showed a spine density 1.3-
fold lower than that of the wild-type mice (n = 20 cells; p <
0.01; Figures 3A and 3C). Thus, the Npas4 gene dosage corre-
lates with the degree of the dendritic spine development.
Remarkably, the reduction in the dendritic spine density of the
Npas4 mutant GCs could be rescued by the overexpression of
Npas4 with a lentiviral vector carrying the CMVp—Npas4—
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Figure 3. Expression of Npas4 Rescues the
Reduction in the Dendritic Spine Density of
the OB GCs from Npas4 Knockout Mice

(A) Npas4 knockout mice. A lentiviral vector car-
rying Npas4p —gapmCherry was injected into the
LVs of Npas4*/*, Npas4*'~, and Npas4~'~ mice at
P3, and OB sections were immunostained with an
mCherry antibody at P17. Npas4 gene dosage
appears to correlate with the degree of the den-
dritic spine development. The scale bar represents
10 pm. WT, wild-type.

(B) Npas4 gain of function (GOF) in Npas4
knockout mice. Overexpression of Npas4 by a
lentiviral vector carrying CMVp—Npas4—IRES —
gapmCherry rescued the reduction in the dendritic
spine density seen in Npas4 mutant GCs.

(C) The spine density (A and B) of the GC dendrites
is expressed as the mean + SEM (Npas4*/*: con-
trol = 0.36 + 0.01/um, Npas4 GOF = 0.44 + 0.03/
um; Npas4*'~: control = 0.30 = 0.01/um, Npas4
GOF =0.39 + 0.02/um; Npas4~'~: control = 0.28 +
0.01/um, Npas4 GOF = 0.38 + 0.02/um; **p < 0.01
compared with the control [a one-way ANOVA]; n =
20 cells per line from three individuals).

Spine densities of
GC dendrites ( /um)

*k *k *k

IRES —gapmCherry construct (n = 20 cells; p < 0.01; Figures
3A-3C).

Then, we examined the effect of sensory input on the dendritic
spine density of mCherry* GCs in Npas4 mutant mice. In the
wild-type mice, the spine density of mCherry * GCs was reduced
1.3-fold under naris-occluded conditions (n = 20 cells; p < 0.01;
Figures S5A-S5C), which is consistent with Figure 1. By
contrast, the spine density of GC dendrites in the Npas4-null
mice did not differ between the open and closed sides of the
OB (n = 20 cells; Figures S5A-S5C). These results strongly sug-
gest that Npas4 is both necessary and sufficient for regulating
sensory-input-dependent synaptogenesis in the OB GCs.

Loss of Npas4 Upregulates Mdm2 Expression to Reduce
the Dendritic Spine Density of OB GCs

Although Npas4 induces the expression of BDNF and c-fos in
hippocampal neurons (Bloodgood et al., 2013; Lin et al., 2008;
Ramamoorthi et al., 2011), the BDNF and c-fos expression did
not differ between the wild-type and Npas4-null OBs (Figures
S6A and S6B). This result suggests that Npas4 may induce the
expression of other target genes in the OB GCs to facilitate
dendritic spine formation. To identify the target genes through
which Npas4 regulates synaptogenesis in the OB interneurons,
we performed ChlIP-seq analysis in homogenized OB tissues us-
ing two different antibodies against Npas4. As shown in Table
S1, ChlP-seq produced many hits with both Npas4 antibodies,
perhaps because Npas4 binds to an E-box-like DNA sequence,
CA(C/G)(G/C)TG, which is GC-rich (Ooe et al., 2004). We then
searched the ChIP-seq-derived genes to identify those with
expression levels that differed between the OBs of the wild-
type and Npas4-null mice and whose expression was detected
in the interneurons, as assessed by ISH. Among ~100 genes,
we identified the target of Npas4, an oncogenic ubiquitin ligase
Mdm2 gene, showing a clear difference in expression between
the wild-type and Npas4 knockout OBs (Figure 4A). In addition,
Mdm2 expression was clearly increased in GCs in which



Npas4 had been knocked down by Npas4-shRNA (Figure S4C).
Like Mdm2, the genes Nedd4L and Ube2e3, which also encode
ubiquitin ligases in the ChlP-seq-derived genes (Table S1), were
expressed more strongly in the Npas4 knockout OB than the
wild-type OB (Figure 4A). Notably, these genes were precipitated
with the Npas4 antibody in the ChIP-PCR analysis (Figure 4B).
These results suggested that Mdm2, Nedd4L, and Ube2e3
seemed to be the novel target genes of Npas4.

Next, we performed a gain-of-function experiment by injecting
a lentiviral vector containing the CMVp—Mdm2—IRES —ga-
PEYFP construct into the LVs of wild-type PO mice. This showed
that overexpression of Mdm2 reduced the spine density of
the GC dendrites compared with a control CMVp —gapEYFP
construct or with the overexpression of Nedd4L and Ube2e3
(n=20 cells; p < 0.01; Figures 4C and 4E). Furthermore, we per-
formed a knockdown experiment by coinjecting two lentiviral
vectors that express H1p —Mdm2-shRNA and CMVp —gapEYFP
into the LVs of PO mice. Interestingly, coexpression of the Mdm2-
ShRNA and EYFP constructs resulted in a 1.4-fold higher
spine density of the GC dendrites than in the control CMVp —ga-
PEYFP dendrites (n = 20 cells; p < 0.01; Figures 4C-4E). In
the CMVp—Npas4—IRES —gapEYFP lentivirus-infected mice,
Mdm2 expression was lower in Npas4-overexpressing GFP*
GCs than in GFP™ GCs (Figure 4F). This demonstrates that the
knockdown of Mdm2 enhances the spine density of the OB GC
dendrites and that Mdm2 is a bona fide target gene of Npas4.

Mdm2 Ubiquitinates and Degrades Dcx to Reduce the
Dendritic Spine Density of OB GCs
Mdm2 ES3 ligase is known to be localized at synapses and to
ubiquitinate and degrade PSD-95 in rat hippocampal neurons
(Colledge et al., 2003). However, no differences were detected
in the amount of PSD-95 protein between the wild-type and
Npas4 knockout OBs by WB analysis (Figures 5A and 5B). To
identify the protein targets through which Mdm2 regulates
synaptogenesis in the OB interneurons, we performed iTRAQ
protein analysis on four different OB tissue samples from two
wild-type and two Npas4 knockout mice. The iTRAQ analysis
produced many hits, with a higher amount of protein in the
wild-type OBs than in the Npas4 knockout OBs (Table S2).
Based on WB analyses of 17 candidates, we identified a target
for Mdm2, the microtubule-associated protein Dcx, showing a
clear difference in the amount of protein between the wild-type
and Npas4 knockout OBs (Table S2; Figures 5A and 5B). This
was confirmed by immunohistochemistry (IHC) with the Dcx
antibody to OB sections; Dcx fluorescence signals in the GC
dendrites within both the external proximal layer (EPL) and
the GC layer (GCL) were 2-fold higher in the wild-type OB than
in the Npas4 knockout OB (Figure 6A). The amount of Dcx
protein was remarkably decreased in GCs, in which Npas4
had been knocked down by Npas4-shRNA (Figure S4D). Simi-
larly, Dcx-immunoreactive signals were decreased significantly
in newborn bromodeoxyuridine (BrdU)* GCs from Npas4~/~
mice compared to those from Npas4*'* mice (Figure 6C). There
was a slight reduction in the Dcx signal intensity in the Npas4
knockout RMS compared to the wild-type RMS (Figure 6B).

To examine whether Mdm2 would associate with Dcx for ubig-
uitination, we cotransfected three CAG promoter (CAGp)-driven

plasmids, CAGp—Dcx, CAGp—Mdm2, and CAGp—mCherry
(control), into a human embryonic kidney 293T (HEK293T) cell
line, followed by immunoprecipitation (IP) and WB analyses. In
the WB analysis, the Dcx band intensity decreased in the co-
transfection with the Dcx and Mdm2 plasmids, compared with
the transfection with the Dcx plasmid (Figure 5C). This demon-
strates that Mdm2 reduces the amount of Dcx protein. IP with
the Dcx antibody and WB with the Mdm2 antibody showed a
strong Mdm2 band only in the cotransfection with the Dcx and
Mdm?2 plasmids, whereas IP with the Mdm2 antibody and WB
with the Dcx antibody indicated a weak Dcx band only in the co-
transfection with the Dcx and Mdm2 plasmids (Figure 5D). This
suggests that Mdm2 associates with Dcx for ubiquitination.
Then, to examine whether Mdm2 would ubiquitinate Dcx, we co-
transfected four plasmids carrying CAGp—Dcx, CAGp —Mdm2,
CAGp —hemagglutinin-ubiquitin (HA-Ub), and CAGp—mCherry
(control) into HEK293T cells, followed by IP with the Dcx anti-
body and WB with the HA antibody to detect ubiquitination (Fig-
ure 5E). Band shifts corresponding to polyubiquitinated Dcx
were detected only in the cotransfection with the Dcx and
Mdm2 plasmids. This indicates that Mdm2 ubiquitinates Dcx
for degradation. We further confirmed that Dcx was expressed
in most Npas4* GCs at P7, whereas 51% of Npas4* GCs were
Dcx* at P56 (Figure S7A), suggesting that Npas4 is expressed
in younger Dcx* and older Dcx™ GCs in adults.

Finally, we performed a gain-of-function experiment by inject-
ing a lentiviral vector containing the CMVp —Dcx—IRES —ga-
PEYFP construct into the OBs of wild-type PO mice. We injected
the lentiviral vector into the OB to overexpress Dcx specifically in
OB neurons because Dcx also regulates OB neuroblast migra-
tion in the RMS (Belvindrah et al., 2011). This indicated that
overexpression of Dcx enhanced the spine density of the GC
dendrites, compared with a control CMVp —gapEYFP construct
(n =20 cells; p < 0.01; Figure 6D). Furthermore, we performed a
knockdown experiment by coinjecting two lentiviral vectors that
express H1p—Dcx-shRNA and CMVp —gapEYFP into the OBs
of PO mice. Coexpression of the Dcx-shRNA and EYFP con-
structs resulted in a 1.4-fold lower spine density of the GC den-
drites than in the control CMVp—gapEYFP dendrites (n = 20
cells; p < 0.01; Figure 6D). This indicates that the Dcx knockdown
reduces the spine density of the OB GC dendrites like the Npas4
knockout does (Figure 3). In addition, we measured both the total
length and branching number of dendrites in control, Dcx-over-
expressing, and Dcx knockdown GCs, located in the superficial
GCL. There was no difference in either the total length or branch-
ing number of GC dendrites (Figure 6D), like Npas4 gain or loss of
function (Figures 2A-2C; S.Y., unpublished data). These results
reveal that Dcx plays an important role in regulating the dendritic
spine density of the OB GCs, but not the dendritic length or
branching number. Notably, Dcx was strongly expressed in
younger mice OB at P7 but decreased in older mice OB at P56
(Figure S7A). Dcx protein was not detected in most of the 8-
week-old GCs, labeled with the lentiviral vector carrying
CMVp —gapEYFP at PO (Figure S7B). Consistent with this obser-
vation, Npas4 overexpression and knockdown did not affect the
dendritic spine density in 8-week-old GCs (Figures S7C and
S7D). In contrast, Npas4 overexpression enhanced dendritic
spine development in GCs, which were newly generated around
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Figure 4. Loss of Npas4 Upregulates Mdm2 Expression, Leading to a Reduction in the Dendritic Spine Density of the OB GCs

(A) Fluorescence ISH of OB sections from Npas4*/+ and Npas4~'~ mice at P21. Mdm2 expression was increased in the Npas4 knockout OB compared with the
wild-type OB. The same was true for Ube2e3 and Nedd4L. The scale bar represents 60 um.

(B) ChIP-PCR analysis. The upstream regions of Mdm2, Ube2e3, and Nedd4L genes were ChlIP analyzed with an Npas4 antibody and amplified using specific
sets of primers.

(legend continued on next page)
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P56 (Figure S2A). Collectively, these results suggest that Npas4
regulates dendritic spine formation in newborn young Dcx* GCs,
but not in older Dcx™ GCs (Figure S7E).

Npas4 Loss of Function Specific to OB Neurons Impairs
Odor Discrimination Learning

We examined whether spine formation in OB GCs is required for
odor discrimination learning and memory in mice. Although
global Npas4 knockout mice have defects in the OB and in other
brain regions (Lin et al., 2008), we generated OB-specific Npas4
knockout mice by injecting a Cre-expression lentivirus (CMVp —
Cre—IRES—gapEYFP gene) into both the LVs and OBs of
Npas4™™ mice (Lin et al., 2008) at P3. The Cre-expression lenti-
virus was thereby infected into neural stem cells in the LVs as
well as into OB cells, such as projection neurons and interneu-
rons. However, as Npas4 expression was restricted predomi-
nantly to GAD67" interneurons in the OB (Figures 11 and 1J),
the effect of Npas4 knockout was defined to OB interneurons.
This resulted in OB interneuron-specific loss of Npas4 expres-
sion in the Npas4™™ mice (~40% of the total GCs were Cre*
Npas4~; S.Y., unpublished data). After 6 weeks (P45), we con-
ducted a test of odor discrimination learning and compared the
performance of these mice with that of wild-type animals (Fig-
ure 7A; Imayoshi et al., 2008). Mice were trained for 4 days to
associate an odor ((+) carvone) with a sugar reward. During the
training, conditional Npas4 knockout mice showed the sugar
reward at the similar level to the wild-type mice. On day 5, we
placed this odor ((+) carvone) and a related enantiomer ((-) car-
vone) separately underneath the bedding, without any sugar,
and measured the time when the mice spent digging near each
odor. Wild-type mice spent significantly more time near (+) car-
vone, which was associated with sugar (n = 4 individuals; p <
0.05; Figure 7B). However, OB-specific Npas4 knockout mice
divided their time equally between the two odors (n = 4 individ-
uals; Figure 7B). Notably, olfactory detection ability of OB-spe-
cific Npas4 knockout mice appeared to be similar to that of the
wild-type mice in a food-finding test (S.Y., unpublished data).
Because the Cre-expression lentiviral vector was injected into
neural stem cells in the LVs of Npas4™™ mice at P3, Npas4
gene was lost in older GCs as well as in younger GCs from the
6-week-old mice. These results indicate that loss of Npas4 in
young and old GCs impairs the acquisition of the two-related-
odors discrimination task, but not the olfactory detection ability.
This suggests that spine formation in interneuronal dendrites in
the OB neural circuitry is required for odor-associated learning
and memory.

DISCUSSION

Our ISH screen identified Npas4 as a candidate for promoting
synaptogenesis in the distal portion of GC dendrites and re-
vealed that its expression depends on the degree of sensory
input. Npas4 is expressed in OB GCs immediately after sensory
input and is required for dendritic spine formation. Npas4 over-
expression in newborn interneurons increased the spine den-
sities of the GC dendrites, even under sensory deprivation, and
rescued the reduction in the spine density of the GC dendrites
from Npas4 knockout OB. Furthermore, the loss of Npas4 upre-
gulated the expression of Mdm2 to increase the ubiquitination
and degradation of Dcx and led to a reduction in the dendritic
spine density of the OB GCs.

How Can Sensory Experience Influence Npas4
Expression in OB GCs?

Sensory experience has long been recognized as being impor-
tant in shaping development and plasticity throughout the ner-
vous system (Katz and Shatz, 1996; Nithianantharajah and
Hannan, 2006; Sanes and Lichtman, 2001). Specific odorants
activate olfactory sensory neurons (OSNs) that express corre-
sponding odorant receptors. OSNs project to specific glomeruli
in the OB and can subsequently activate a specific OB neural
circuit locally, upregulating the expression of 574 in GCs and
PGCs via mitral and tufted cells (Yoshihara et al., 2012). Our ex-
periments reveal that the increased expression of Npas4 facili-
tates spine development, but not arborization, in GC dendrites
of the OB. The increased dendritic spine density of Npas4*
GCs may make it possible to integrate inputs and outputs from
a larger receptive field; this would be consistent with the imme-
diate increase in Npas4 expression in the OB associated with
sensory stimulation (Bepari et al., 2012a). Thus, Npas4* interneu-
rons that are connected to glomeruli directly or indirectly via
other neurons such as mitral/tufted cells can be activated by
specific odorants. It is possible that Npas4 plays an important
role in regulating the activity-dependent synapse development
in OB GCs.

Npas4 is a critical factor that regulates the inhibitory synapse
development of excitatory neurons (Lin et al., 2008) and is
involved in both learning and memory (Ploski et al., 2011; Yun
et al., 2010). Although Npas4 expression is selectively induced
by membrane depolarization and Ca2* influx, it is not induced
by several neurotrophic factors, including BDNF and NT3, which
readily induce other transcription factors such as c-fos and Arc
(Bloodgood et al., 2013; Lin et al., 2008; Ramamoorthi et al.,

(C) The GOF experiment. A lentiviral vector carrying CMVp—Mdm2 (Nedd4L or Ube2e3)—IRES —gapEYFP was injected into the LVs of wild-type PO mice.
Overexpression of Mdm2 reduced the spine density of the GC dendrites compared with the control construct or with overexpression of Nedd4L or Ube2e3. The

scale bar represents 10 um.

(D) The knockdown experiment. Two lentiviral vectors carrying H1p —Mdm2-shRNA and CMVp —gapEYFP were coinjected into the LVs of wild-type PO mice. The
Mdm2 knockdown enhanced the spine density of the OB GC dendrites. The scale bar represents 10 um.

(E) The spine density (C and D) of the GC dendrites is expressed as the mean + SEM (control = 0.32 + 0.02/um; Mdm2 = 0.22 + 0.02/pm; Mdm2 RNAi = 0.40 +
0.03/um; Nedd4L = 0.34 + 0.02/um; Ube2e3 = 0.31 + 0.03/um; **p < 0.01 compared with the control [a one-way ANOVA]; n = 20 cells per line from three

individuals).

(F) Npas4 overexpression experiment. A lentiviral vector carrying the Npas4-overexpression construct (CMVp —Npas4—i—gEYFP) was injected into the LVs of
PO wild-type mice. GFP IHC and Mdm2 ISH were performed in OB sections of these mice at P14. Mdm2 expression was lower in Npas4-overexpressing GFP*
GCs than in GFP~ GCs (data expressed as the mean + SEM; control = 100% + 5%; Npas4 overexpression = 35% + 4%; n = 20 cells of the OB from three

individuals). The scale bar represents 20 um.
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Figure 5. Mdm2 Ubiquitinates and Degrades Dcx to Reduce the
Dendritic Spine Density in the OB GCs

(A) WB analysis of OB lysates from Npas4** and Npas4~~ mice at P21. The
amount of Dcx protein decreased in the Npas4 knockout OB compared with
the wild-type OB.

(B) The intensities of each band were normalized to GAPDH and expressed as
the mean + SEM (Dcx/GAPDH: Npas4*'* = 100 + 7, Npas4 ™'~ = 82 + 2; PSD-
95/GAPDH: Npas4*"* = 100 + 2, Npas4 ™'~ = 96 + 5; *p < 0.05 compared with
wild-type values [a one-way ANOVA]; OB lysates were prepared from four
individuals of each genotype).

(C and D) WB analysis of HEK293T cell lysates cotransfected with three
plasmids: CAGp—Dcx, CAGp—Mdm2, and CAGp—mCherry. (C) Dcx band
intensity decreased in the cotransfection with the Dcx and Mdm2 plasmids
(lanes 2 and 4), compared with the transfection with the Dcx plasmid (lanes 1
and 3). (D) Immunoprecipitation of Dcx and Mdm2. The Mdm2 and Dcx anti-
bodies coprecipitated Mdm2 and Dcx, respectively.

(E) Ubiquitination of Dcx in HEK293T cell lysates cotransfected with four
plasmids: CAGp—Dcx, CAGp—Mdm2, CAGp—hemagglutinin-ubiquitin
(HA-Ub), and CAGp—mCherry. Cell lysates were immunoprecipitated with
the Dcx antibody, followed by WB with the HA antibody, to detect ubig-
uitination.
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2011). After contextual fear conditioning, Npas4 induction oc-
curs as early as 5 min after training, much earlier than c-fos
induction (Ramamoorthi et al., 2011). This suggests that the
pathways that induce Npas4 expression could be different
from those that induce other immediate-early genes (Bepari
et al., 2012b). We recently found that the 7 kb Npas4 promoter
used in this study contains putative binding motifs for activity-
dependent transcription factors such as CREB, Spl, egrl,
GATA-1, AP-4, Oct-1, Npas4, and other genes (S.Y., unpub-
lished data). Further studies on the 7 kb promoter will enable
us to elucidate the mechanisms by which Npas4 gene expres-
sion is regulated on the basis of sensory input.

How Does Npas4 Regulate the Dendritic Synapse
Development of OB GCs?

Our results revealed that Npas4 signaling is necessary and
sufficient for regulating pre- and postsynaptic development of
OB GCs on the basis of sensory experience. Moreover, ChiP-
seq and ISH identified an E3 ubiquitin ligase Mdm2 gene that
showed clear differences in its expression between the wild-
type and Npas4 knockout OBs. Our results indicate that Npas4
downregulates the expression of Mdm2, Nedd4L, and UbeZ2e3.
Although Npas4 acts as a transcriptional activator and can
induce the expression of BDNF and c-fos in the hippocampus
(Bloodgood et al., 2013; Lin et al., 2008; Pruunsild et al., 2011),
it was recently reported that Npas4 represses the expression
of a mitochondrial calcium uniporter (Mcu) gene in hippocampal
neurons (Qiu et al., 2013). Taken together, we speculate that
Npas4 can function as either a transcriptional activator or
repressor, depending on the cell types and the downstream
genes.

Mdm2 is localized at synapses and ubiquitinates and de-
grades the postsynaptic scaffold, PSD-95, in rat hippocampal
neurons (Colledge et al., 2003). However, our iTRAQ and WB
analyses identified, instead of PSD-95, a microtubule-associ-
ated protein Dcx that showed a clear difference in the amount
of protein between the wild-type and Npas4 knockout OBs.
Despite the widespread use of Dcx as a marker for immature
neurons in the adult neurogenic lineage (Brown et al., 2003), little
is known about its specific function in adult neurogenesis,
except that Dcx regulates the migration and dendritic develop-
ment of migrating neurons in the OB core region, including the
deep GCL and the RMS (Belvindrah et al., 2011). Our results
reveal that Dcx overexpression and knockdown in the OB do
not affect the dendritic length and branching number of GCs in
the superficial GCL. Alternatively, we found that Dcx regulates
the spine development of the OB GC dendrites in concert with
Mdm2, for ubiquitination and degradation, based on the
following evidence. First, IHC of OB sections showed that Dcx
signals in GC dendrites within the EPL and the GCL were 2-
fold higher in the wild-type OB than Npas4 knockout OB. Sec-
ond, IP and WB analyses indicated that Mdm2 is associated
with Dcx for ubiquitination and degradation. Third, the overex-
pression of Dcx in OB GCs enhanced the dendritic spine density,
whereas the knockdown of Dcx in OB GCs reduced the dendritic
spine density. Taken together, these results reveal that Npas4
downregulates Mdm2 expression to reduce the ubiquitination
and degradation of Dcx and leads to an increment in the
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Figure 7. Discrimination Learning with Two Structurally Related Odorants
(A) The odor discrimination learning test with two related odorants: (+) carvone and (—) carvone. Wild-type and Npas4™/™ mice showing OB-specific Cre
expression were trained for 4 days to associate a reward (sugar grains) with (+) carvone. On day 5, the sugar reward was removed and the time when the mice

spent digging in the vicinity of each odorant was measured.

(B) Digging times during the 10 min test period are represented as bar graphs: (+) carvone paired with the sugar reward is shown in pink and unpaired (—) carvone

is shown in blue. Digging times are expressed as the mean + SEM (wild-type: (—) carvone =29 + 7 s, (+) carvone = 77 + 6 s; Npas

VILLL (—)carvone =37 +£7s, (+)

carvone = 35 £ 8 s; *p < 0.05 compared with (—) carvone [a one-way ANOVA]; n = 4 individuals for each line).

dendritic spine density of the OB GCs following sensory input.
Interestingly, Dcx expression is decreased in older GCs. Npas4
overexpression and knockdown experiments suggest that
Npas4 does not regulate the spine formation in mature, older
GCs. Recently, it has been reported that younger GCs show a
high level of filopodia formation and retraction on the distal den-
drites, but this dendritic dynamics is decreased as GCs matured
(Breton-Provencher et al., 2014). We speculate that the activity-
dependent spine development of GCs is divided into two stages:
early and late. Early spine development in young GCs is Npas4-
dependent and Dcx-mediated (this study), whereas late spine
development in old GCs may be Npas4- and Dcx-independent
(unknown mechanism).

In addition, it was reported that the Dcx homologs, Dcx-like
kinases 1 and 2 (Dclk1/Dclk2), regulate the dendritic spine
formation of hippocampal neurons (Shin et al., 2013). The micro-
tubule-binding protein Dcx family may play a crucial role in den-
dritic spine development because Dcx and Dclk1/Dclk2 bind to
spinophilin, an actin-binding protein known to regulate spine
morphology (Tsukada et al., 2003). Therefore, identification of
the proteins that interact with Dcx will be important for eluci-
dating the mechanisms that regulate dendritic synapse develop-
ment in the newborn OB interneurons, which are likely to be
linked to the modulation of ubiquitination and proteasome
degradation, depending on the sensory input.

What Is the Functional Significance of the Integration of
Newborn Neurons into the OB?

Olfactory experience such as odor enrichment and odor learning
can regulate the maturation and survival of adult-born OB inter-
neurons. Because newborn OB interneurons show specific
properties that differ from those of preexisting interneurons,
such as enhanced synaptic plasticity during a critical time win-
dow, it is generally thought that they should make a unique
contribution to odor processing. However, none of the existing
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methodologies, such as different ways of physically and geneti-
cally eliminating newborn cells, can fully and selectively block
the birth of adult-born OB interneurons in a spatially and tempo-
rally specific manner (Breton-Provencher et al., 2009; Enwere et
al., 2004; Gheusi et al., 2000; Imayoshi et al., 2008; Lazarini et al.,
2009; Sultan et al., 2010). By contrast, our genetic approach
demonstrates that conditional knockout of Npas4 function in
OB neurons impairs the acquisition of two-related-odors
discrimination task (Figure 7). A similar observation was made
in an optogenetic study in which channelrhodopsin-2 was selec-
tively expressed in adult-born GCs; light-activation of these
newborn neurons facilitated two-related-odors discrimination
learning and improved odor memory (Alonso et al., 2012). Collec-
tively, our results may provide evidence that newborn OB
interneurons, in which spine formation is regulated by Npas4
in a sensory-experience-dependent manner, contribute to the
functioning of olfactory circuits and to the behavioral outcomes
that depend upon them.

EXPERIMENTAL PROCEDURES

Detailed procedures are provided in Supplemental Experimental Procedures.

Mice and the Naris Occlusion Procedure

Animal research was approved by the campus committees of Nara Medical
University and Nagoya University and was conducted in accordance with its
guidelines. ICR and C57BL/6 male and female mice were purchased from
Japan SLC. Olfactory sensory deprivation was performed by means of naris
occlusion. Newborn mice at PO were anesthetized with ice and then underwent
unilateral cauterization of a nostril with a soldering iron.

Npas4 Mutant Mice

Npas4 mutant mice, in which the Npas4 gene locus was replaced with GFP,
and Npas4™™ mutant mice, in which the Npas4 coding region was flanked
by loxP sites, were generously provided by Dr. M. E. Greenberg (Harvard
Medical School) (Lin et al., 2008). Npas4*'~ and Npas4 /" littermate and



Npas4™'~ and Npas4™/™ littermate mice were bred from heterozygotes and
genotyped as described previously (Lin et al., 2008).

Generation and Injection of Lentiviral Vectors
The procedures used to generate and inject the lentiviral vectors have been
previously described (Yoshihara et al., 2012).

Odorant Exposure

P21 mice were habituated in a clean cage without food and water for 2 hr
before odorant exposure. Undiluted amyl acetate (60 ul; Nacalai Tesque)
was poured onto filter paper in a 1.5 ml microcentrifuge tube that had been
cut 1 cm from the base. Mice were exposed to the odorant in the tube without
direct contact with the paper for 30 min and were then immediately sacrificed.

In Situ Hybridization
ISH and double ISH were performed as previously described (Serizawa et al.,
2006; Tsuboi et al., 1999; Yoshihara et al., 2012).

Immunohistochemistry
IHC of mouse OB sections was performed as previously described (Yoshihara
et al., 2005, 2012).

Chromatin Immunoprecipitation Sequencing
ChlP-seq was performed using previously validated methods (Maze et al.,
2011).

Isobaric Tags for Relative and Absolute Quantitation
iTRAQ was performed by using previously validated methods (Casey et al.,
2010).

Western Blot Analysis of OB Lysates

P21 mice were sacrificed, and isolated OBs were lysed in radioimmunopreci-
pitation assay (RIPA) buffer (0.1% SDS, 0.5% deoxycholic acid, 1% Triton
X-100, 50 mM Tris-HCI, 2 mM EDTA, 150 mM NaCl, phosphatase inhibitors,
and protease inhibitors), as previously described (Colledge et al., 2003). OB ly-
sates were separated by SDS-PAGE on a 5%-20% gradient gel (Nacalai
Tesque) and transferred to polyvinylidene di fluoride membranes (Merck Milli-
pore). For WB analysis, the following antibodies were used: goat anti-Dcx anti-
body (1:1,000; Santa Cruz Biotechnology); mouse anti-PSD95 monoclonal
antibody (1:40,000; Thermo Fisher Scientific); mouse anti-GAPDH monoclonal
antibody (1:40,000; Merck Millipore); donkey anti-goat immunoglobulin G
(IgG)-horseradish peroxidase (HRP) (1:20,000; Jackson ImmunoResearch);
and donkey anti-mouse IgG-HRP (1:20,000; Jackson ImmunoResearch).
Immunoreactive bands were visualized by Chemi-Lumi One L (Nacalai Tesque)
and captured on autoradiography films (Hyperfilm Blue; GE Healthcare).

Immunoprecipitation of HEK293 Cell Lysates

The human embryonic kidney cell line HEK293T was transfected at 60%-80%
confluency in 3.5 cm? plates using Lipofectamine 2000 (Life Technologies). The
following plasmids were used: CAGp —mCherry (0.5 ng); CAGp—Dcx (0.1, 0.5,
or 1.0 pg); CAGp—Mdm2 (1.0 ng); and CAGp—HA-Ub (0.5 png). The HA-Ub
construct was prepared as previously described (Treier et al., 1994). Cells
were harvested and lysed 24 hr after transfection in 500 pl of RIPA buffer, as
described above. Cell extracts (100 ug) were incubated with 1 ug of each anti-
body at 4°C overnight and immunoprecipitated with 25 pl of Dynabeads Protein
G (Life Technologies), according to the manufacturer’s protocol. After washing
three times, bound proteins were eluted with Laemmli sample buffer and
analyzed by WB analysis. The following antibodies were used: mouse anti-
Mdm2 antibody (1:2,000; Merck Millipore); goat anti-Dex antibody (1:1,000;
Santa Cruz Biotechnology); rat anti-red fluorescent protein (1:1,000; Chromo-
Tek); and rabbit anti-HA (1:2,000; Abcam). HRP-conjugated secondary
antibodies (1:20,000) were purchased from Jackson ImmunoResearch.

Odor Discrimination Learning Test

A lentiviral vector carrying the CMVp —Cre—IRES —gapEYFP construct was
injected into both the LVs and OBs of wild-type and Npas4™™ mice (Lin
etal., 2008) at P3. After 6 weeks (P45), odor discrimination learning was tested

in wild-type and Npas4™™ mice, as previously described (Imayoshi et al.,
2008).

Statistical Analyses

The total length and spine density of the GC dendrites and Npas4 hybridiza-
tion-signal intensities were analyzed with Image-J software (NIH). The total
length of the dendrites was defined as the sum of all the dendritic branches
from a single neuron. A dendritic process had to be at least 10 um long to be
considered as a branch. The number of dendritic spines was counted manu-
ally and divided by the dendrite length to obtain a value for the spine density.
According to the method of Scotto-Lomassese et al., (2011), we categorized
“spines” as all protrusions with or without a clearly visible head, thereby
including filopodia. We defined the proximal region as that from the soma
to the first branching point of the apical dendrites and the distal region as
that from the branching point to the dendritic tip. All data were analyzed
with Microsoft Excel using a one-way ANOVA. Descriptive statistics were
displayed as the mean + SEM. Differences were deemed significant when
p < 0.05.
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