
INTRODUCTION

Sensory input during early postnatal development is essential for 
the normal development of the sensory systems in the brain [1-
5]. After birth, sensory experiences modulate both the functional 
and structural properties of neural circuits in different sensory 
systems, including the visual, somatosensory, olfactory, and audi-
tory systems [6-9]. Deprivation of sensory stimulation in early 
postnatal development induces disturbances in both synaptic 

connections and an imbalance in the excitation and inhibition of 
sensory systems [10-13]. The development of γ-aminobutyric acid 
(GABA)-releasing inhibitory interneurons (GABAergic interneu-
rons) occurs during the early postnatal period and is completed 
by the end of adolescence [14-17]. Thus, the abnormal formation 
of interneurons during early postnatal development leads to neu-
rodevelopmental disorders, such as autism spectrum disorder or 
Tourette’s syndrome [18, 19].

Interestingly, neuronal immediate-early genes (IEGs), which 
play essential roles in neuronal development, plasticity, and cogni-
tive function, are highly expressed in the early postnatal period 
[20-22]. The neural activity-induced effects on sensory system 
development may be due to changes in the expression of various 
genes, half of which are transcription factors [23]. IEGs play es-
sential roles in brain development and neuronal plasticity, and 
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many IEGs, such as c-Fos, Ark, Nr4a1, and Npas4, are expressed 
in various brain regions [20-22]. Npas4 (Neuronal Per/Arnt/Sim 
(PAS) domain protein 4) is a member of the helix-loop-helix class 
of transcriptional regulators involved in numerous developmen-
tal events via neuronal activity [24, 25]. In particular, research 
shows that Npas4 is expressed in diverse interneurons, including 
somatostatin, parvalbumin, and olfactory bulb interneurons and 
regulated by neuronal activity [26-28]. It has been reported that 
Npas4 plays a role in the development of inhibitory synapses in 
hippocampal neurons and the visual system [29]. In addition, 
Npas4 controls the balance between excitatory and inhibitory 
neurons and visual cortical plasticity [30]. It interacts with several 
promoters that are regulated in a neuronal activity-dependent 
manner [31]. Furthermore, Npas4 has neuroprotective effects in 
the hippocampus in vivo and in vitro, and Npas4 knock-out mice 
are more susceptible to neuronal death than control mice due to 
neurodegeneration [32-34]. However, few studies have investigat-
ed whether Npas4 is involved in sensory stimulation-dependent 
development and its role in early postnatal development when the 
sensory system is established.

The olfactory bulb (OB) processes odor information detected by 
olfactory receptors on the olfactory sensory neurons and transmits 
it to the brain. The mammalian OB expresses more abundant and 
diverse interneurons innervating excitatory neurons than other 
brain regions [35]. Most interneurons in the OB are GABAergic 
and are generated throughout life until the adult stage [36-40]. 
More than half of the OB interneurons are generated during the 
initial 2 weeks of the early postnatal period, in the subventricular 
zone (SVZ), and migrate into the OB along the rostral migratory 
stream (RMS) [38, 41, 42]. Newborn interneurons differentiate 
into GABAergic interneurons and form neural circuits for excit-
atory mitral/tufted cells in the OB [36-40]. For this reason, OB 
interneurons are a good model for studying the modification of 
neural circuits by sensory stimulation from the external environ-
ment during the early postnatal period [43-46]. Research on the 
development of OB interneurons is essential for understanding 
complicated brain physiology. 

In this study, we aimed to confirm that Npas4 is temporally ex-
pressed in the overall interneurons in the OB layers, and sensory 
stimulation-dependent Npas4 expression using unilateral naris 
occlusion occurs during the early postnatal development period. 
We further investigated whether the putative Npas4 downstream 
molecules are affected by olfactory sensory input-dependent 
Npas4 expression during early postnatal development. Overall, 
we propose that Npas4 expression by olfactory stimulation con-
tributes to the development of OB interneurons and the proper 
formation of neural circuits in excitatory mitral/tufted cells during 

early postnatal development.

MATERIALS AND METHODS

Animals

All experimental protocols were approved by the Institutional 
Animal Care and Use Committee of the Daegu Gyeongbuk 
Institute of Science and Technology (DGIST) (DGIST-IA-
CUC-21041902-0001). All applicable guidelines for the care and 
use of laboratory animals from the National Institutes of Health. 
Male C57BL/6 mice (postnatal day 28, 56 days old) were pur-
chased from KOATECH (Daegu, South Korea). On postnatal day 
0, 14-day-old male mice were obtained from pups born to preg-
nant C57BL/6 female mice timed pregnant 19, (TP19). Postnatal 
day 14 mice were housed and handled according to the Laboratory 
Animal Resource Center of DGIST, maintained at a temperature 
of 20oC±2oC and a 14-h light, 10-h dark cycle, with access to food 
and water. Only male animals were used in this study.

Tissue preparation

Tissue for western blot

Mice were anesthetized by intraperitoneal injection of 1.25% 
avertin (0.02 ml per gram of body weight) and transcardially 
perfused with 50 ml of 0.9% saline (9 g of saline in distilled water, 
4oC). Following perfusion, the heads were divided in the sagittal 
direction, and the olfactory bulbs were dissected on ice. 

Tissue for immunohistochemistry

Mice were anesthetized by intraperitoneal injection of 1.25% 
avertin (0.02 ml per gram of body weight) and transcardially 
perfused with 50 ml of 0.9% saline (4oC) and 40 ml of fresh 4% 
paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB) (4oC). 
Following perfusion, the brains were dissected and post-fixed with 
4% PFA for 16~20 hours at 4oC. The fixed brains were washed with 
water and dehydrated with 70%, 80%, 85%, 90%, 95%, and 100% 
ethanol. Brains were embedded twice in xylene, paraffin solvent, 
and paraffin wax. Paraffin blocks of the brain were cut into serial 
sections (sagittal or coronal, 5~7 μm) with a microtome (Leica, 
Germany), and each section was preserved on a MUTO saline-
coated microslide (MUTO, Japan).

Western blot

The isolated olfactory bulbs were lysed in RIPA radioimmuno-
precipitation assay buffer (Thermo Scientific, USA) with a protease 
and phosphatase inhibitor cocktail (Thermo Scientific, USA) on 
ice. The tissues were mechanically homogenized and samples were 
incubated on ice for 10 min and centrifuged for 20 min at 4oC and 
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13,300 rpm. Proteins in the supernatant were quantified using 
a BCA assay. Then 60 μg of proteins were separated by sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE). 
Next, 8% separating gels were used to resolve Npas4 and β-actin. 
Separated proteins were transferred to a 0.45 μm polyvinylidene 
difluoride membrane (Millipore, USA). The membranes were 
blocked with 5% bovine serum albumin (BSA) (Sigma-Aldrich, 
USA) in Tris-buffered saline with 0.1% Tween 20 (TBS-T) and 
then incubated with primary antibodies at an appropriate concen-
tration (Table 1). diluted in 3% BSA/TBS-T for 16~20 hours at 4oC 
in a shaking incubator. After washing for 30 min with TBS-T, the 
membranes were incubated with horseradish peroxidase (HRP) 
conjugated anti-mouse and anti-rabbit antibodies in 3% BSA/
TBS-T for 1 h at RT. After washing for 30 min with TBS-T, the im-
munoblots were visualized using an enhanced chemiluminescence 
substrate kit (Thermo Scientific, USA).

Immunoprecipitation

To measure levels of phosphorylated Npas4 from postnatal 
mouse olfactory bulb, the isolated olfactory bulbs were lysed in 
RIPA radioimmunoprecipitation assay buffer (Thermo Scien-
tific, USA) with a protease and phosphatase inhibitor cocktail 
(Thermo Scientific, USA) on ice. The tissues were mechanically 
homogenized and samples were incubated on ice for 10 min and 
centrifuged for 20 min at 4oC and 13,300 rpm. Proteins in the 
supernatant were quantified using a BCA assay. Equal amounts 
of protein (2 mg) from lysates of OBs were incubated with 15 μl 
of antibody against phosphoserine/threonine/tyrosine antibody 
(#61-8300, Thermo Scientific, USA) for 2 h at room temperature, 
and then incubated with Protein-A/G agarose beads (#20421, 
Thermo Scientific, USA) for 16 h at 4°C. And then its supernatant 
was washed three times with PBS and loaded with SDS-PAGE to 
detect phosphorylated Npas4.

Immunohistochemistry

The brain sections were deparaffinized with xylene and rehy-
drated using descending grades of ethanol (100%, 95%, 85%, and 

70% DW). The sections were permeabilized with PBS-T (0.01% 
Triton-X in PBS) for 15 min and then incubated in 3% H2O2/PBS 
for 13 min to remove endogenous peroxidase activity in the tissue. 
Antigen retrieval was carried out by boiling 0.01 M citrate buffer/
DW with 0.05% Tween 20 for 30 sec using a microwave and then 
cooling for 30 min at room temperature (RT). The sections were 
washed in PBS and blocked with 4% normal donkey serum (Jack-
son ImmunoResearch, USA) in PBS for 1 h at RT to minimize 
nonspecific labeling. After blocking, the sections were incubated 
in a humid chamber overnight at 4oC with primary antibodies 
in an appropriate concentration (Table 2), diluted in 4% normal 
donkey serum, and then incubated for 1 h at RT. Sections were 
washed with PBS for 1 h and incubated with secondary antibod-
ies in 4% NDS (1:300) for 1 h at RT. After washing with PBS, sec-
tions were mounted using a mounting solution containing DAPI 
(Vector Laboratories, UK) and cover glasses (Marienfeld Superior, 
Germany). Images were captured using a high-resolution confocal 
microscope LSM780 (Carl Zeiss, Germany) and processed using 
the ImageJ software (NIH, USA).

RNA extraction and quantification of mRNA level  

(RT-qPCR)

Total RNA was extracted from the OBs using a TRIzol reagent 
(Ambion). A mixture of 1 μg of total RNA, distilled water, and 
oligo dT 2 μl was used to produce 15 μl and incubated for 5 min at 
70oC. M-MLV 5X buffer (Promega) 5 μl, dNTP 5 μl, 0.625 μl RNA 
inhibitor, and M-MLV reverse transcriptase (Promega) 1 μl were 
added before incubation at 42oC for 1 h. RT-qPCR was performed 
using cDNA and each primer from Table 3 using the GoTaq® 
DNA Polymerase kit (Promega). The reaction was run in a PCR 
machine (T100TM Thermal Cycler, Bio-Rad) with the following 
parameters: 95oC (30 sec), 55 (30 sec), 72oC (30 sec), and 35 cycles. 
Electrophoresis bands were detected using ChemiXRS+ (Bio-Rad) 
and scanned using ImageJ software (NIH, USA). 

Statistical analysis

Statistical analyses and graph plotting were performed using the 
Prism software (GraphPad Software, USA). A one-way ANOVA 

Table 1. Information on primary antibodies used in western blot

Antibodies Source Catalog no.
Working 

concentration

Anti- Npas4 Novusbio NBP2-47252 WB 1:1000
Anti- β-actin Santa Cruz sc-47778 WB 1:20000
Anti- GAD67 Sigma-Aldrich G5419 WB 1:10000
Anti- VGLUT1 Atlas antibodies Amab91041 WB 1:1000
Anti- TH Merck MAB318 WB 1:1000
Anti- Calretinin Merck MAB1568 WB 1:3000

Table 2. Information on primary antibodies used in immunohistochem-
istry

Antibodies Source Catalog no.
Working 

concentration

Anti- Npas4 Invitrogen PA5-39300 IHC 1:200
Anti- GAD67 Sigma-Aldrich MAB5406 IHC 1:100
Anti- Calretinin Sigma-Aldrich MAB1568 IHC 1:100
Anti- TH Novusbio NBP2-46647 IHC 1:200
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analysis was used to determine the statistical significance of Npas4 
protein levels during the postnatal period. One-tailed paired t-
tests were used to compare the open and closed sides of the naris 
muscles. The Bonferroni test was used for multiple comparisons. 
All statistical data were presented as the mean±SEM (standard er-
ror of the mean). Statistical significance was set at p<0.05.

RESULTS

Time-specific Npas4 expression during early postnatal 

development in overall OB layers

To investigate Npas4 expression in the OB during early postnatal 
period, we conducted immunoblotting using lysates from mouse 
OBs at P0, P14, P28, and P56. Postnatal OB neurogenesis is known 
to peak for 2 weeks after birth and then decline gradually, with 
minimal neurogenesis occurring in adulthood [35]. Based on this 
study [35], we categorized four developmental stages: P0, imme-
diately after birth; P14, the period of rapid postnatal neurogenesis 
and integration of newborn OB interneurons; P28, the adolescent 
stage with decreasing postnatal neurogenesis; and P56, the young 
adult stage. Interestingly, Npas4 expression differed according to 
the postnatal period (Fig. 1A). The expression level of Npas4 was 
highest at P0 and decreased toward P56 (Fig. 1B). We observed 
that the Npas4 band appeared as two distinct bands, suggesting 
that Npas4 may exist in both mature and immature forms via 
post-translational modifications. For a more detailed comparison, 
we separately analyzed the upper and lower Npas4 bands in the 
immunoblot. The expression of the upper band of Npas4 tended 
to decrease during postnatal development (Fig. 1C). In contrast, 
expression of the lower band of Npas4 did not change during the 
postnatal period (Fig. 1D). Recently, it was reported that mitogen-
activated protein kinase (MAPK) phosphorylates multiple sites 
on Npas4 and increases its activity and interactions with other 
proteins in striatal neurons [47]. Thus, Npas4 in the OB may be 
modified by various post-translational modifications, consistent 
with previous reports. To investigate whether the upper band of 
Npas4 observed in the immunoblot is phosphorylated Npas4, we 

conducted immunoprecipitation. First, phosphorylated proteins 
were pulled down from P0, P14, P28, and P56 mouse OBs lysates 
using antibody against phosphoserine/threonine/tyrosine. Npas4 
antibody was then used to detect phosphorylated Npas4. We ob-
served a similar trend in the expression of phosphorylated Npas4, 
showing a decrease in intensity similar to the reduction observed 
in the upper band of Npas4 as P56 progressed (Fig. 1E, F).

Overall, Npas4 was expressed differently during the postnatal 
period and modified by phosphorylation, being higher in P0 and 
P14 than in P28 and P56 mouse OBs. This pattern is similar to 
the OB postnatal neurogenesis for 2 weeks. This data suggests that 
Npas4 may play a more critical role in the early postnatal stages 
than in the late postnatal stages. 

Next, we performed immunohistochemistry to show the Npas4 
expression patterns during postnatal development in each layer of 
the mouse OB. The OB is divided into several layers, with different 
types of OB neurons and cell bodies in each layer. There are excit-
atory projection neurons, such as mitral cells and tufted cells (M/
TCs), whose somas are located in the mitral cell layer (MCL) and 
the external plexiform layer (EPL). Granule cells (GCs) and peri-
glomerular cells (PGCs) are OB interneurons, and their cell bodies 
are located in the granule cell layer (GCL) and glomerular layer 
(GL), respectively. Therefore, it is possible to determine the types 
of neurons that express Npas4. To confirm the expression pattern 
of Npas4 in OB layers, we co-stained Npas4 with the mitral/tufted 
cell marker Tbr2. For a more precise comparison of Npas4 expres-
sion patterns, we quantified Npas4 expression in individual cells 
in each layer of the OB (Table 4) and Npas4 intensity was mea-
sured. A rectangular region of interest (ROI) of the same size was 
randomly placed in the image data of each layer, and the ratio of 
Npas4 expressing cells to the total cells inside the ROI was count-
ed. In P0 mouse OB, Npas4 was ubiquitously expressed in the GL, 
EPL, MCL, and GCL (Fig. 2A). Notably, in the GCL, most cells 
expressed Npas4, and the intensity of the signals was higher than 
that in the other layers (Fig. 2E). In P14 mouse OB, as in P0, Npas4 
expression was observed in all OB layers (Fig. 2B, E). Similarly, P28 
and P56 mouse OBs showed Npas4 expression in all layers of the 

Table 3. List of RT-PCR primer sequences

Gene Accession # Forward sequence Reverse sequence

Npas4 NM_153553.5 TCATGAGTCTTGCCTGCATC GAGGGACTTGGAGGTGTTGA
BDNF NM_001048139.1 TTCATACTTTGGTTGCATGA TTCAGTTGGCCTTTGGATAC
HDAC9 NM_001271386.1 TCAGAGGTTCCTATGGGCCTG TGGAGACGTTCCACTGAGGG
Nur77 NM_010444.2 CCACCTCTCCGAACCGTGACA GAGAAGATTGGTAGGGAGGC
Mdm2 NM_001288586.2 GAATCCTCCCCTTCCATCACAC AAGCCTTCTTCTGCCTGAGC
Dcx NM_001110222.1 TACGTTTCTACCCAATGGGG CTGCTTTCCATCAAGGGTGTA
Syt10 NM_018803.2 TTCGCGGGTCAGGTGGAGTG TTGGGTGCTGGCTTTTCATTTTC
β-actin NM_007393.5 TGTGATGGTGGGAATGGGTCAG TTTGATGTCACGCACGATTTCC
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OB (Fig. 2C, D). However, Npas4 expression decreased relatively 
at P28 and P56 compared to P0 and P14 (Fig. 2E) and some cells 
in the GCL showed strong and distinct signals compared to other 
cells (Fig. 2C, D). Also, we confirmed not only that some Tbr2+ 
cells expressed Npas4 at P0 and P14, but it rapidly decreased dur-
ing P28 and P56 but also the proportion of Tbr2+ cells expressing 
Npas4 was not notably high (Table 5). As a result, the overall Npas4 

signal in the OB gradually decreased during the postnatal period 
consistent with our immunoblotting results (Fig. 1A) and we could 
observe the possibility that Npas4 is more likely to be expressed at 
a higher proportion in inhibitory interneurons than in excitatory 
mitral/tufted cells.

 
Figure 1. Expression of Npas4 in the mouse postnatally developing olfactory bulb  
Expression levels of Npas4 during postnatal mouse olfactory bulb development (n=3 for each age group) using Npas4 
and β-actin antibodies. (A) Immunoblot of Npas4 expression (band at approximately 100 kDa) at different developmental 
stages. Actin (43 kDa band) is used as a loading control. (B) Quantitative analysis of overall Npas4 protein expression in 
immunoblot images. (C) and (D) Quantitative analysis of Npas4 protein expression in the upper and lower parts. Npas4 
protein levels are normalized by the level of β-actin expression. (E) Expression levels of phosphorylated Npas4 during 
postnatal mouse olfactory bulb development (n=4 for each age group) using Npas4 antibodies. Lysates were 
immunoprecipitated with phosphoserine/threonine/tyrosine antibody and then probed with Npas4 antibody. (F) 
Quantitative analysis of overall phosphorylated Npas4 protein expression in immunoblot images. Error bars represent the 
mean±SE, and significance is determined using a one-way ANOVA with Bonferroni’s multiple comparisons tests. 
Individual animals are labeled with black circles. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 

Fig. 1. Expression of Npas4 in the mouse postnatally developing olfactory bulb. Expression levels of Npas4 during postnatal mouse olfactory bulb 
development (n=3 for each age group) using Npas4 and β-actin antibodies. (A) Immunoblot of Npas4 expression (band at approximately 100 kDa) at 
different developmental stages. Actin (43 kDa band) is used as a loading control. (B) Quantitative analysis of overall Npas4 protein expression in immu-
noblot images. (C) and (D) Quantitative analysis of Npas4 protein expression in the upper and lower parts. Npas4 protein levels are normalized by the 
level of β-actin expression. (E) Expression levels of phosphorylated Npas4 during postnatal mouse olfactory bulb development (n=4 for each age group) 
using Npas4 antibodies. Lysates were immunoprecipitated with phosphoserine/threonine/tyrosine antibody and then probed with Npas4 antibody. (F) 
Quantitative analysis of overall phosphorylated Npas4 protein expression in immunoblot images. Error bars represent the mean±SE, and significance is 
determined using a one-way ANOVA with Bonferroni’s multiple comparisons tests. Individual animals are labeled with black circles. *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001.



82 www.enjournal.org https://doi.org/10.5607/en23037

Oh-Hoon Kwon, et al.

OB interneurons express the Npas4 protein during early 

postnatal development

Based on the above results, it has been confirmed that Npas4 is 
more likely to be expressed at a higher proportion in interneurons 
during the early postnatal period, from P0 to P14, known as explo-
sive development of OB interneurons. Since these results suggest-
ed that Npas4 is involved in the development of OB interneurons, 
we investigated whether Npas4 is expressed in OB interneurons 
and which cell types express Npas4 among the various subtypes 
of OB interneurons in P14 mice. We stained OB layers using the 
GABAergic interneuron marker Glutamic Acid Decarboxylase 
67 (GAD67) and Npas4 antibody to verify Npas4 expression of 
OB interneurons in P14. Npas4 was expressed in the majority of 
GAD67-positive interneurons in the GL, MCL, and GCL of P14 
mice (Fig. 3A). OB interneurons can be classified into several sub-
types based on gene expression [48]. To clarify Npas4 expression 
in the subtypes of OB interneurons, we marked OB interneurons 
with a PGC marker, tyrosine hydroxylase (TH), and a GCs marker, 
calretinin (CALR). We found that Npas4 was expressed at a high 
proportion in not only TH-positive PGCs of the GL but also 
CALR-positive of the GCs (Fig. 3B, Table 6, 7). Together, these 
results indicated that during the explosive development of OB in-
terneurons in the early postnatal period, Npas4 is expressed in the 
majority of the interneuron population. 

It was reported that in the postnatal first and second week, new-

born OB interneuron precursors (neuroblasts) are generated from 
the subventricular zone (SVZ). SVZ-derived precursors migrate 
to OB through the rostral migratory stream (RMS) and then dif-
ferentiate into OB interneurons [38]. To check the relationship 
between Npas4 expression and SVZ-derived OB interneuron 
precursor cells during early postnatal period, we co-stained Npas4 
with the RMS marker DCX antibody to examine the expression 
pattern. DCX was expressed throughout the entire OB layer, show-
ing a pattern similar to Npas4 expression, with higher levels at P0 
and P14 gradually decreasing by P28 and P56 (Fig. 4A, B). Since 
neurogenesis for OB interneurons continuously occurs in the 
adult stages, despite the overall decrease in DCX expression at P28 
and P56, it was observed to remain relatively strong expression in 
the RMS (Fig. 4A, B). Furthermore, DCX-positive OB interneuron 
precursor cells exhibited high levels of Npas4 expression at P0 and 
P14 and reduced toward P28 and P56 and the expression of Npas4 
in DCX-positive neuroblasts remains strong in the RMS, where 
adult neurogenesis occurs (Fig. 4C, D, Table 8). 

Taken together, these results indicate that during the early post-
natal period, known as a critical time for OB interneuron develop-
ment, Npas4 is expressed in the majority of inhibitory neurons 
and continues to be expressed in the RMS where adult neurogen-
esis persists. Also, the expression pattern of Npas4 during early 
postnatal OB development is consistent with the period in which 
newborn SVZ-produced neuroblast DCX-positive cells migrate 

Table 4. The ratio of Npas4-expressing cells to the total cells in each layer of OB

Layers
Stages

GL1 (Npas4+/total) GL2 (Npas4+/total) GL3 (Npas4+/total) GL ratio average

P0 35/43 21/29 35/45 0.771956333
P14 9/21 8/11 10/16 0.593614667
P28 12/29 14/29 22/38 0.491833
P56 20/34 19/52 13/21 0.524222667

Layers
Stages

EPL1 (Npas4+/total) EPL2 (Npas4+/total) EPL3 (Npas4+/total) EPL ratio average

P0 7/9 5/10 6/10 0.625926
P14 10/16 10/15 13/26 0.597222333
P28 1/9 7/8 6/14 0.471560667
P56 6/11 6/12 4/10 0.481818333

Layers
Stages

MCL1 (Npas4+/total) MCL2 (Npas4+/total) MCL3 (Npas4+/total) MCL ratio average

P0 13/16 13/15 9/14 0.774008
P14 30/34 16/18 26/34 0.845316
P28 12/33 10/18 13/23 0.494803
P56 21/38 10/22 10/33 0.436735667

Layers
Stages

GCL1 (Npas4+/total) GCL2 (Npas4+/total) GCL3 (Npas4+/total) GCL ratio average

P0 28/35 23/25 25/30 0.851111
P14 24/35 22/25 28/35 0.788571333
P28 24/52 15/33 13/32 0.440777667
P56 13/25 8/30 12/35 0.376508
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 Fig. 2. Expression pattern of Npas4 in mouse olfactory bulbs for the postnatal developing period. (A~D) Representative images of the P0, P14, P28, and 
P56 olfactory bulbs. Cells are co-stained with the Npas4, Tbr2, and DAPI and imaged using confocal microscopy. Blue represents nuclear DNA stained 
with DAPI, red represents Tbr2, and green represents Npas4 (primarily expressed in the nucleus). Each layer of the olfactory bulb glomerular layer (GL), 
external plexiform layer (EPL), mitral cell layer (MCL), and granule cell layer (GCL) is indicated in each image. (E) A rectangular region of interest (ROI) 
of the same size was randomly placed in the image data of each layer, and the ratio of Npas4 expressing cells to the total cells and the ratio of Npas4 ex-
pressing cells to the Tbr2+ cells inside the ROI was counted and the intensity of Npas4 expressing cells was measured. The counts for Npas4+ cells and 
total cells are all listed in Table 4. The counts for Npas4+ cells and Tbr2+ cells are all listed in Table 5. Scale bar: 100 μm.
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along the RMS toward the OB.

Sensory stimulation-dependent OB development and 

Npas4 expression during early postnatal development

It has been reported that odor stimulation is essential for the 
development of the OB [48-50]. To determine whether stimulus-
induced neuronal activity regulates OB development and Npas4 
expression during the postnatal period, we performed a sensory 
deprivation test by unilateral naris occlusion in P0 mice and exam-
ined olfactory tissues at P14 (Fig. 5A, B), because most OB inter-
neuron development occurs approximately 2 weeks after birth [35], 
and the level of Npas4 at P14 was significantly higher than that at 
the P28 and P56 stages seen above. To confirm the effect of sen-
sory input on OB development during the early postnatal period, 
we measured and compared the dorsal area of the OB between the 
control and occluded sides. When measuring the OB dorsal area at 
P14, the ipsilateral occluded-side OB dorsal area was noted to have 
decreased by approximately 17.4% compared to the control side 
(Fig. 5C). 

Many IEGs and transcription factors are expressed in the OB, 
more so in the early stages than in the adult stages [51-54]. Since 
sensory stimulation significantly influences OB development, we 
examined the effect of odor deprivation on Npas4 expression dur-
ing early postnatal OB development. To demonstrate the change 
in the Npas4 expression pattern caused by sensory deprivation, we 

performed immunoblotting and RT-qPCR analyses. We observed 
that Npas4 protein (Fig. 6A, B) but also Npas4 mRNA levels sig-
nificantly decreased on the occluded side (Fig. 6C, D). To date, we 
have confirmed that Npas4 is expressed in the OB layers during 
the early postnatal period and that olfactory stimulation affects 
both OB development and Npas4 expression.

Next, to clarify which types of OB neurons are affected by 
sensory deprivation during development, we examined the lev-
els of both glutamic acid decarboxylase (GAD67), a marker of 
GABAergic interneurons, and vesicular glutamate transporter 1 
(VGLUT1), a marker of glutamatergic neurons. Because it was 
observed that during the early postnatal OB interneuron develop-
ment period, Npas4 expression was more prominent in inhibitory 
neurons than excitatory neurons, and confirmed through staining 
with Tbr2, GAD67 (Fig. 2, 3A). Furthermore, it was found to be 
highly expressed in various subtypes of OB interneurons by stain-
ing TH and CALR (Fig. 3B). Immunoblot analysis revealed that 
GAD67 expression was significantly reduced, but the expression 
of VGLUT1 was unchanged (Fig. 7A, B), indicating that olfactory 
stimulation in early postnatal OB interneuron development had 
a greater effect on inhibitory neurons than on excitatory neurons. 
Furthermore, to investigate which subtypes of OB interneurons 
are affected by sensory deprivation, we tested the expression levels 
of TH, a PGC marker, and CALR, a GC marker. TH protein levels 
were decreased by sensory deprivation, whereas CALR protein 

Table 5. The ratio of Npas4-expressing cells to the Tbr2+ cells count in each layer of OB

Layers
Stages

GL1 (Npas4+/Tbr2) GL2 (Npas4+/Tbr2) GL3 (Npas4+/Tbr2) GL ratio average

P0 1/4 1/5 1/6 0.205555
P14 3/11 4/10 3/9 0.335353
P28 1/11 1/6 1/6 0.141414
P56 1/9 3/8 1/7 0.209656

Layers
Stages

EPL1 (Npas4+/Tbr2) EPL2 (Npas4+/Tbr2) EPL3 (Npas4+/Tbr2) EPL ratio average

P0 1/4 2/4 1/3 0.361111
P14 2/17 4/17 4/16 0.200980
P28 1/4 1/5 0/3 0.15
P56 0/4 0/2 1/3 0.111111

Layers
Stages

MCL1 (Npas4+/Tbr2) MCL2 (Npas4+/Tbr2) MCL3 (Npas4+/Tbr2) MCL ratio average

P0 4/19 3/18 6/15 0.259064
P14 2/17 2/9 2/8 0.196623
P28 1/7 1/8 1/6 0.144841
P56 1/5 1/6 1/12 0.15

Layers
Stages

GCL1 (Npas4+/Tbr2) GCL2 (Npas4+/Tbr2) GCL3 (Npas4+/Tbr2) GCL ratio average

P0 5/9 8/16 5/12 0.490740
P14 1/4 2/5 1/5 0.283333
P28 0/3 1/4 0/2 0.083333
P56 0/1 0/2 0/1 0
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Fig. 3. OB interneurons express Npas4 during the postnatal developing period. (A) Co-stained with GABAergic interneuron markers GAD67 and 
NPAS4 in P14 mouse OB. GABAergic interneurons expressing Npas4 in the glomerular layer (GL), mitral cell layer (MCL), and granule cell layer (GCL) 
were labeled with antibodies for Npas4 and GAD67; red represents GAD67, and green represents Npas4. Squared areas are magnified, and signals are 
shown in red and green, respectively. The closed arrow represents GABAergic interneurons expressing Npas4 protein. The ratio of Npas4 expressing cells 
to the GAD67+ cells in the image data of each layer. (B) Co-stained with tyrosine hydroxylase and Npas4, and calretinin and Npas4 in P14 mouse OB. 
TH-positive interneurons expressing the Npas4 protein in the GL were labeled with antibodies for Npas4 and TH. CALR-positive interneurons express-
ing Npas4 protein in the GCL are labeled with antibodies for Npas4 and calretinin; red represents TH-positive (primarily expressed in the cytoplasm) 
and CALR-positive interneurons; green represents Npas4. Squared areas are magnified, and signals are shown in red and green, respectively. The closed 
arrow represents TH-positive interneurons and CALR-positive interneurons expressing Npas4. The ratio of Npas4 expressing cells to the TH+ and 
CALR+ cells in the image data of each layer. The closed arrow represents TH-positive interneurons and CALR-positive interneurons expressing Npas4. 
The counts for Npas4+ cells, GAD67+ cells, TH+ cells, and CALR+ cells are all listed in Table 6 and Table 7. Scale bar: 50 μm and 10 μm.
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levels were slightly increased on the occluded side compared to 
the open side (Fig. 7C, D). These results implicate that olfactory 
sensory input at postnatal period might significantly influence the 
proper development of OB interneurons and their subtype com-
position.

We observed in the previous findings that Npas4 is highly 
expressed in DCX-positive cells, SVZ-derived OB interneuron 
precursor cells, and also co-localizes with DCX in the RMS, where 
neurogenesis continues to occur in the adult stage (Fig. 4C, D). If 
the DCX-positive neuroblast cells in the RMS fail to migrate into 
the OB, they may fail to differentiate, leading to underdevelopment 
of the OB. To investigate whether defects in neuronal migration 
contribute to the developmental abnormalities of OB after sensory 
deprivation, we co-stained DCX, Tbr2, and Npas4 in the OB layers 
under sensory deprivation conditions to examine their expression 
patterns (Fig. 8A, B). Under sensory deprivation conditions, there 
was no significant change in the intensity of DCX observed in the 
OB layers (Fig. 8C), indicating minimal impact on neuronal mi-
gration, as confirmed by the positioning of cells expressing Tbr2 
(Fig. 8A). Moreover, there was no variation in the number of DCX-
positive OB interneuron precursor cells expressing Npas4 across 
the OB layers (Fig. 8D, Table 9). Conversely, a decrease in Npas4 
intensity was noted all OB layers was observed, along with a trend 
of reduction in the number of cells expressing Npas4 (Fig. 8C, D, 
Table 10). Thus, the decrease in Npas4 due to sensory deprivation 
does not appear to affect neuronal migration or OB layer forma-
tion but may potentially influence the decrease in cell numbers 

and abnormal OB interneuron composition.
Taken together, these results indicated that sensory stimulation 

plays a crucial role in OB development and Npas4 expression 
during early postnatal OB development. In addition, OB develop-
ment by sensory input is mainly due to the development of OB 
interneurons. Different responses of OB interneuron composition 
in sensory deprivation conditions suggest that Npas4 might affect 
the regulation of the balance of OB interneuron circuit formation 
and neuroprotection, or have different molecular machinery for 
each subtype of OB interneurons.

Effect of sensory stimulation on the expression of  

putative Npas4 downstream molecules during early  

postnatal development

It has been reported that Npas4 has various functions in many 
brain regions (Table 11) [55-57], mainly related to neurogenesis, 
plasticity, and neuroprotection. In addition, Npas4 CHIP-seq and 
RNA-seq data suggest that Bdnf , Hdac9, and Nur77 are putative 
downstream molecules of Npas4 [32]. Thus, we hypothesized that 
aberrant OB development was due to the failure to adequately 
regulate the presumed downstream molecules of Npas4, resulting 
from decreased Npas4 expression by sensory deprivation during 
postnatal OB interneuron development. To test this possibility, we 
measured the mRNA levels of putative Npas4 target molecules 
(Fig. 9A). We observed that the mRNA expression levels of Bdnf, 
Hdac9, and Nur77, which are presumed to be downstream mol-
ecules of Npas4 and involved in cell survival and neural circuit 

Table 6. The ratio of Npas4-expressing cells to the GAD67+ cells count in each layer of OB

Layers
Stages

GL1 (Npas4+/GAD67) GL2 (Npas4+/GAD67) GL3 (Npas4+/GAD67) GL ratio average

P14 18/22 28/31 29/30 0.896024
Layers

Stages
MCL1 (Npas4+/GAD67) MCL2 (Npas4+/GAD67) MCL3 (Npas4+/GAD67) MCL ratio average

P14 19/21 24/28 22/25 0.880634
Layers

Stages
GCL1(Npas4+/GAD67) GCL2 (Npas4+/GAD67) GCL3 (Npas4+/GAD67) GCL ratio average

P14 26/27 28/30 39/40 0.957098

Table 7. The ratio of Npas4-expressing cells to the TH+ cells in GL and CALR+ cells in GCL

Layers
Stages

GL1 (Npas4+/TH+) GL2 (Npas4+/TH+) GL3 (Npas4+/TH+) GL ratio average

P14 6/8 5/7 7/9 0.747354
Layers

Stages
GCL1 (Npas4+/CALR+) GCL2 (Npas4+/CALR+) GCL3 (Npas4+/CALR+) GCL ratio average

P14 22/29 17/24 15/21 0.727079
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Fig. 4. The expression pattern of cells expressing Npas4 and DCX in OB layer during the postnatal developing period. (A) Representative images of 
the P0, P14, P28, and P56 olfactory bulbs. Cells are co-stained with the DCX, Tbr2, and DAPI and imaged using confocal microscopy. Blue represents 
nuclear DNA stained with DAPI, red represents DCX, and green represents Tbr2. Each layer of the olfactory bulb glomerular layer (GL), external plexi-
form layer (EPL), mitral cell layer (MCL), and granule cell layer (GCL) is indicated in each image. (B) A rectangular region of interest (ROI) of the same 
size was randomly placed in the image data of each layer and the intensity of DCX expressing cells was measured. (C) Representative images of the P0, 
P14, P28, and P56 olfactory bulbs. Cells are co-stained with the DCX, Npas4, and DAPI and imaged using confocal microscopy. Blue represents nuclear 
DNA stained with DAPI, red represents DCX, and green represents Npas4. (D) A rectangular region of interest (ROI) of the same size was randomly 
placed in the image data of each layer, and the ratio of Npas4 expressing cells to the DCX+ cells inside the ROI was counted. The counts for Npas4+ cells 
and DCX+ cells are all listed in Table 8. Scale bar: 100 μm.
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formation [32, 34, 52, 58, 59], decreased on the unilateral naris oc-
clusion side (Fig. 9B). Also, another putative downstream molecule 
of Npas4, the mRNA levels of Mdm2 and Dcx , which regulate 
sensory input-dependent dendritic spines of OB interneurons 
[60], did not change on the occluded side (Fig. 9C). In addition, for 
Syt10, which is known to promote the release of IGF-1 in OB [61], 
mRNA levels did not change (Fig. 9C). 

Taken together, these results suggest that the olfactory stimula-
tion-dependent Npas4 expression is involved in the developmen-
tal processes of OB interneurons by the establishment of neural 
circuits with excitatory projection cells or the survival of OB inter-
neurons during the early stages of postnatal development.

DISCUSSION

In this study, we suggested that Npas4 is strongly expressed in 
OB interneurons during the postnatal period of early explosive 
OB development triggered by sensory-input, which implicates its 
potential involvement in the composition and survival of OB in-
terneurons.

In previous reports and our result in Figure 2, Npas4 was pre-
dominantly expressed in inhibitory neurons, but it was also ob-
served to be expressed at a lower ratio in the mitral/tufted cell lay-
er. [20]. Therefore, changes in Npas4 expression may be measured 
in excitatory projection neurons under our experiment condition. 

However, the OB has a substantial proportion of interneurons to 
excitatory neurons (ratio 100:1) compared to other brain regions 
(ratio 1:5) [35] and most excitatory projection neurons in the OB 
are generated during embryonic stages [62]. Therefore, we assume 
that Npas4 expressed in excitatory neurons during postnatal pe-
riod can be expected to be involved in neuronal functions and not 
in the development of excitatory neurons.

Sensory experience regulates the development of various ner-
vous systems in the brain [63]. Similarly, the olfactory sensory 
experience facilitates the development, dendritic morphogenesis, 
spine formation, and survival of OB interneurons [64, 65]. In this 
study, the Npas4 expression in P14 olfactory bulb was reduced in 
the absence of olfactory stimulation, but the neuronal develop-
ment tendency of the two interneurons was different. The number 
of OB interneurons expressed GAD67 was reduced, and the level 
of TH-positive cells was decreased. In contrast, the number of 
CALR-positive cells increased, resulting in a change in the OB in-
terneuron ratio on the occluded side. Despite significantly reduced 
Npas4 expression, the underlying cause of the differing develop-
mental patterns among interneurons during the early develop-
mental stages remains unknown. One possibility is the differences 
in the synaptic organization among interneurons. Periglomerular 
cells receive direct input from olfactory sensory neurons, whereas 
inputs to granule cells are received from synapses from both mitral 
and tufted cells. The differences in synaptic organization may af-

Table 8. The ratio of Npas4-expressing cells to the DCX+ cell count in each layer of OB

Layers
Stages

GL1 (Npas4+/DCX+) GL2 (Npas4+/DCX+) GL3 (Npas4+/DCX+) GL (%) average

P0 4/7 3/10 5/9 47.6
P14 6/16 7/19 5/17 34.6
P28 2/8 3/8 2/7 30.4
P56 1/7 3/11 3/13 21.5
Layers

Stages
MCL1 (Npas4+/DCX+) MCL2 (Npas4+/DCX+) MCL3 (Npas4+/DCX+) MCL (%) average

P0 5/7 7/11 6/8 70.0
P14 8/11 7/12 8/15 61.5
P28 3/8 4/10 2/12 13.8
P56 5/13 5/15 6/16 36.4
Layers

Stages
GCL1 (Npas4+/DCX+) GCL2 (Npas4+/DCX+) GCL3 (Npas4+/DCX+) GCL (%) average

P0 19/23 21/25 14/20 78.9
P14 22/31 30/42 25/37 68.2
P28 7/16 8/19 6/17 40.4
P56 7/19 10/21 7/18 41.1
Layers

Stages
RMS1 (Npas4+/DCX+) RMS2 (Npas4+/DCX+) RMS3 (Npas4+/DCX+) RMS (%) average

P0 10/19 6/16 9/16 48.8
P14 45/56 43/59 39/49 78.2
P28 18/27 25/38 23/32 68.1
P56 31/43 41/57 35/47 72.8
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fect the developmental responsiveness of interneurons involved in 
Npas4 expression. Another possibility is the difference in the posi-
tion of the two interneurons. PGCs, TH-positive interneurons, 
are usually located in the GL, the most superficial layer of the OB. 
In contrast, GCs, CALR-positive interneurons, are located in the 
GCL. The GCL is a deep layer of the OB. We assume that the effect 
of sensory stimulation on neuronal activation may affect OB inter-
neuron subtypes differently, depending on spatial and positional 
differences. Therefore, it is expected that there will be differences 
in the activity and function of Npas4.

Npas4 is a transcription factor translated from neuronal activity-
dependent IGEs. It has been reported that Npas4 regulates not 
only the transcription of various genes that control inhibitory syn-

apse development and synaptic plasticity [47], but also the expres-
sion of several downstream molecules, including BDNF, HDAC9, 
and Nur77 [28, 32]. Recently, it has been reported that BDNF reg-
ulates the formation of neural circuits and dendrite morphology 
in developing GABAergic interneurons, including TH-positive 
and CALR-positive cells, by enhancing synaptic activity [66], and 
can be synthesized in various GABAergic cells [67]. In addition, 
activity-dependent secretion of BDNF is critical for regulating 
adult OB interneuron neurogenesis [68]. These results indicate 
that olfactory sensory input during postnatal period might signifi-
cantly influence proper development [69]. BDNF is expressed in 
the RMS and suggested as a chemoattractant for SVZ neuroblasts 
migration [69]. Migrating neuroblasts in RMS directly contact to 

 

Figure 5. Effect of unilateral naris occlusion on the olfactory bulb’s development  
(A) Schematic diagram of unilateral naris occlusion during postnatal olfactory bulb development. (B) Representative images of the 
mouse and the olfactory bulb occluded side. (C) The relative level of olfactory bulb size in open naris vs. closed naris. Error bars 
represent the mean±SE, and significance is determined using a t-test. (n=8, ***P<0.001). 

Fig. 5. Effect of unilateral naris occlusion on the olfactory bulb’s development. (A) Schematic diagram of unilateral naris occlusion during postnatal 
olfactory bulb development. (B) Representative images of the mouse and the olfactory bulb occluded side. (C) The relative level of olfactory bulb size in 
open naris vs. closed naris. Error bars represent the mean±SE, and significance is determined using a t-test. (n=8, ***p<0.001).
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blood vessels, and BDNF released from vascular endothelial cells 
modulates migration in RMS. In the nasal occlusion experiments, 
it was confirmed that BDNF is a putative downstream molecule 
of Npas4. Therefore, BDNF is expected to be involved in synapse 
formation and development of OB interneurons by regulating the 
migration of neuroblasts in the RMS through interaction with 
Npas4. HDACs are enzymes that remove acetyl groups and regu-
late DNA expression. HDACs are reported to be involved in the 
expression of TH in the OB and RMS [70] and neuronal rewiring 
with BDNF [71]. Furthermore, HDAC2 may modulate inhibitory 
circuit activity by enhancing synaptic plasticity in parvalbumin 
interneurons in the mouse visual cortex [72]. Nuclear receptor 
4A1 (NR4a1, also known as Nur77) is involved in the cell cycle, 

inflammation, and apoptosis [73]. Recently, Nur77 was shown to 
regulate the transcription of synaptic formation molecules in in-
hibitory GABAergic interneurons of the forebrain [74]. It is neces-
sary to promote and complete striatal developmental maturation 
by altering cholinergic interneuronal activity [75]. Our study did 
not directly demonstrate the downstream localization of BDNF, 
HDAC9, and Nur77 molecules to Npas4. However, based on 
previously published results, there is sufficient evidence to sug-
gest that Npas4 interacts with the aforementioned molecules and 
could provide various information and research topics to explain 
the results of our experiment. These reports suggest that Npas4 
expression induced by olfactory stimulation during early postnatal 
OB development may play an essential role in correctly forming 

 
 
Figure 6. Effect of unilateral naris occlusion on Npas4 expression during postnatal olfactory bulb development 
(A) Immunoblot of Npas4 in P14 olfactory bulbs isolated from the open and closed sides of the naris. (B) The relative 
level of Npas4 normalized by β-actin level (n=6, ****P<0.0001). (C) RT-qPCR products of Npas4 mRNAs from the open 
and closed sides of the naris in P14. (D) Quantification of the intensity of Npas4 normalized by β-actin level (n=6, 
**P<0.01). 

Fig. 6. Effect of unilateral naris occlusion on Npas4 expression during postnatal olfactory bulb development. (A) Immunoblot of Npas4 in P14 olfac-
tory bulbs isolated from the open and closed sides of the naris. (B) The relative level of Npas4 normalized by β-actin level (n=6, ****p<0.0001). (C) RT-
qPCR products of Npas4 mRNAs from the open and closed sides of the naris in P14. (D) Quantification of the intensity of Npas4 normalized by β-actin 
level (n=6, **p<0.01).
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synapses and circuits of OB interneurons by regulating putative 
downstream molecules of Npas4. 

It was reported that Npas4 regulates Mdm2 expression to ubiq-
uitinate and degrade DCX during dendritic spine development 
in newborn OB GCs after sensory stimulation in at P21, a period 
similar to our experimental condition at P28, during adolescence 
[28]. Also, it was known that phosphorylation of Npas4 enhances 
the transcriptional activity of Npas4 and BDNF promoter activity 
resulting in regulation of synaptic plasticity and enhancement of 
reward-related learning and memory [47]. Under our test condi-
tions, phosphorylated Npas4 showed strong expression from P0 
to P14, but there were no changes in the expression of Mdm2 and 

Dcx mRNA, as well as in the intensity of DCX. Although our ex-
perimental results differ from those obtained in other experiments 
conducted during P21 adolescence and adult stages, we propose 
the possibility that Npas4 may have another function in neuronal 
composition and neuroprotection during the OB interneuron de-
velopmental process.

In summary, our results provide evidence that Npas4 expres-
sion in newborn OB interneurons contributes to the formation of 
neural circuits with mitral/tufted cells during early postnatal OB 
development by regulating their survival under sensory input-
dependent conditions (Fig. 10).

 

Figure 7. Effect of unilateral naris occlusion on OB interneurons during postnatal olfactory bulb development 
(A) Immunoblot of GAD67 and VGLUT1 in P14 olfactory bulbs isolated from the open and closed sides of the naris. (B) 
The relative levels of GAD67 and VGLUT1 normalized by β-actin level (n=11, ***P<0.001). (C) Immunoblots of 
tyrosine hydroxylase (TH) and calretinin (CALR) normalized by β-actin level in P14 olfactory bulbs isolated from the 
open and closed sides of the naris. (D) The relative levels of TH and CALR were normalized by β-actin level (n=11, 
**P<0.01, ****P<0.0001). 

Fig. 7. Effect of unilateral naris occlusion on OB interneurons during postnatal olfactory bulb development. (A) Immunoblot of GAD67 and VGLUT1 
in P14 olfactory bulbs isolated from the open and closed sides of the naris. (B) The relative levels of GAD67 and VGLUT1 normalized by β-actin level 
(n=11, ***p<0.001). (C) Immunoblots of tyrosine hydroxylase (TH) and calretinin (CALR) normalized by β-actin level in P14 olfactory bulbs isolated 
from the open and closed sides of the naris. (D) The relative levels of TH and CALR were normalized by β-actin level (n=11, **p<0.01, ****p<0.0001).
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Fig. 8. The expression pattern of cells expressing Npas4 and DCX in OB layer during the postnatal developing period under the unilateral naris occlu-
sion. (A) Representative images in P14 olfactory bulbs isolated from the open and closed sides of the naris. Cells are co-stained with the DCX, Tbr2, and 
DAPI and imaged using confocal microscopy. Blue represents nuclear DNA stained with DAPI, red represents DCX, and green represents Tbr2. Each 
layer of the olfactory bulb glomerular layer (GL), external plexiform layer (EPL), mitral cell layer (MCL), and granule cell layer (GCL) is indicated in each 
image. (B) Representative images in P14 olfactory bulbs isolated from the open and closed sides of the naris. Cells are co-stained with the DCX, Npas4, 
and DAPI and imaged using confocal microscopy. Blue represents nuclear DNA stained with DAPI, red represents DCX, and green represents Npas4. 
(C) A rectangular region of interest (ROI) of the same size was randomly placed in the image data of each layer and the intensity of DCX expressing 
cells and Npas4 expressing cells was measured. in the open and closed side of the naris. (D) A rectangular region of interest (ROI) of the same size was 
randomly placed in the image data of each layer, and the ratio of Npas4 expressing cells to the DCX+ cells and total cells inside the ROI was counted. The 
counts for Npas4+ cells and DCX+ cells are all listed in Table 9 and Table 10. Scale bar: 100 μm.
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Table 9. The ratio of Npas4-expressing cells to the DCX+ cells in open and closed sides of naris

Layers
Stages

GL1 (Npas4+/DCX+) GL2 (Npas4+/DCX+) GL3 (Npas4+/DCX+) GL (%) average

Open 6/17 9/20 6/15 40.1
Closed 9/25 11/25 9/21 41.0

Layers
Stages

MCL1 (Npas4+/DCX+) MCL2 (Npas4+/DCX+) MCL3 (Npas4+/DCX+) MCL (%) average

Open 13/20 13/23 12/21 59.6
Closed 14/26 13/21 14/22 59.8

Layers
Stages

GCL1 (Npas4+/DCX+) GCL2 (Npas4+/DCX+) GCL3 (Npas4+/DCX+) GCL (%) average

Open 15/25 19/30 13/20 62.8
Closed 13/20 15/23 15/27 61.9

Layers
Stages

RMS1 (Npas4+/DCX+) RMS2 (Npas4+/DCX+) RMS3 (Npas4+/DCX+) RMS (%) average

Open 41/53 41/59 36/47 74.5
Closed 27/36 33/42 36/45 77.9

Table 10. The ratio of Npas4-expressing cells to the total cells in open and closed sides of naris

Layers
Stages

GL1 (Npas4+/total) GL2 (Npas4+/total) GL3 (Npas4+/total) GL (%) average

Open 17/28 20/35 15/26 58.5
Closed 25/56 26/55 21/46 45.9

Layers
Stages

MCL1 (Npas4+/total) MCL2 (Npas4+/total) MCL3 (Npas4+/total) MCL (%) average

Open 20/35 23/38 21/36 58.7
Closed 26/52 21/45 22/46 48.2

Layers
Stages

GCL1 (Npas4+/total) GCL2 (Npas4+/total) GCL3 (Npas4+/total) GCL (%) average

Open 25/35 30/39 20/28 73.3
Closed 20/32 23/38 27/48 59.8

Layers
Stages

RMS1 (Npas4+/total) RMS2 (Npas4+/total) RMS3 (Npas4+/total) RMS (%) average

Open 53/67 59/75 47/60 78.7
Closed 36/55 42/65 45/69 65.1

Table 11. Functions of Npas4 in brain regions

Region of Npas4 expression Functions of Npas4 Reference

Whole brain Npas4 KO mouse die earlier due to progressive brain damages. Ooe et al., 2009 [32]
Cerebral cortex Npas4 has a neuroprotection role in ischemic stroke. Choy et al., 2015 [55]; Choy 

et al., 2016 [56]
Hippocampus Npas4 regulates the expression of BDNF and c-fos in CA3 region.

Npas4 and its downstream molecule Syt10 have a protective effect in the hip-
pocampus.

Woitecki et al., 2016 [33];  
Ramamoorthi et al., 2011 
[57]

Granule cells in OB Npas4 upregulates the activity-dependent OB GC distal dendrite density. Yoshihara et al., 2014 [28]
Medial ganglionic eminence (MGE) 

primary culture neurons, Cortical 
primary culture neurons

Npas4 has cell type-specific transcriptional functions. Spiegel et al., 2014 [25]

Neuro2a cells Npas4 has an important role in plasticity of neurons. Yun et al., 2013 [59]
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Figure 9. Effect of unilateral naris occlusion on Npas4 putative downstream molecules’ mRNA levels during postnatal 
olfactory bulb development 
(A) Putative downstream molecules of the Npas4-Network interaction image from STRING: functional protein association networks. 
(B) RT-qPCR products of Bdnf, Hdac9, Nur77, Mdm2, Dcx, and Syt10 mRNAs from open and closed sides of the naris in P14. (C) 
and (D) Quantification of the intensity of Bdnf, Hdac9, Nur77, Mdm2, Dcx, and Syt10 normalized by β-actin level (n=6, *P<0.05, 
**P<0.01). 
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