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Abstract

The NMDA receptors are a type of glutamate receptors, which is involved in neuronal function, plasticity and
development in the mammalian brain. However, how the NMDA receptors contribute to adult neurogenesis
and development of the dentate gyrus is unclear. In this study, we investigate this question by examining a re-
gion-specific knock-out mouse line that lacks the NR1 gene, which encodes the essential subunit of the
NMDA receptors, in granule cells of the dentate gyrus (DG-NR1KO mice). We found that the survival of newly-
generated granule cells, cell proliferation and the size of the granule cell layer are significantly reduced in the
dorsal dentate gyrus of adult DG-NR1KO mice. Our results also show a significant reduction in the number of
immature neurons and in the volume of the granule cell layer, starting from three weeks of postnatal age. DG-
NR1KO mice also showed impairment in the expression of an immediate early gene, Arc, and behavior during
the novelty-suppressed feeding and open field test. These results suggest that the NMDA receptors in granule
cells have a role in adult neurogenesis in the adult brain and contributes to the normal development of the
dentate gyrus.

Key words: granule cell; hippocampus; neuronal survival; novelty suppressed feeding test; pattern separation

7 & )

A type of glutamate receptors, the NMDA receptors, are known to be generally important in brain develop-
ment. However, a previous study, which genetically ablated the NMDA receptors in the developing dentate
gyrus, did not detect malformation of the dentate gyrus. Here, we performed more detailed analyses of the
knock-out mice and showed that the extent of neurogenesis and the size of the neuronal layer are reduced
in the postnatal and adult dentate gyrus. We found that the knock-out mice exhibit behavioral abnormality
during adulthood. These results indicate that the NMDA receptor is essential for normal development of the
dentate gyrus and that a malfunction of the NMDA receptors during the postnatal period could lead to life-
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Introduction

A type of ionotropic glutamate receptors, the NMDA re-
ceptors, are involved in postnatal brain development
(Haberny et al., 2002; Hansen et al., 2004; Ewald and
Cline, 2009). It has been shown that the NMDA receptors
support the survival of developing neurons (lkonomidou
et al, 1999) and regulate the formation of neuronal
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networks in several brain areas (Bear et al., 1987;
Constantine-Paton et al.,, 1990), including the dentate
gyrus (Gould et al., 1994). The majority of granule cells, a
principal cell type in the dentate gyrus, are generated
postnatally, predominantly during the first few weeks after
birth in rodents (Cameron et al., 1993) and the structural
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development of the dentate gyrus occurs mainly during
the first month of the postnatal period in rodents (Li and
Pleasure, 2005). Early life experience, such as stress, has
been found to regulate the expression of the NMDA re-
ceptors in the hippocampus (Roceri et al., 2002; Pickering
et al., 2006) and to reduce the number of granule cells
(Oreland et al., 2010).

The involvement of the NMDA receptors in neuronal
survival and circuit formation continues in newly-gener-
ated neurons in the adult brain. The survival of newborn
neurons in the adult brain is regulated by neuronal activity
in the dentate gyrus, as evidenced by the finding that
induction of NMDA receptor-dependent long-term poten-
tiation facilitates the survival of newborn neurons (Bruel-
Jungerman et al., 2006). A study using a cell-specific
gene knock-out technique (Tashiro et al., 2006a) demon-
strated that the NMDA receptors positively regulate the
survival of immature granule cells in a cell-autonomous
manner, within a few weeks of neuronal birth (Tashiro et
al., 2006b). However, once new granule cells pass a cer-
tain maturational stage, the NMDA receptors are not re-
quired for their survival but continue to be required for the
regulation of dendritic spine morphology and synaptic
plasticity (Ge et al., 2007; Mu et al., 2015).

A previous study demonstrated that the NMDA recep-
tors in granule cells of the dentate gyrus play a role in a
context discrimination task using a region-specific gene
knock-out mouse line. This mouse line lacks the NR1
gene, which encodes an essential subunit of the NMDA
receptors, specifically in granule cells of the dentate gyrus
(McHugh et al., 2007). The gene knock-out in granule
cells starts between 1.5 and 4 weeks after the birth of
mice. The study found that the gross structure of the den-
tate gyrus is intact but did not examine how adult neuro-
genesis is affected in the mouse line.

In this study, we have two aims. The first aim is to deter-
mine a role of NMDA receptors in adult neurogenesis of
the dentate gyrus. We used the same knock-out mouse
line created by McHugh et al. (2007; DG-NR1KO mice)
and examined neurogenesis in the adult dentate gyrus.
The second aim is to reveal the role of NMDA receptors in
normal formation of the dentate gyrus. As described
above, the NMDA receptors have been shown to contrib-
ute to the development of granule cells in the postnatal
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and adult dentate gyrus. However, McHugh et al. (2007)
did not detect that the NR1 gene knock-out starting from
the postnatal development affects the development of the
dentate gyrus. To reconcile this discrepancy in the contri-
bution of the NMDA receptors to the development of the
dentate gyrus, we examined the structure and neurogene-
sis in the dentate gyrus of the postnatal and adult brain.

Materials and Methods

Mice

All animal procedures were approved by the Norwegian
Animal Research Authority and/or Institutional animal
care and use committee at A*STAR and Nanyang
Technological University. We re-generated DG-NR1KO
(Pomc-cre+/—, fNR1+/+) mice using the same transgen-
ic mouse lines used by McHugh et al. (2007), B6.FVB-Tg
(Pomc-cre)1Stl/J and B6.129S4-Grin1P™2Stp/y  (INRT;
both from The Jackson Laboratory). Cre recombinase is
under transcriptional control by the proopiomelanocortin
(Pomc) promoter, which initiates gene expression during
a short time window in the maturation of newborn granule
cells of the dentate gyrus (Overstreet et al., 2004).
Specificity of Cre expression in Pomc-cre+/— mice was
equivalent with McHugh et al. (2007) when we evaluated it
by crossing them with a cre-dependent reporter line
(86;1298_Gt(ROSA)26sortm32(CAG—COP4*H134R/EYFP)HZ€/J’
from The Jackson Laboratory; Fig. 1). Cre recombines a
floxed part of the NR1 gene (fNR1) to ablate the functional
NR1 gene. These mice were bred with Pomc-cre—/—,
fNR1+/+ mice, and their Cre+/— offspring were used as
DG-NR1KO mice and the Cre-negative littermates were
used as controls. Both female and male mice were used
except Figure 6, where we used female mice only. For
Figures 3, 4, 8G-0O, we used young adult mice (42-51d
old at the start of experiments). For Figure 5, we used
two-, three-, or four-week-old mice. For Figures 6, 7, 8A—
F, we used young adult to mature adult mice (42-83d
old). Mice were housed with ad libitum access to food
and water under 12/12 h light/dark cycle conditions, un-
less otherwise specified below.

Genotyping

The genotypes of mice were determined by PCR analyses.
The primer sequences for Cre are 5'-CCGGTGAACGTGCA
AAACAGGCTCTA-3' and 5-GATTAACATTCTCCCACCG
TCAGT-3" and those for the fNR1 allele are 5'-CTTGGGTG
GAGAGGCTATTC-3' and 5'-AGGTGAGATGACAGGAGA
TC-3'. As previously described (McHugh et al., 2007), germ-
line recombination occurs in this mouse line. To detect re-
combined alleles in control mice, nested PCR was
performed. The primer sequences for the initial amplification
were 5 -AATGCTGAGGTGGTAGGA-3' and 5 -AGGTGAGA
TGACAGGAGATC-3'. The primer sequences for the second
step are 5'-GCTACAAGGCAAAGATACAAGACC-3" and 5'-
ACCGTCGACGAGAATTCCGATCAT-3'. When a recom-
bined allele was detected in control mice, they were excluded
from the experiments.
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Figure 1. Specificity of Cre expression. A representative image
showing YFP signal in Cre+/— offspring from crossing Pomc-
cret/— and cre-dependent ChR2-YFP reporter lines.
Consistent with McHugh et al. (2007), we found dense expres-
sion in the dentate gyrus and sparser expression in the arcuate
nucleus of the hypothalamus and the habenula. We also noted
sparse expression in the optic tract, which McHugh et al. (2007)
did not mention, but we can observe it in their figures (McHugh
et al., 2007; their Fig. 1A,D). Fluorescence signal in the molecu-
lar layer of the dentate gyrus and stratum lucidum of the CA3
area reflects the dendrites and axons of granule cells, respec-
tively. Scale bar: 1 mm.

5-Bromo-2’-deoxyuridine (BrdU) injections

BrdU (catalog #B5002, Sigma) was dissolved in 0.9%
saline at a concentration of 10 mg/ml. After filter steriliza-
tion (pore size: 0.2 um), mice were intraperitoneally in-
jected with a dose of 100 pg/g body weight per day.

Enriched environment

Female mice were injected with BrdU on days —1 and
0. Between days 7 and 14, they were either housed in an
enriched cage (48 x 48 x 48cm, eight mice per cage)
which contained eight pieces of plastic blocks, one card-
board shelter, one plastic shelter, four tunnels, two sheets
of paper for nesting, four pieces of small wood, and one
running wheel (Fig. 2), or they stayed in the standard
housing (26.7 x 20.7 x 14cm, four mice per cage) with
bedding only. On days 0-7 and days 14-28, all the mice
were in the standard housing. The mice were perfusion-
fixed on day 28 as described below.

Novel environment exploration

The mice were exposed to a novel environment, which
was a 32 x 28 x 28 cm open field with plastic walls with
black and white stripes. They were allowed to explore the
novel environment for 10 min. Then, the mice were moved
back to their home cages in the experimental room. After
90 min, they were perfusion-fixated as described below.
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Enriched cage

Figure 2. Enriched housing used in this study.

The non-exposed mice were taken directly from their
home cage in the housing room for perfusion.

Novelty suppressed feeding test

The mice were food deprived for 24 h before the test. A
food pellet was placed on a white paper platform
(12.5cm) at the center of a square open field (60 x 60 cm,
with white colored walls), which the mice had never been
exposed to before. The room was lit with regular room
lighting (around 700 lux at the center of the box) and the
floor of the open field was covered with the same type of
bedding as used in their home cages. At the start of a
test, a mouse was placed at a corner of the open field.
When the mouse started eating the food pellet or 10 min
passed after the test started, the test was terminated. The
test was recorded by an overhead camera and analyzed
using EthoVision XT13 software (Noldus Information
Technology BV). The area in the open field was divided
into 5 x 5 square bins. A total of 16 outer bins were de-
fined as the peripheral zone. The area on the white paper
was defined as the center zone. The remaining area was
defined as the inner zone.

Open field test

A square open field (60 x 60 cm, with white-colored
walls and floor) was placed in a room that was lit with ceil-
ing lights (~700 lux at the center of the box). At the start of
a test, a mouse was placed at a corner of the open field
and allowed to explore it. After 10 min, the test was termi-
nated. The mice were removed from the open field and
fecal boli were counted. The test was recorded by an
overhead camera and analyzed using EthoVision XT13
software. The area in the open field was divided into 5 x 5
square bins. A total of 16 outer bins were defined as the
peripheral zone. The remaining area was defined as the
inner zone.

Elevated plus maze

A plus shaped maze was elevated 60cm above the
ground. Two arms opposite to each other were sur-
rounded with 15-cm-high walls at the side and end of the
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arm. These are called “closed arm” while the other two
arms without walls were called “open arm.” The lengths of
closed and open arms were 35 and 36.5 cm, respectively.
The width of each arm was 5cm. The room was lit dimly
(~1001lux at the center of the maze). At the start of a test,
a mouse was placed at the center of the maze, with its
face facing one of the closed arms. The mouse was al-
lowed to explore the maze. After 10 min, the test was ter-
minated. The test was recorded by an overhead camera
and analyzed using Anymaze 6.34 (Stoelting Co). The
entry to and exit from an arm were registered when 40%
of body entered and 35% exited the arm, respectively.

Histology

Perfusion fixation, preparation of brain sections (35- or
40-pm thickness) and immunostaining were conducted as
previously described (Tashiro et al., 2015). We prepared
coronal brain sections containing the rostral two thirds of
the dentate gyrus; therefore, the analysis presented in this
study is mostly from the dorsal, but not ventral, part of the
dentate gyrus. The primary antibodies used were goat anti-
DCX (1:500 dilution, catalog #sc-8066, Santa Cruz
Biotechnology) and mouse anti-activity-regulated cytoskele-
ton-associated protein (Arc; 1:100, catalog #sc-17839,
Santa Cruz Biotechnology), rat anti-GFP (1:1000, catalog
#04404-84, Nacalai Tesque), rat anti-BrdU (1:400, catalog
#0OBTO0030G, AbD Serotec), rabbit anti-Prospero homeobox
protein 1 (Prox1; 1:1000, catalog #PRB-238C, Covance),
goat anti-Prox1 (1:40, catalog #AF 2727, R&D Systems),
and rabbit anti-Ki67 (1:500, catalog #NCL-Ki67p, Leica
Biosystems). The secondary antibodies used were donkey
anti-rat-Alexa Fluor 488 (catalog #712-545-153), anti-rabbit-
Cy3 (catalog #712-165-152), anti-mouse-DyLight549 (cata-
log #715-505-151), anti-goat-Alexa Fluor 488 (catalog
#705-545-147), and anti-goat-Alexa Fluor 647 (catalog
#705-605-147). All secondary antibodies were purchased
from Jackson ImmunoResearch and used at 1:600 dilutions.
Nuclear staining with 4’,6-diamidino-2-phenylindole-dihy-
drochloride (DAPI; 5 ng/ml; Merck) was done on some of the
sections. The brain sections were mounted on glass slides
with mounting medium containing PVA-DABCO.

Microscopy

Axio Scope A1 or Axio Imager M1 microscopes (Zeiss,
Germany) were used to count BrdU-positive (+), Ki67+,
and DCX+ cells and image the granule cell layer of the
dentate gyrus for size measurements. Counting was done
using either 20x or 40x objective lens from the granule
cell layer and subgranular zone in both hemispheres in six
brain sections per mouse for BrdU (every 6th section;
Figs. 3, 6), three brain sections for Ki67 and DCX (every
12th section; Fig. 3) in adult mice, six brain sections from
the anterior part of the dentate gyrus for Ki67 and granule
cell layer volume measurements in two- to four-week-old
mice (every 6th section; Fig. 5), and two brain sections
from similar anterior part for DCX in two- to four-week-old
mice (Fig. 5). The DAPI or Prox1 fluorescence were used
to image the area of the granule cell layer using a 10x ob-
jective lens. The volume of the granule cell layer was
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calculated by multiplying the area by the thickness of the
sections, which was 35 or 40um. The volume values
shown in Figures 4, 5 are summed volume from three and
six analyzed sections, respectively.

Confocal imaging was conducted using LSM710 confo-
cal microscope (Zeiss, Germany) equipped with 488-,
543-, and 633-nm laser lines and the ZEN image-acquisi-
tion software. For co-localization analysis (BrdU+/
Prox1+ and Arc+/Prox1+), a 40x objective lens with olil
(NA 1.3) was used. Three images from the granule cell
layer from random positions in three different hemi-
spheres/mice were used for BrdU, Prox1 colocalization
analysis in Figure 3 and four images from the granule cell
layer from random positions in four different mice were
used for BrdU, Prox1 colocalization analysis in Figure 6,
and Arc, Prox1 colocalization analysis in Figure 7. The
density of BrdU+/Prox1+ and BrdU-/Prox1+ were esti-
mated by multiplying the density of BrdU+ cells counted
under Axio Scope A1 or Axio Imager M1 microscopes by
% of BrdU+ cells which are Prox1+ and Prox1-, meas-
ured with the confocal microscope, respectively. For the
measurement of the distribution of Arc+/Prox1+ cells in
the granule cell layer, only the area that showed the entire
depth of the granule cell layer was used from the same
confocal images as used for the Arc/Prox1 co-localization
counting. Measurements of the granule cell layer area
from epifluorescence images and counting of cells from
confocal images were performed using Imaged software
(National Institutes of Health).

The section was selected in a way that their anteropos-
terior level is comparable between mice used in individual
analyses. The density was calculated by dividing the num-
ber of cells by the volume of the granule cell layer. Our
analyses focused on the area covering approximately an-
terior two thirds of the dentate gyrus, so that the results
were from the dorsal dentate gyrus.

Statistics

Statistical analyses were done using SPSS Statistics
(IBM Corp.) and Statistica (StatSoft) software. For inde-
pendent-sample t tests, Levene’s test for equal variance
was performed, and depending on the results, a t test
with (Student’s t test) or without (Welch’s t test) equal var-
iance assumed was done. All data are presented as mean
+ SEM. When we detected significant interaction in two-
way ANOVAs or three-factor interaction in three-way
ANOVAs, we performed Tukey’s HSD tests. When we de-
tected significant interaction of two factors but not of
three factors, we performed simple effects tests using
two-way ANOVAs.

Results

Reduced neurogenesis and granule cell layer size in
the dentate gyrus of adult DG-NR1KO mice

To evaluate neurogenesis in the dentate gyrus of adult
control and DG-NR1KO mice, we examined the density of
cells expressing Ki67 (a marker for proliferating cells) and
DCX (a marker for neuronal progenitor cells and immature
neurons). We found that the density of Ki67+ cells is
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Figure 3. Cell proliferation and the survival of new neurons were reduced in the dentate gyrus of adult DG-NR1KO mice. A,
Representative images visualizing Ki67+ (green) and DAPI-labeled (red) cells in the dentate gyrus of adult control and DG-NR1KO
mice. Scale bar: 75 um. B, Density of Ki67+ cells in the subgranular zone. C, Representative images showing DCX+ (green) and
DAPI-labeled (red) cells in the dentate gyrus of adult control and DG-NR1KO mice. The images were maximum intensity projections
of confocal Z stacks and formed by joining two overlapping images containing adjacent areas. Scale bar: 25um. D, Density of
DCX+ cells. E, Representative images showing BrdU+ (green) and Prox1+ (red) cells in adult control and DG-NR1KO mice on 7
and 28d after BrdU injections. Scale bar: 75um. F, Density of BrdU+ cells in the granule cell layer and subgranular zone. G,
Proportion of BrdU+ cells expressing Prox1. H, Density of BrdU+/Prox1+ cells in the granule cell layer. I, Density of BrdU+/Prox1-
cells in the granule cell layer. J, Survival rate of BrdU+/Prox1+ cells from 7 to 28 dpi. Density at 28 d after BrdU injection was di-
vided by mean values of density at 7 d; *p < 0.05, *p < 0.01, *p < 0.005, independent-sample t test, two tailed.

significantly reduced in the subgranular zone of DG-
NR1KO mice compared with control (p=0.023,
t11y=2.641, n=6 control and 7 DG-NR1KO mice, inde-
pendent-sample t test, two-tailed; Fig. 3A,B), indicating a
reduction in proliferation in DG-NR1KO mice. We also
found a significant reduction in the density of DCX+ cells
in DG-NR1KO mice compared with control (p=5.6 x
1077, tn1y = —10.286, n=6 control and 7 DG-NR1KO
mice, independent-sample t test, two-tailed; Fig. 3C,D),
indicating a decrease of neuronal progenitor cells and/or
immature neurons in the dentate gyrus.

Reduction of DCX+ cells may be exclusively because
of reduced proliferation or be partly because of reduced
survival of newborn neurons. To examine the latter possi-
bility, we injected BrdU into adult DG-NR1KO and control
mice and measured the density of BrdU+/Prox1+ cells 7
or 28d after injection (Fig. 3E). The granule cell marker
Prox1 was used to determine the identity of BrdU+ cells
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as granule cells. Seven days after BrdU injection, the den-
sity of BrdU+ cells was significantly lower in DG-NR1KO
mice than in controls (p =0.0099, t14)=2.983, n=7 control
and 9 DG-NR1KO mice, respectively, independent-sam-
ple t test, two-tailed; Fig. 3F). Proportion of BrdU+ cells
expressing Prox1 was not significantly different between
control and DG-NR1KO mice (p=0.657, t44 = —0.454,
n=7 and 9 mice, respectively, independent-sample t test,
two-tailed; Fig. 3G), suggesting that neuronal differentia-
tion was not affected. The density of BrdU+/Prox1+ cells
showed a tendency of reduction in DG-NR1KO mice,
but it was not significant (p=0.070, tg 385 =2.079, n=7
control and 9 DG-NR1KO mice, respectively, independ-
ent-sample t test, two-tailed; Fig. 3H); 28d after BrdU in-
jection, both BrdU+ and BrdU+/Prox1+ cell densities
were significantly lower in DG-NR1KO mice than in con-
trols (BrdU+: p=3.6 x 1074, t7.507y=6.116P; BrdU+/
Prox1+:p=3.3 x 104, t7.367)=6.298, n =8 control and 9
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Figure 4. Reduced size of the granule cell layer in adult DG-NR1KO mice. A, Representative images showing the granule cell layer
visualized by DAPI staining in adult control and DG-NR1KO mice. Scale bar: 150 um. B, Volume of the granule cell layer (GCL) in
adult control and DG-NR1KO mice. Summed volume from three analyzed sections is presented. C, Thickness of the upper and
lower blade of granule cell layer in adult control and DG-NR1KO mice. D, Length of the subgranular zone (SGZ) in adult control and
DG-NR1KO mice; *p < 0.05, **p < 0.005, independent-sample t test, two tailed.
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Figure 5. Neurogenesis was impaired in the dentate gyrus of postnatal, developing DG-NR1KO mice. A, Representative images
showing Ki67+ (green) and DAPI-labeled (red) cells in the dentate gyrus of four-week-old control and DG-NR1KO mice. Scale bar:
60 um. B, Density of Ki67+ cells in the subgranular zone in two-, three-, and four-week-old control and DG-NR1KO mice. C,
Representative images showing DCX+ (green) and DAPI-labeled (red) cells in the dentate gyrus of two-, three-, and four-week-old
control and DG-NR1KO mice. The images were maximum intensity projections of confocal Z stacks. Scale bar: 25 um. D, Density of
DCX+ cells in the granule cell layer of two-, three-, and four-week-old control and DG-NR1KO mice. E, Representative images
showing the granule cell layer visualized by DAPI staining in two-, three-, and four-week-old control and DG-NR1KO mice. Scale
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Figure 6. Exposure to an enriched environment increases the survival of newborn neurons in DG-NR1KO mice. A, Experimental
timeline. B, Representative images showing BrdU+ (green) and Prox1+ (red) cells in the dentate gyrus of adult control and DG-
NR1KO mice with or without exposure to the enriched environment. Scale bar: 60 um. C, Density of BrdU+ cells in the dentate
gyrus of adult control and DG-NR1KO mice with or without exposure to the enriched environment. D, Proportion of BrdU+ cells ex-
pressing Prox1. E, Density of BrdU+/Prox1+ cells in the granule cell layer of adult control and DG-NR1KO mice with or without ex-
posure to the enriched environment. F, Normalized density of BrdU+/Prox1+ cells in the granule cell layer of adult control and DG-
NR1KO mice with or without exposure to the enriched environment. Density of each mouse was divided by a mean value of mice
without exposure to the enriched environment in the same genotype; *p < 0.05, **p < 0.005, Tukey’s HSD test (performed because
of significant genotype x housing interaction in two-way ANOVA); ###p < 0.005, the main effect of genotype or housing (without
significant interaction).
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Figure 7. Impairment in novelty-induced Arc gene expression in granule cells of DG-NR1KO mice. A, Representative images show-
ing Arc+ (green) and Prox1+ (red) expressing cells in the dentate gyrus of adult control and DG-NR1KO mice, which stayed in their
home cage or were exposed to a novel environment. Scale bar: 75 um. B, Density of Arc+/Prox1+ cells in the granule cell layer of
adult control and DG-NR1KO mice with or without exposure to the novel environment. C, Normalized density of Arc+/Prox1+ cells
in the granule cell layer of adult control and DG-NR1KO mice with or without exposure to the novel environment. Density of each
mouse was divided by a mean value of mice without exposure to the novel environment in the same genotype. D, Depth categories
divided along the thickness of the granule cell layer. The granule cell layer (GCL) was divided into five 20%-thickness segments,
with 0% starting at the border to the hilus and 100% at the border to the molecular layer (ML). E, Density distribution of Arc+/
Prox1+ cells along depth; *p < 0.05, **p < 0.01, **p < 0.005, Tukey’s HSD test.
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not significantly different between control and DG-
NR1KO mice at either time point (7 d: p=0.366,
t14=0.934, n=7 and 9 mice, respectively; 28d:
p=0.367, t15y = —0.930, n=8 and 9 mice, respectively,
independent-sample t tests, two-tailed; Fig. 3/). By compar-
ing the density at 7 and 28 d, we calculated the survival rate
of new neurons from 7 to 28 d. The survival rate was signifi-
cantly reduced in DG-NR1KO mice compared with control
mice (p=5.0 x 10~%, ty 6g1=5.757, n=8 control and 9 DG-
NR1KO mice, independent-sample t test, two-tailed; Fig. 3J).

We also noted that the size of the granule cell layer
was smaller in DG-NR1KO mice (Fig. 4A). The volume
of the granule cell layer (p=4.2 x 1074, t11y = —4.977,
n=6 control and 7 DG-NR1KO mice, independent-
sample t test, two-tailed; Fig. 4B), the thickness of the
upper and lower blade (p=1.3 x 10~* and 0.0014, 1)
= —5.760 and —4.243, respectively, n=6 control and 7
DG-NR1KO mice, independent-sample t tests, two-
tailed; Fig. 4C), and the length of the subgranular zone
(p=0.016, t+1) = —2.857, n=6 control and 7 DG-
NR1KO mice, independent-sample t test, two-tailed;
Fig. 4D) were reduced in DG-NR1KO mice compared
with control.

Reduced neurogenesis and granule cell layer size in
juvenile DG-NR1KO mice

It is known that the majority of granule cells in the den-
tate gyrus are generated during postnatal development (Li
and Pleasure, 2005). Thus, the reduced size of the granule
cell layer may be caused by reduced neurogenesis during
the postnatal development. We therefore examined neu-
rogenesis in postnatal, developing mice. We analyzed
Ki67+ cells in the subgranular zone of two-, three-, and
four-week-old mice (Fig. 5A) and found that the densities
of Ki67+ cells were not significantly different between
control and DG-NR1KO mice (two weeks: p =0.482, t4) =
—0.728, n=5 and 8 mice, respectively, threeweeks:
p=0.458, t413=0.764, n=7 and 8 mice, respectively,
fourweeks: p=0.610, t13=0.522, n=7 and 8 mice, re-
spectively, independent-sample t tests, two-tailed; Fig.
5B).

The densities of DCX+ cells were not significantly dif-
ferent in the dentate gyrus between control and DG-
NR1KO mice at the age of twoweeks (p=0.981,
t10=0.024, n=5 and 7 mice, respectively, independent-
sample t test, two-tailed; Fig. 5C,D). But in the three- and
four-week-old mice the densities were significantly re-
duced in the DG-NR1KO mice (three weeks: p=0.0075,
t13=3.159, n=7 control and 8 DG-NR1KO mice,
fourweeks: p=0.0048, t413=3.394, n=7 control and 8
DG-NR1KO mice, independent-sample t tests, two-
tailed). Thus, while neurogenesis seems to occur normally
initially at the postnatal age of two weeks in DG-NR1KO
mice, the number of immature neurons/neuronal progeni-
tor cells starts decreasing between two and three weeks
of age. This reduction continues to adulthood in DG-
NR1KO mice as shown in Figure 3.

The same developmental pattern of effects was
found for the volume of the granule cell layer (Fig. 5E,
F), with no significant difference in two-week-old mice
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(p=0.500, t4515=0.733, n=5 control and 8 DG-
NR1KO mice, independent-sample t tests, two-tailed),
but significant decreases in three- and four-week-old
DG-NR1KO mice compared with control (three weeks:
p=0.0070, t(13=3.197, n=7 control and 8 DG-NR1KO
mice, fourweeks: p=0.014, t413=2.852, n=7 control
and 8 DG-NR1KO mice, independent-sample t tests,
two-tailed).

Enriched environment exposure increased the
survival of newborn neurons in DG-NR1KO mice
Previously it has been shown that exposure to an en-
riched environment increases the survival of new-
born neurons in the dentate gyrus of adult rodents
(Kempermann et al., 1997; Tashiro et al., 2007). Exposure
to an enriched environment for one week during the sec-
ond week after neuronal birth has been found to be the
most effective time point for this increased survival
(Tashiro et al., 2007). To examine whether the NMDA re-
ceptors in the dentate gyrus are involved in the effect of
enriched environment on the survival of newborn neurons,
we injected BrdU on days —1 and 0 and then exposed
DG-NR1KO and control mice to an enriched environment
or a standard cage with bedding only from day 7 to day
14 (Fig. 6A). The enriched environment contained several
toys, shelters, tunnels and a running wheel (Fig. 2). Except
on days 7-14, the mice were housed in the standard
cage. On day 28, we euthanized the mice to quantify the
number of BrdU+ and BrdU+/Prox1+ cells (n = 7 control-
Enriched, 7 control-Standard, 8 DG-NR1KO-Enriched, and 8
DG-NR1KO-Standard mice; Fig. 6B). DG-NR1KO mice had
significantly lower BrdU+ cell density than control mice while
enrichment increases the density similarly in both genotypes
(housing: p=0.002, F126=11.362, genotype: p=4 x 10°¢,
Fuape = 33.282, housing x genotype: p=0.072, F( ¢ =
3.513, two-way ANOVA; Fig. 6C). Proportion of BrdU+ cells
expressing Prox1 was significantly lower in DG-NR1KO
mice than control mice similarly in standard and en-
riched cages while enrichment did not affect the pro-
portion (housing: p=0.344, F( .6 =0.928, genotype:
p=4.7 x 10°*, F1,26=16.004, housing x genotype:
p=0.967, F126=0.002, two-way ANOVA; Fig. 6D).
For BrdU+/Prox1+ cell density (Fig. 6E), two-way
ANOVA detected significance in the main effect of
housing conditions (p =0.002, F(; 26 =11.425) and ge-
notype (p=1 x 107°, F(1,26)=38.776) and interaction
between them (p=0.046, F(1 6 =4.410). Exposure to
the enriched environment increased the densities in
control but not in DG-NR1KO mice (p=0.0047 and
0.785, respectively, df=26, Tukey’s HSD test) while
the densities were lower in DG-NR1KO mice than con-
trols regardless of whether housed in enriched or
standard environments (p=1.8 x 1074, and p=0.034,
respectively, df=26, Tukey’s HSD test, two-tailed).
However, the percentage increase after exposure to the
enriched environment was not significantly different between
control and DG-NR1KO mice (housing: p=0.002, F 6 =
12.336, genotype: p =0.530, F( o6 =0.404, housing x geno-
type: p=0.589, F(126=0.299, two-way ANOVA; Fig. GF).
Thus, despite overall reduction of neurogenesis in DG-
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NR1KO mice, exposure to the enriched environment still in-
creased the survival of new neurons in DG-NR1KO mice.

Abnormalities in novelty-induced Arc gene expression
of granule cells in the dentate gyrus of DG-NR1KO mice

Immediate early genes are a group of genes that are ex-
pressed in response to neuronal activation. Arc is one of
such genes and known to be expressed in rodents after
novel environment exploration and learning (Steward et
al., 1998; Guzowski et al., 1999, 2001; Czerniawski et al.,
2011). The novelty-induced expression of Arc is blocked
with an NMDA receptor antagonist (Czerniawski et al.,
2011). We examined whether novelty-induced Arc expres-
sion requires the NMDA receptors in the dentate gyrus.

For this purpose, we exposed control and DG-NR1KO
mice to a novel environment for 10 min and perfusion-
fixed them 90 min later. The non-exposed control and
DG-NR1KO mice were perfusion-fixed directly from
their home cages. We then immunostained the brain
sections with anti-Arc and -Prox1 antibodies to detect
Arc expressing granule cells and quantified the density
of Arc+/Prox1+ cells (n =9 novel environment control,
6 home-cage control, 10 novel environment DG-
NR1KO, 10 home-cage DG-NR1KO mice; Fig. 7A,B).
Two-way ANOVA detected significance in the main effect of
exposure (home cage vs novel environment, p=5.8 x 1079,
F(1,31)=63.087) and genotype (p=93 X 10713, F(1,31)=
133.291) and interaction between them (p=0.0017,
F1,31y=11.797). Exposure to the novel environment in-
creased the densities in both control and DG-NR1KO
mice (p= 1.7 x 10~* and 0.008, respectively, df =31,
Tukey’s HSD test) while the densities were lower in
DG-NR1KO mice than controls regardless of whether
they were exposed to novel environment or not (p=1.7
x 107% and 2.0 x 107*, respectively, df =31, Tukey’s
HSD test). The percentage increase after exposure to
the novel environment was significantly higher in DG-
NR1KO mice than in control (exposure: p=7.4 x 1078,
F1,31)=49.031, genotype: p =0.020, F( 31)=6.028, ex-
posure x genotype: p=0.020, F(; 31)= 6.028, two-way
ANOVA; p=0.0046, df=31, Tukey’'s HSD test; Fig.
7C), while the percentage was significantly increased
in both control and DG-NR1KO mice (p=0.027 and
1.7 x 1074, df =31, Tukey’s HSD test).

We divided the granule cell layer into parallel segments
of 20% of the total thickness, and quantified Arc+/
Prox1+ cells in each segment (Fig. 7D,E). Three-way
mixed ANOVA detected a significant interaction between
depth and genotype (p=8.1 x 10°°, Fizes6113.325=
6.972) but not among depth, genotype and exposure
(home cage vs novel environment; p=0.077,
F(s.656,113.325) = 2.224). These results indicate that, regard-
less of whether exposed to the novel environment or not,
Arc+/Prox1+ cell density showed significantly different
changes along depth between control and DG-NR1KO
mice. From the subgranular zone (0%) to the molecular layer
(100%), control mice show a steady increase in Arc+/
Prox1+ cell density up to the middle in the granule cell layer
(60-80%), where it reaches a plateau level. In contrast, in
DG-NR1KO mice, the density stays low up to the middle of
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the layer and jumps up at the depth close to the molecular
layer (80-100%). Thus, DG-NR1KO mice show an impair-
ment in relative amount of Arc expression along the depth of
granule cell layer.

In sum, although DG-NR1KO mice showed a novelty-
induced increase in Arc expressing granule cells, we de-
tected impairments in three aspects: (1) overall reduction
in Arc+ granule cells regardless of exposure to the novel
environment or not; (2) higher percentage increase of
Arc+ granule cells after exposure to the novel environ-
ment; and (3) abnormal distribution of Arc+ granule cells
along the depth of granule cell layer.

The DG-NR1KO mice display higher tendency to
explore the center of an open field during a novelty-
suppressed feeding test and show higher fecal counts
in an open field test

DG-NR1KO mice have been previously shown to have a
deficit in a memory-based context discrimination task
(McHugh et al., 2007). Previous studies suggested that
adult neurogenesis has a role in anxiety-related behaviors
(Jacobs et al., 2000; Santarelli et al., 2003; Surget et al.,
2011). Therefore, we examined the behavior of adult, con-
trol and DG-NR1KO mice (n=22 and 21 mice, respec-
tively) in the novelty-suppressed feeding test, open field
test and elevated plus maze (Santarelli et al., 2003; Walf
and Frye, 2007; Seibenhener and Wooten, 2015).

After 1-d food deprivation, the mice were exposed to an
open field (Fig. 8A), which was novel to the mice, with a
food pellet located in the center. While mice naturally
have a tendency to avoid open unprotected places, hun-
ger drives them to move into the center of the open field
to consume the food. The latency to consume the food is
often considered to reflect the anxiety level of mice. We
did not find a significant difference either in the latency to
food consumption (p =0.587, y?(1)=0.295, Kaplan-Meier
survival analysis, log rank test; Fig. 8B) or overall speed
(p=0.304, t41) = —1.041, independent-sample t test, two-
tailed; Fig. 8C). We performed additional analyses on de-
tailed behavioral performance as described before
(Amellem et al., 2017). The DG-NR1KO mice spent signifi-
cantly smaller and larger percentages of time in the pe-
ripheral and center zones, respectively (p=0.020 and
0.018, tu1y=2.411 and —2.464, respectively, independ-
ent-sample t tests, two-tailed; Fig. 8D), while the differ-
ence in the percentage time spent in the inner zone was
not significant (p=0.094, t4q) = —1.715, independent-
sample t tests, two-tailed). The number of entries into the
center zone per 100 s was significantly higher in the DG-
NR1KO mice (p =0.008, t41) = —2.806, independent-sam-
ple t tests, two-tailed; Fig. 8E), while time spent in the cen-
ter zone per visit was not (p=0.887, t41,=0.144,
independent-sample t tests, two-tailed; Fig. 8F). These re-
sults indicate that the DG-NR1KO mice explore the center
of open fields more extensively in the novelty-suppressed
feeding test than control, suggesting that the removal of
NR1 gene results in this behavioral impairment.

In the open field test (Fig. 8G), we quantified three
measures which have been related to the anxiety level of
mice, traveled distance, time in peripheral versus inner
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Figure 8. The DG-NR1KO mice display higher tendency to explore the center of an open field during a novelty-suppressed feeding test
and show higher fecal counts in an open field test. A, A square open field used in a novelty-suppressed feeding test. Division of the open
field into the peripheral, inner and center zone. B, Survival graph for latency to consume food for adult control and DG-NR1KO mice. C-
F, Behavioral measurements in the novelty-suppressed feeding test for adult control and DG-NR1KO mice. G, A square open field used
in an open field test. Division of the square open field into the peripheral and inner zone. H-J, Behavioral measurements in the open field
test for adult control and DG-NR1KO mice. K, An elevated plus maze. L-0, Behavioral measurements in the elevated plus maze for adult
control and DG-NR1KO mice; *p < 0.05, *p < 0.01, independent-sample t test, two tailed.

zone and fecal counts. Larger traveled distance, longer
time in peripheral zone and higher fecal counts are con-
sidered to be indices for higher anxiety level. We did not
find significant difference in traveled distance and time in
peripheral and inner zones (p=0.157, 0.996, and 0.996,
teay = —1.445, —0.005, and —0.005, respectively, inde-
pendent-sample t test, two-tailed; Fig. 8H,/). On the other
hand, fecal counts are significantly lower in DG-NR1KO
mice than control (p =0.028, tz4) = —2.296, independent-
sample t test, two-tailed; Fig. 8J). In the elevated plus
maze (Fig. 8K), we quantified percentage of time in open
arms, percentage of entries to open arms, total time in all
arms and total number of entries to all arms. None of
them show significant difference between control and
DG-NR1KO mice (p=0.728, 0.798, 0.581, 0.679, t34 =
—0.352, 0.259, 0.560, 0.419, respectively, independent-
sample t tests, two-tailed; Fig. 8L-0).

The effect of NR1 gene knock-out did not show clear
sex difference

Our original aim did not include the investigation of sex
difference. Therefore, although we included both sexes in
most experiments except Figure 6 (females only), we did
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not have a plan to analyze females and males separately.
However, in response to reviewers’ requests, we here
show the data for females and males separately (Fig. 9). A
caveat is that sample size is relatively low for statistical
analyses when we divided the data into two sexes, although
we believe that the results would still give useful information
for future follow-up study. From the graphs in Figure 9, the
effect of NR1 gene knock-out seems to be generally
consistent between females and males. To support this
observation, we performed factorial ANOVA including
sex as a between-subject factor (Table 1-Table 14). In
most comparisons except six (see the next paragraph
for more detail), no significant sex difference was de-
tected as supported by no significance in the main ef-
fect of sex or interactions involving sex.

Four of such exceptions are results corresponding to 7
and 28 d for Figure 3F and 28 d for Figure 3H,J. For these
exceptions, the main effects of sex and genotype are sig-
nificant while their interactions are not significant. Thus,
the effects of NR1 gene knock-out occurred similarly in
both females and males, although the densities of BrdU+
and BrdU+/Prox1+ cells and survival rate are higher in
females regardless of genotype. Another exception is a
result corresponding to 7d in Figure 3H. Two-way
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continued

Figure 9. Graphs showing data from female and male mice separately. Data corresponding to Figures 3 (A), 4 (B), 5 (C), 7 (D), and 8 (E) are
shown separately for females and males. Statistical results are summarized in Table 1-Table 14; *o < 0.05, #p < 0.01, ##p < 0.005, the main
effect of genotype or sex (without significant interaction); 4o < 0.05, #¥p < 0.01, #&p < 0.005, Tukey’s HSD test (home cage vs NE including

both sexes together and performed each genotype separately; performed because of significant genotype x exposure interaction).

Table 1: Two-way ANOVA results for Figure 9A (sex analysis
for Fig. 3)

Table 4: Sample size (unit: mice) for Figure 9B (sex analysis
for Fig. 4)

Sex Genotype Interaction Genotype Female Male
Fig. 3B P 0.932 0.027 0.272 Control 3 3
F1.9) 0.008 6.917 1.371 KO 3 4
Fig. 3D p 0937 6x107° 0.645
F1.9) 0.007 87.273 0.227
Fig. 3F (7.d) p 0.010 0.002 0.465 Table 5: Two-way ANOVA results for Figure 9C (sex analy-
F1,12) 9.215 16.405 0.571 sis for Fig. 5)
Fig. 3F (28 d) P 0.015 5x107° 0.069 .
Fi.13) 7.750 55.532 3.920 Sex Genotype Interaction
Fig. 3G (7 d) p 0.314 0.567 0.448 Fig. 5B (week2) p 0.794  0.595 0.224
Fa,12) 1.104 0.346 0.615 Fa,9 0.073  0.304 1.704
Fig. 3G (28 d) p 0.861 5.4 x10°° 0.798 Fig. 5B (week 3) p 0.729  0.533 0.525
F1,13) 0.032 34.581 0.091 Fa11y 0126 0.414 0.431
Fig. 3H (7 d) P 0.130 0.028 0.829 Fig. 5B (week 4) p 0.797  0.632 0.947
F1,12) 2.637 6.210 0.049 Fa,11y  0.069  0.243 0.005
Fig. 3H (28 d) p 0.022 4x10°° 0.064 Fig. 5D (week2) p 0.780 0.673 0.028
F,13) 6.708 57.234 4113 F8) 0.084 0.192 7.180
Fig. 3/ (7 d) P 0.171 0.276 0.432 Fig. 5D (week 3) p 0.813  0.014 0.818
Fa12) 2.121 1.301 0.662 Fa,11y 0.058  8.443 0.055
Fig. 3/ (28 d) P 0.360 0.390 0.744 Fig. 5D (week 4) p 0.999 0.010 0.463
F1,13) 0.889 0.790 0.112 Fa,11y  0.000  9.805 0.579
Fig. 3J p 0.020 12x10°° 0.081 Fig. 5F (week 2) p 0.811 0.306 0.162
F1,13) 6.98 46.673 3.575 Fi1,9 0.060 1.176 2.316
Fig. 5F (week 3) p 0.533 0.014 0.977
Fa,11y 0415  8.621 0.001
Fig. 5F (week 4) p 0.766 0.023 0.790
Table 2: Sample size (unit: mice) for Figure 9A (sex analysis Fa,11 0.093 6.928 0.074

for Fig. 3)

Genotype Female ale
Control
KO
Control
KO
Control
KO
Control

KO

Fig. 3B,D
Fig. 3F—I (7 d)
Fig. 3F-/ (28 d)

M
3
4
4
4
3
4
Fig. 3J 3
4

O OO 01 WWWw

Table 3: Two-way ANOVA results for Figure 9B (sex analy-
sis for Fig. 4)

Table 6: Tukey’s HSD test results (control vs DG-NR1KO,
two-tailed, df = 8) after significant interaction for Figure 9C
(sex analysis for Fig. 5)

Male
p=0.363

Female
p=0.253

Fig. 5D (week 2)

because there are variations between females and males
(although not significant), which may prevent between-
genotype difference in the original analysis from reaching
statistical significance in the t test when the varied data

Sex Genotype Interaction  from two sexes were analyzed without being sorted. The

Fig. 4B p 0.052 3.7 x 10-* 0.524 last _exqeption is the analysis Corrgspondipg tp tv_vo yv_eeks

Fie 5014 30588 0.440 old in Figure 5D; sex x genotype interaction is significant

Fig. 4C, upper p 0.093 19x 1074 0.582 (Tables 5, 7). However, Tukey’s HSD tests did not reach

Fag 3.53 36.882 0.326 significance for either female or male (Tables 6, 7). Thus,

Fig. 4C, lower p 0.792 0.004 0.928 we did not detect significant difference between control

_ Fae 0074  14.933 0.009 and DG-NR1KO mice in either sex, similarly to the original
Fig. 4D P 0.523 0.030 0.894 analysis in Figure 5D.

Fuo  0.441 6.667 0.019

ANOVA (sex x genotype) showed the main effect of geno-
type is significant (p =0.028; Tables 1, 2) although the t
test for the original analysis did not detect this difference
as significant (p=0.070). This discrepancy may be
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For survival analysis in Figure 88, we performed survival
analysis stratified with sex. We did not detect significant
difference between control and DG-NR1KO mice (Fig. 9E;
Table 12).

In sum, we did not detect a clear sex difference in the effect
of NR1 gene knock-out in any of the analyses in Figure 9.
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Table 7: Sample size (unit: mice) for Figure 9C (sex analysis
for Fig. 5)

Genotype Female ale
Control
KO
Control
KO
Control
KO
Control

KO

Fig. 5B,F (week 2)
Fig. 5D (week 2)
Fig. 5B-F (week 3)

M
3
4
3
4
3
4
Fig. 5B-F (week 4) 4
4

APrWPRADDONMNAEDN

Age of mice may affect the effect of NR1 gene knock-
out in enrichment-induced survival of new neurons

In most experiments, we used young adult mice from
42 to 60d old. However, for experiments described in
Figures 6, 7, 8A-F, we also used more mature adult mice
up to 86d old. Although our original plan did not include
the investigation of age difference, we have divided the
mice into two groups of <60 and >60d old and analyzed
age effect in response to a reviewer’s request. A caveat is
that sample size is relatively low for statistical analyses
when we divided the data into the two age groups,
although we believe that the results would still give useful
information for future follow-up study.

The extent of adult neurogenesis is known to be re-
duced along age. Therefore, as expected, we found
that <60-d-old mice have higher densities of BrdU+ and
BrdU+/Prox1+ cells (Fig. 10A; Table 15-Table 18).
Notably, these densities showed significant age x ge-
notype x housing interaction (Tables 15, 18). Then, we
performed preplanned comparisons (standard vs en-
richment) in four groups (<60-d-old control, >60-d-old
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control, <60-d-old DG-NR1KO, >60-d-old DG-NR1KO).
The densities of BrdU+ and BrdU+/Prox1+ mice are com-
parable between standard and enriched conditions in <60-
d-old DG-NR1KO mice but the other three group showed
significant increase or clear trend of non-significant increase
in the densities under enriched conditions (Fig. 10A; Tables
16, 18). To further look into this age-dependent differences
(Fig. 10B), we examined correlation between age and the
densities. Enriched control mice show significant, negative
correlations between age and BrdU+ or BrdU+/Prox1+
cell density. Standard control and standard DG-NR1KO
mice also showed negative correlations, which were not sig-
nificant probably because of small sample size. On the other
hand, enriched DG-NR1KO mice seems to have completely
lost the correlations. Because of the limited sample size,
this potential age modulation in the effect of NR1 gene
knock-out on the densities of BrdU+ and BrdU+/
Prox1+ is not fully demonstrated. However, it would be
of interest to follow-up this potential difference and elu-
cidate a mechanism behind it.

None of other measurements corresponding to Figures
6D,F, 7, 8B-F (Fig. 10A,C,D) showed any notable age ef-
fect (main effects of age or interactions involving age;
Table 15-Table 26).

Discussion

In this study, we have made three major findings. First,
DG-NR1KO mice show impairment in neurogenesis dur-
ing postnatal development and adulthood (Figs. 3, 5A-D).
Second, DG-NR1KO mice have smaller size of the granule
cell layer (Fig. 4), which becomes apparent during post-
natal development (Fig. 5E,F). Third, DG-NR1KO mice
have a functional deficit, which appears as increased

Table 8: Three-way ANOVA results for Figure 9D (sex analysis for Fig. 7)

Sex x Sex x Genotype x Sex x genotype x
Sex Genotype Exposure genotype exposure exposure exposure
Fig. 7B p 0.136 22x 10" 22x10°8 0.870 0.884 0.002 0.468
Fa,27) 2.360 118.582 60.911 0.027 0.022 12.068 0.541
Fig. 7C p 0.157 0.011 2.3 x107° 0.581 0.157 0.011 0.581
Fa,27) 2.120 7.548 76.610 0.312 2.120 7.548 0.312

Table 9: Four-way mixed ANOVA results, between-subject effects, for Figure 9D (sex analysis for Fig. 7)

Sex x Sex x Genotype x Sex x genotype x
Sex Genotype Exposure genotype exposure exposure exposure
Fig. 7E (between-subjects effects) p 0.730 4.1 x 107" 3.1 x 107 0.885 0.417 0.145 0.145
Fa,27 0.121 90.569 45.456 0.021 0.680 2.250 2.248
Table 10: Four-way mixed ANOVA, within-subject effects, for Figure 9D (sex analysis for Fig. 7)
Depth x
Depth x Depth x Depth x sex x
Depth x  Depth x Depth x sex x sex x genotype x  genotype x
Depth sex genotype exposure genotype exposure exposure exposure
Fig. 7E (within- p 6.7 x 102" 0.138 37x10° 52x107 0.634 0.690 0.117 0.266
subjects Fa108 41.121 1.781 7.162 10.148 0.641 0.563 1.890 1.323
effects)
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Table 11: Sample size (unit: mice) for Figure 9D (sex analy-
sis for Fig. 7)

Genotype Exposure Female Male

Control Home cage 4 2
Novel 5 4

KO Home cage 5 5
Novel 5 5

Table 12: Log rank test result (stratified with sex) for Figure
9E (sex analysis for Fig. 8)

Fig. 8B

p=0.538
¥2(1)=0.380

Table 13: Two-way ANOVA results for Figure 9E (sex analy-
sis for Fig. 8)

Sex Genotype Interaction
Fig. 8C p 0.303 0.188 0.183
Faag 1.000 1.799 1.836
Fig. 8D (peripheral) p 0.460 0.034 0.619
Fi139 0557 4.813 0.251
Fig. 8D (inner) p 0.776 0.151 0.397
Fase 0.082 2.141 0.734
Fig. 8D (left) p 0.247 0.020 0.758
Fa139 1.381 5.880 0.096
Fig. 8E p 0.926 0.010 0.887
Faae 0.009 7.322 0.021
Fig. 8F p 0.593 0.894 0.930
Fi139 0291 0.018 0.008
Fig. 8H p 0.432 0.194 0.915
Fa132 0.633 1.761 0.012
Fig. 8/ (peripheral) p 0.380 0.983 0.693
Faazy 0792 4.7 x 107*  0.158
Fig. 8/ (inner) p 0.380 0.983 0.693
Faszy 0792 4.7 x10" 0.158
Fig. 8J p 0.731 0.030 0.770
Faaz 0.120 5.187 0.087
Fig. 8L P 0.447 0.777 0.410
Fua20 0599 0.082 0.704
Fig. 8M p 0.431 0.755 0.457
Fui20 0.644 0.100 0.574
Fig. 8N p 0.288 0.646 0.910
Fa20 1.186 0.216 0.013
Fig. 80 p 0.144 0.578 0.081
Fapo 2301 0.319 3.335

Table 14: Sample size (unit: mice) for Figure 9E (sex analy-
sis for Fig. 8)

Genotype Female Male
Fig. 8C-F Control 9 13
KO 8 13
Fig. 8G-J Control 12 7
KO 9 8
Fig. 8L-O Control 7 6
KO 6 7

exploration of the center of the open field during the nov-
elty-suppressed feeding test and reduced fecal counts in
the open field test (Fig. 8). Considering the fact that the
NR1 gene is essential for the formation of functional

July/August 2021, 8(4) ENEURO.0566-20.2021

Research Article: New Research 14 of 19
NMDA receptors, these findings suggest that the NMDA
receptors are essential for normal development and func-
tion of the dentate gyrus. McHugh et al. (2007) showed
that the Cre-mediated removal of NR1 genes is specific to
granule cells in the dentate gyrus. Based on this finding,
our following discussion focuses on a role of the NMDA
receptors in granule cells. However, a technical caveat for
region-specific or cell type-specific knock-out mice is that
one cannot completely exclude the possibility that the ob-
served phenotype may be caused by gene knock-out in
other regions or cell types than the regions or cell type of
interest. We suggest readers to read our discussion while
keeping this caveat in mind.

The NMDA receptors in granule cells support the
normal development of the dentate gyrus

One of our major findings is that the size of the granule
cell layer was smaller in the dorsal dentate gyrus of DG-
NR1KO mice compared with control mice (Fig. 4), sug-
gesting that the NR1 gene in granule cells is required for
the normal development of the granule cell layer. This
finding is consistent with a study by Bannerman and col-
leagues, which reported a reduced size of the dentate
gyrus in mice lacking the NR1 gene in the hippocampus
but not specifically in granule cells (Bannerman et al.,
2012). In contrast to our finding, McHugh et al. (2007) did
not report abnormality in the size of granule cell layer.
However, considering high variability of granule cell layer
size among coronal sections along the anteroposterior
axis, relatively small reduction in size (~20%; Fig. 4) can
be easily missed unless one systematically examines
many sections and quantifies the volume as we did. We
further found that this reduced size becomes apparent as
early as at the postnatal age of three weeks (Fig. 5E,F),
which demonstrates the developmental origin of this
deficit.

We examined neurogenesis during the first few weeks
of postnatal period, when the majority of granule cells in
the dentate gyrus are generated (Encinas et al., 2013). We
did not find any change in the number of Ki67 + cells up to
the postnatal age of four weeks (Fig. 5B), which suggests
that cell proliferation is intact during postnatal develop-
ment. In contrast, we detected a reduction of DCX+ cells
starting at the postnatal age of three weeks (Fig. 5D), indi-
cating that neurogenesis is impaired in the postnatal, de-
veloping dentate gyrus of DG-NR1KO mice. Because cell
proliferation is not affected, this reduction is likely through
a later process of neurogenesis such as neuronal survival.
The reduction appears at the same timing as reduced size
of granule cell layer (Fig. 5E,F), suggesting that impaired
neurogenesis contributes to the reduction in the size of
granule cell layer.

DG-NR1KO mice show impaired adult neurogenesis in
the dentate gyrus

In DG-NR1KO mice, we found impairment in adult neu-
rogenesis in the dorsal dentate gyrus. This impairment
was shown as reduction in Ki67+, DCX+, BrdU+, and
BrdU+/Prox1+ cells (Figs. 3A-F,H, 9A). Overall, the
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Figure 10. Graphs showing data from <60- and >60-d-old mice separately. Data corresponding to Figures 6 (A),

7 (C), and 8 (D) are

shown separately for <60- and >60-d-old mice. B, Relationship of the densities of BrdU+ and BrdU+/Prox1+ cells with the age of mice at
the time of the first BrdU injection. Statistical results are summarized in Table 15-Table 26; **p < 0.005, Tukey’s HSD test, performed be-
cause of significant genotype x housing interaction in two-way ANOVA; o < 0.05, ##p < 0.005, the main effect of genotype, %o < 0.05,
885 < 0.01, 8%&p < 0.005, Tukey’s HSD test (home cage vs novel environment including both age groups together and performed separately
for each genotype; performed because of significant genotype x exposure interaction).

number of approximately four-weeks-old, newly-gen-
erated neurons are reduced by >80% in DG-NR1KO
mice (Fig. 3H). The reduced ratio of BrdU+/Prox1+
cells at 28d to 7 d (Fig. 3J) indicates that the survival of
newly-generated neurons is compromised. The result
suggests that the NMDA receptors in the granule cells
support the survival of new neurons in the adult den-
tate gyrus. The finding is consistent with previous
studies which showed that the NMDA receptor-de-
pendent long-term potentiation increases the survival
of newborn neurons in the dentate gyrus (Bruel-
Jungerman et al., 2006) and that the NMDA receptors
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on immature neurons regulate their own survival
(Tashiro et al., 2006b).

A reduction of Ki67 + cells indicates a deficit in cell pro-
liferation in adult DG-NR1KO mice, which was not ob-
served in the postnatal, developing dentate gyrus.
Considering that the impairment in neurogenesis (a re-
duction of DCX+ cells) and granule cell layer size pre-
cedes the reduction of Ki67+ cells, the effect on cell
proliferation may be secondary to the abnormal develop-
ment of the dentate gyrus. In addition, this possibility is
also supported by the previous finding that the Pomc pro-
moter initiates transcription in newborn neurons at some
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Table 15: Three-way ANOVA results for Figure 10A,B (age analysis for Fig. 6)

Age x Genotype x Age x Age x genotype x
Age Genotype Housing genotype housing housing housing
Fig.6C p 0.0016 4.4 %1078 15%x10° 57x10*%  0.0015 0.431 0.035
Fi1.22) 130.003  66.284 30.354 16.203 13.190 0.643 5.039
Fig.6D p 0.413 0.0021 0.306 0.865 0.906 0.684 0.939
Fazo ~ 0.696 12.100 1.097 0.030 0.014 0.170 0.006
Fig.6E  p 0.0011 1.1x10°8 1.3x10°° 6.5x10* 7.0x10°* 0.322 0.037
F1.22) 14.025 78.211 31.159 15.720 15.538 1.028 4.920
Fig.6F p 0.279 0.282 40x10™*  0.185 0.282 0.279 0.185
F, 1.234 1.216 17.361 1.871 1.216 1.234 1.871

(1,22)

Table 16: Tukey’s HSD test results (standard vs enrichment,
two-tailed, df =22) after significant interaction for Figure
10A,B (age analysis for Fig. 6)

Genotype <60d >60d
Fig. 6C Control p=1.9x107* p=0.182

KO p=1.000 p=0.575
Fig. 6E Control p=1.7x107* p=0.156

KO p=1.000 p=0.737

Table 17: Age (mean + SD) for Figure 10A,B (age analysis
for Fig. 6)

Housing <60d >60d
Control Standard 53.2+4A1 67.0+5.7

Enrichment 51.0+x1.7 66.0 = 3.8
KO Standard 53.8+4.7 65.5+3.7

Enrichment 51.0*+1.7 65.6 + 3.4

Table 18: Sample size (unit: mice) for Figure 10A,B (age
analysis for Fig. 6)

Housing <60d >60d
Control Standard 5 2
Enrichment 3 4
KO Standard 4 4
Enrichment 3 5

Table 19: Pearson correlation between age and density for
Figure 10A,B (age analysis for Fig. 6)

BrdU+ BrdU+/Prox1+
Standard Enriched Standard Enriched
Control  p=0.202 p=0.015 p=0.250 p=0.017
r=-0548 r=-0851 r=-0503 r=-0.844
KO p=0.188 p=0.199 p=0.118 p=0.323
r=-0.518 r=0.507 r=-0.597 r=0.403

time between 3 and 11 d of neuronal age but not in pro-
genitor cells (Overstreet et al., 2004). Therefore, NR1 gene
knock-out is unlikely occur in proliferating cells.

This reduction of cell proliferation in the dentate gyrus
of adult DG-NR1KO mice is in contrast to the previous
studies which suggested NMDA receptor activation inhib-
its cell proliferation (Cameron et al., 1995; Gould and
Cameron, 1997). These studies found that the systemic
injection of NMDA receptor agonist and antagonists, re-
spectively, decreases and increase cell proliferation in the
adult dentate gyrus. This discrepancy may be because
systemic injection blocks NMDA receptor function in the
brain regions other than the dentate gyrus while NR1
gene removal in DG-NR1KO mice is specific to the den-
tate gyrus. Alternatively, it may be because of acute acti-
vation/blockade by the injection of an agonist/antagonist
compared with chronic blockade starting from postnatal
development in DG-NR1KO mice.

We found a reduced proportion of BrdU+ cells ex-
pressing Prox1 in DG-NR1KO mice at 28 d, but not 7 d,
after BrdU injection (Fig. 3G). The proportion reached
~90% 7d after BrdU injection and did not show differ-
ence between control and DG-NR1KO mice. Until 28d,
the proportion stayed at ~90% in control mice but re-
duced to ~60% in DG-NR1KO mice. The reduced pro-
portion of BrdU+ cells expressing a neuronal marker is
often interpreted as reduced tendency to neuronal differ-
entiation. However, we believe that this reduction was
caused by selective reduction in the survival of BrdU+/
Prox1+ cells in DG-NR1KO mice in combination with the
intact survival of BrdU+/Prox1- cells. However, the re-
viewer believes that this is partly caused by reduced neu-
ronal differentiation. We believe that this is unlikely or, if
any, makes only a small contribution because of the fol-
lowing reasons. First, by 7 d after BrdU injection, ~90%
of BrdU+ cells had already committed to neuronal fate
(Prox1+) and no further increase happened from 7 to 28 d
after BrdU injection in control mice, suggesting that no (or
only small) further neuronal differentiation normally occurs

Table 20: Three-way ANOVA results for Figure 10C (age analysis for Fig. 7)

Age x Genotype x Age x Age x genotype x
Age Genotype Exposure genotype exposure exposure exposure
Fig. 7B o 0.197 1.1 x 10" 40x 1078 0.536 0.0017 0.541 0.515
Fa.27) 1.752 125.968 57.115 0.394 12.081 0.383 0.435
Fig.7C p 0.519 0.0072 1.0x 107° 0.367 0.0072 0.519 0.367
F, 0.428 8.444 82.771 0.841 8.444 0.428 0.841

(1,27)
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Table 21: Four-way mixed ANOVA results, between-subject effects, for Figure 10C (age analysis for Fig. 7)

Age x Age x Genotype x  Age x genotype x
Age Genotype Exposure genotype  exposure  exposure exposure
Fig. 7E (between-  p 0295 19x107'° 38x107 0.384 0.259 0.246 0.847
subjects effects)  Fyo7 1.141  97.378 44.365 0.784 1.332 1.406 0.038

Table 22: Four-way mixed ANOVA results, within-subject effects, for Figure 10C (age analysis for Fig. 7)

Depth x  Depth x  Depth x Depth x age x
Depth x Depth x Depth x age x age x genotype x genotype x
Depth age genotype exposure genotype exposure exposure exposure
Fig. 7E (within- o 3.4 x1072° 0.735 20x107* 1.0x10°° 0.295 0.697 0.101 0.822
subjects effects) Fi410s 39.068 0.501 6.039 8.041 1.248 0.553 1.992 0.380

Table 23: Sample size (unit: mice) for Figure 10C (age analy-
sis for Fig. 7)

Exposure <60d >60d
Control Home cage 4 2
Novel 5 4
KO Home cage 6 4
Novel 6 4
Table 24: Log rank test results (stratified with age) for
Figure 10D (age analysis for Fig. 8B-F)
Fig. 8B p=0.660
x°(1)=0.194

Table 25: Two-way ANOVA results of Figure 10D (age analy-
sis for Fig. 8B-F)

Age Genotype Interaction
Fig. 8C P 0.052 0.582 0.489
Fase 4.022 0.308 0.487
Fig. 8D (peripheral) p 0.862 0.058 0.951
Fase 0.031 3.815 0.004
Fig. 8D (inner) P 0.669 0.186 0.900
Fi139 0.185 1.808 0.016
Fig. 8D (left) p 0.750 0.044 0.941
Fi13g 0.103 4.312 0.005
Fig. 8E p 0.495 0.010 0.526
Fase 0474 7.23 0.410
Fig. 8F p 0.940 0.770 0.742
Fa,39 0.006 0.087 0.110

Table 26: Sample size (unit: mice) for Figure 10D (age analy-
sis for Fig. 8B-F)

<60d >60d
Control 17 5
KO 16 5

after 7 d. Second, the proportion of BrdU+ cells express-
ing Prox1+ reduced from ~90% to ~60%. If neuronal dif-
ferentiation is a major cause of this reduction, de-
differentiation from neuronal fate (losing Prox1 expres-
sion) needs to occur. Although we believe that reduced
neuronal differentiation in DG-NR1KO mice is unlikely, we
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agree with the reviewer that our result does not com-
pletely exclude this possibility and that reduced neuronal
differentiation or increased de-differentiation may have
contributed to reduced neurogenesis in DG-NR1KO mice.
Exposure to an enriched environment has previously
been shown to increase the survival of newborn neurons
in the adult dentate gyrus (Kempermann et al., 1997;
Tashiro et al., 2007), and our results confirm these find-
ings (Fig. 6). Although the overall level of BrdU+/Prox1+
cells were lower in DG-NR1KO mice compared with con-
trol (Fig. 6E), the percentage increase of BrdU+/Prox1+
cells after exposure to the enriched environment did not
differ significantly between the two genotypes (Fig. 6F).
Therefore, the NMDA receptors in granule cells are not
essential for enrichment-induced increase in survival of
new neurons, although we cannot exclude the possibil-
ity that there is a sub-component of a survival-inducing
effect which is dependent on the NMDA receptors.

The NMDA receptors in granule cells are required for
normal function of the dentate gyrus

The immediate early gene Arc has been shown to be in-
volved in synaptic plasticity in the hippocampus and in
the consolidation of long-term memory (Guzowski et al.,
2000; Plath et al., 2006), and it is known that Arc expres-
sion is induced by novel environment exploration, learn-
ing, and high-frequency stimulation (Steward et al., 1998;
Guzowski et al., 1999, 2001), and is dependent on NMDA
receptor function (Czerniawski et al., 2011).

We found a significantly lower number of Arc+/Prox1+
cells in the DG-NR1KO compared with the control mice
(Fig. 7B), which confirms that Arc expression is depend-
ent on functional NMDA receptors in granule cells. This
reduction is regardless of whether the mice were exposed
to the novel environment or not. In addition, we found
that, on exposure to the novel environment, Arc+/Prox1+
cells still increase in DG-NR1KO mice, and in terms of
percentage changes, the novelty-induced increase is
higher in DG-NR1KO mice than control (Fig. 7C). These
findings indicate that, although Arc expression is depend-
ent on the NMDA receptors, at least some components of
a novelty-induced increase in Arc expression are not de-
pendent on the NMDA receptors; there may co-exist
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mechanisms dependent on and independent of the
NMDA receptors.

Another observation we made was a between-geno-
type difference in the distribution of Arc+/Prox1+ cells
along the depth of the granule cell layer (Fig. 7E). Both
control and DG-NR1KO mice had higher numbers of
Arc+/Prox1+ cells toward the outer part of the granule
cell layer. However, with or without exposure to the novel
environment, control mice increased the number of Arc+/
Prox1+ cells starting from the inner half of the layer. In
contrast, DG-NR1KO mice kept the numbers of Arc+/
Prox1+ cells low in the inner half and showed higher num-
ber of Arc+/Prox1+ cells mainly in the most outer part
(80-100%) of the layer. This finding suggests that func-
tioning of the dentate gyrus is compromised in DG-
NR1KO mice.

Overall, these three observed abnormalities in Arc ex-
pression, (1) overall reduction in Arc+ granule cells; (2) an
enhanced, novelty-induced increase in terms of percent-
age changes; and (3) abnormal distribution across the
depth of granule cell layer, suggest that the function of
the dentate gyrus, which is mediated by the Arc gene,
may be compromised.

The novelty-suppressed feeding test is a conflict para-
digm in which a food-deprived mouse has to choose be-
tween going into an open space to get food or stay close
to the walls without access to the food. The latency until
the mouse starts to eat the food has been considered as a
measure of anxiety level of the mouse. Santarelli and col-
leagues found that the blockade of neurogenesis abol-
ished the behavioral effect of fluoxetine in the novelty-
suppressed feeding test (Santarelli et al., 2003). Adult
neurogenesis has been linked to anxiety and mood disor-
ders (Gould et al., 1997; Jacobs et al., 2000). Studies
have found increased anxiety after a mild stressor (Snyder
et al,, 2011) or increased anxiety without a stressor
(Revest et al., 2009) after ablation of adult neurogenesis.
While we did not find a significant difference in the latency
to consume food, we found multiple measurements point-
ing to an increased tendency for DG-NR1KO mice to ex-
plore the center of the open field, which is also often
considered as a measure reflecting animal’s anxiety level,
for example, in an open field test (Seibenhener and
Wooten, 2015). In the open field test, we did not find simi-
lar tendency to spend more time in the inner part of the
open field. However, we detected a significant reduc-
tion in fecal counts during the open field test, which has
been considered as an index of lower anxiety level
(Seibenhener and Wooten, 2015). From these mixed re-
sults, one may be inclined to interpret it as an indication
that DG-NR1KO mice exhibit lower anxiety level.
However, we are hesitant to conclude that the loss of
the NMDA receptors in granule cells results in an anxi-
ety-related phenotype. On the other hand, it is safe to
say that DG-NR1KO mice have behavioral abnormality
which is not necessarily based on compromised memo-
ry mechanisms which has been previously character-
ized (McHugh et al., 2007). This knowledge would be
important to interpret their behavioral phenotypes in-
volving spatial exploration and/or emotion.
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Our work has contributed to the understanding of the
role of the NMDA receptors in the normal development
and adult neurogenesis of the dentate gyrus, and that the
loss of the NMDA receptors during brain maturation can
contribute to permanent alterations in brain function.
Future work is required to reveal the complex contribution
of the NMDA receptors to brain development and function
in different brain areas.
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