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Abstract 43 

The N-methyl-D-aspartate (NMDA) receptor is a type of glutamate receptor, which is involved in 44 

neuronal function, plasticity and development in the mammalian brain. However, how the NMDA 45 

receptors contribute to adult neurogenesis and development of the dentate gyrus is unclear. In 46 

this study, we investigate this question by examining a region-specific knockout mouse line that 47 

lacks the NR1 gene, which encodes the essential subunit of the NMDA receptors, in granule cells 48 

of the dentate gyrus (DG-NR1 KO mice). We found that the survival of newly-generated granule 49 

cells, cell proliferation and the size of the granule cell layer are significantly reduced in the dorsal 50 

dentate gyrus of adult DG-NR1 KO mice. Our results also show a significant reduction in the 51 

number of immature neurons and in the volume of the granule cell layer, starting from 3 weeks of 52 

postnatal age. DG-NR1KO mice also showed impairment in the expression of an immediate early 53 

gene, Arc, and behavior during the novelty-suppressed feeding and open field test. These results 54 

suggest that the NMDA receptors in granule cells have a role in adult neurogenesis in the adult 55 

brain and contributes to the normal development of the dentate gyrus. 56 

 57 

Significance statement 58 

A type of glutamate receptors, the NMDA receptors, are known to be generally important in brain 59 

development. However, a previous study, which genetically ablated the NMDA receptors in the 60 

developing dentate gyrus, did not detect malformation of the dentate gyrus. Here, we performed 61 

more detailed analyses of the knockout mice and showed that the extent of neurogenesis and 62 

the size of the neuronal layer are reduced in the postnatal and adult dentate gyrus. We found 63 

that the knockout mice exhibit behavioural abnormality during adulthood. These results indicate 64 

that the NMDA receptor is essential for normal development of the dentate gyrus and that a 65 

malfunction of the NMDA receptors during the postnatal period could lead to life-long disturbance 66 

in brain functions.  67 
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Introduction 68 

A type of ionotropic glutamate receptor, the N-methyl-D-aspartate (NMDA) receptor, is involved 69 

in postnatal brain development (Haberny et al., 2002; Hansen et al., 2004; Ewald and Cline, 70 

2009). It has been shown that the NMDA receptors support the survival of developing neurons 71 

(Ikonomidou et al., 1999) and regulate the formation of neuronal networks in several brain areas 72 

(Bear et al., 1987; Constantine-Paton et al., 1990), including the dentate gyrus (Gould et al., 73 

1994). The majority of granule cells, a principal cell type in the dentate gyrus, are generated 74 

postnatally, predominantly during the first week after birth in rodents (Cameron et al., 1993) and 75 

the structural development of the dentate gyrus occurs mainly during the first month of the 76 

postnatal period in rodents (Li and Pleasure, 2005). Early life experience, such as stress, has 77 

been found to regulate the expression of the NMDA receptors in the hippocampus (Roceri et al., 78 

2002; Pickering et al., 2006) and to reduce the number of granule cells (Oreland et al., 2010).  79 

 80 

The involvement of the NMDA receptors in neuronal survival and circuit formation continues in 81 

newly-generated neurons in the adult brain. The survival of newborn neurons in the adult brain is 82 

regulated by neuronal activity in the dentate gyrus, as evidenced by the finding that induction of 83 

NMDA receptor-dependent long-term potentiation facilitates the survival of newborn neurons 84 

(Bruel-Jungerman et al., 2006). A study using a cell-specific gene knockout technique (Tashiro et 85 

al., 2006a) demonstrated that the NMDA receptors positively regulate the survival of immature 86 

granule cells in a cell-autonomous manner, within a few weeks of neuronal birth (Tashiro et al., 87 

2006b). However, once new granule cells pass a certain maturational stage, the NMDA receptors 88 

are not required for their survival but continue to be required for the regulation of dendritic spine 89 

morphology and synaptic plasticity (Ge et al., 2007; Mu et al., 2015). 90 

 91 

A previous study demonstrated that the NMDA receptors in granule cells of the dentate gyrus 92 

play a role in a context discrimination task using a region-specific gene knockout mouse line. 93 

This mouse line lacks the NR1 gene, which encodes an essential subunit of the NMDA receptors, 94 

specifically in granule cells of the dentate gyrus (McHugh et al., 2007). The gene knockout in 95 

granule cells starts between 1.5 and 4 weeks after the birth of mice. The study found that the 96 
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gross structure of the dentate gyrus is intact but did not examine how adult neurogenesis is 97 

affected in the mouse line.  98 

 99 

In this study, we have two aims. The first aim is to determine a role of NMDA receptors in adult 100 

neurogenesis of the dentate gyrus. We used the same knockout mouse line created by McHugh 101 

et al. (2007) (DG-NR1KO mice) and examined neurogenesis in the adult dentate gyrus. The 102 

second aim is to reveal the role of NMDA receptors in normal formation of the dentate gyrus. As 103 

described above, the NMDA receptors have been shown to contribute to the development of 104 

granule cells in the postnatal and adult dentate gyrus. However, McHugh et al. (2007) did not 105 

detect that the NR1 gene knockout starting from the postnatal development affects the 106 

development of the dentate gyrus. To reconcile this discrepancy in the contribution of the NMDA 107 

receptors to the development of the dentate gyrus, we examined the structure and neurogenesis 108 

in the dentate gyrus of the postnatal and adult brain.  109 

 110 

Materials and Methods 111 

Mice 112 

All animal procedures were approved by the Norwegian Animal Research Authority and/or 113 

Institutional animal care and use committee at A*STAR and Nanyang Technological University. 114 

We re-generated DG-NR1KO (Pomc-cre+/-, fNR1+/+) mice using the same transgenic mouse 115 

lines used by McHugh et al. (2007), B6.FVB-Tg(Pomc-cre)1Stl/J and B6.129S4-Grin1 P

tm2Stl
P/J 116 

(fNR1) (both from Jackson Laboratory). Cre recombinase is under transcriptional control by the 117 

proopiomelanocortin (Pomc) promoter, which initiates gene expression during a short time 118 

window in newborn granule cells of the dentate gyrus (Overstreet et al., 2004). Specificity of Cre 119 

expression in Pomc-cre+/- mice was equivalent with McHuge et al. (2007) when we evaluated it 120 

by crossing them with a cre-dependent reporter line (B6;129S-Gt(ROSA)26Sortm32(CAG-121 

COP4*H134R/EYFP)Hze/J, from the Jackson laboratory) (Figure 1). Cre recombines a floxed part of the 122 

NR1 gene (fNR1) to ablate the functional NR1 gene. These mice were bred with Pomc-cre-/-, 123 

fNR1+/+ mice, and their Cre+/- offspring were used as DG-NR1KO mice and the Cre-negative 124 

littermates were used as controls. Both female and male mice were used except Figure 6 where 125 
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we used female mice only. For Figure 3, 4 and 8G-O, we used young adult mice (42-51 days old 126 

at the start of experiments). For Figure 5, we used 2-, 3-, or 4-week-old mice. For Figure 6, 7 and 127 

8A-F, we used young adult to mature adult mice (42-83 days old). Mice were housed with ad 128 

libitum access to food and water under 12-h light/12-h dark cycle conditions, unless otherwise 129 

specified below.  130 

 131 

Genotyping 132 

The genotypes of mice were determined by polymerase chain reaction (PCR) analyses. The 133 

primer sequences for Cre are 5’-CCGGTGAACGTGCAAAACAGGCTCTA-3’ and 5’-134 

GATTAACATTCTCCCACCGTCAGT-3’ and those for the fNR1 allele are 5’-135 

CTTGGGTGGAGAGGCTATTC-3’ and 5’-AGGTGAGATGACAGGAGATC-3’. As previously 136 

described (McHugh et al., 2007), germline recombination occurs in this mouse line. To detect 137 

recombined alleles in control mice, nested PCR was performed. The primer sequences for the 138 

initial amplification were 5’-AATGCTGAGGTGGTAGGA-3’ and 5’-139 

AGGTGAGATGACAGGAGATC-3’. The primer sequences for the second step are 5’-140 

GCTACAAGGCAAAGATACAAGACC-3’ and 5’-ACCGTCGACGAGAATTCCGATCAT-3’. When 141 

a recombined allele was detected in control mice, they were excluded from the experiments.  142 

 143 

BrdU injections 144 

5-bromo-2’-deoxyuridine (BrdU, Cat#B5002, Sigma, USA) was dissolved in 0.9% saline at a 145 

concentration of 10 mg/ml. After filter-sterilization (pore size: 0.2μm), mice were intraperitoneally 146 

(i.p.) injected with a dose of 100 μg/g body weight per day.  147 

 148 

Enriched environment 149 

Female mice were injected with BrdU on day -1 and 0. Between day 7 and 14 they were either 150 

housed in an enriched cage (48 x 48 x 48 cm, eight mice per cage) which contained eight pieces 151 

of plastic blocks, one cardboard shelter, one plastic shelter, four tunnels, two sheets of paper for 152 

nesting, four pieces of small wood, and one running wheel (Figure 2), or they stayed in the 153 

standard housing (26.7 x 20.7 x 14 cm, four mice per cage) with bedding only. On day 0-7 and 154 
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day 14-28 all the mice were in the standard housing. The mice were perfusion-fixed on day 28 as 155 

described below. 156 

 157 

Novel environment exploration 158 

The mice were exposed to a novel environment, which was a 32 x 28 x 28 cm open field with 159 

plastic walls with black and white stripes. They were allowed to explore the novel environment for 160 

10 min. Then, the mice were moved back to their home cages in the experimental room. After 90 161 

min, they were perfusion-fixated as described below. The non-exposed mice were taken directly 162 

from their home cage in the housing room for perfusion. 163 

 164 

Novelty Suppressed Feeding test 165 

The mice were food deprived for 24 hours prior to the test. A food pellet was placed on a white 166 

paper platform (12.5 cm) at the centre of a square open field (60 x 60 cm, with white coloured 167 

walls), which the mice had never been exposed to before. The room was lit with regular room 168 

lighting (around 700 lux at the centre of the box) and the floor of the open field was covered with 169 

the same type of bedding as used in their home cages. At the start of a test, a mouse was placed 170 

at a corner of the open field. When the mouse started eating the food pellet or 10 min passed 171 

after the test started, the test was terminated. The test was recorded by an overhead camera and 172 

analyzed using EthoVision XT13 software (Noldus Information Technology BV, the Netherlands). 173 

The area in the open field was divided into 5 x 5 square bins. 16 outer bins were defined as the 174 

peripheral zone. The area on the white paper was defined as the centre zone. The remaining 175 

area was defined as the inner zone. 176 

 177 

Open Field test 178 

A square open field (60 x60 cm, with white-coloured walls and floor) was placed in a room that 179 

was lit with ceiling lights (~700 lux at the centre of the box). At the start of a test, a mouse was 180 

placed at a corner of the open field and allowed to explore it. After 10 min, the test was 181 

terminated. The mice were removed from the open field and fecal boli were counted. The test 182 

was recorded by an overhead camera and analyzed using EthoVision XT13 software. The area 183 
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in the open field was divided into 5 x5 square bins. 16 outer bins were defined as the peripheral 184 

zone. The remaining area was defined as the inner zone. 185 

 186 

Elevated Plus Maze 187 

A plus shaped maze was elevated 60cm above the ground. Two arms opposite to each other 188 

were surrounded with 15-cm-high walls at the side and end of the arm. These are called “closed 189 

arm” while the other two arms without walls were called “open arm”. The lengths of closed and 190 

open arms were 35 and 36.5 cm, respectively. The width of each arm was 5 cm. The room was 191 

lit dimly (~100 lux at the centre of the maze). At the start of a test, a mouse was placed at the 192 

centre of the maze, with its face facing one of the closed arms. The mouse was allowed to 193 

explore the maze. After 10 min, the test was terminated. The test was recorded by an overhead 194 

camera and analyzed using Anymaze 6.34 (Stoelting Co., IL, USA). The entry to and exit from an 195 

arm were registered when 40% of body entered and 35% exited the arm, respectively. 196 

 197 

Histology 198 

Perfusion fixation, preparation of brain sections (35 or 40 μm thickness) and immunostaining 199 

were conducted as previously described (Tashiro et al., 2015). We prepared coronal brain 200 

sections containing the rostral two thirds of the dentate gyrus; therefore, the analysis presented 201 

in this study is mostly from the dorsal, but not ventral, part of the dentate gyrus. The primary 202 

antibodies used were goat anti-DCX and mouse anti-activity-regulated 0T 0Tcytoskeleton-associated 203 

protein (Arc) (1:500 dilution,Cat# sc-8066 and 1:100, Cat# sc-17839, Santa Cruz Biotechnology, 204 

USA), rat anti-GFP (1:1000, Cat# 04404-84, Nacalai Tesque, Japan), rat anti-BrdU (1:400, Cat# 205 

OBT0030G, AbD Serotec, UK), rabbit anti-Prospero homeobox protein 1 (Prox1) (1:1000, Cat# 206 

PRB-238C, Covance, USA), goat anti-Prox1 (1:40, Cat# AF 2727, R&D systems, USA), and 207 

rabbit anti-Ki67 (1:500, Cat# NCL-Ki67p, Leica Biosystems, USA). The secondary antibodies 208 

used were donkey anti-rat-Alexa488 (Cat# 712-545-153), anti-rabbit-Cy3 (Cat# 712-165-152), 209 

anti-mouse-DyLight549 (Cat# 715-505-151), anti-goat-Alexa488 (Cat# 705-545-147), and anti-210 

goat-Alexa647 (Cat#705-605-147). All secondary antibodies were purchased from Jackson 211 

Immuno (USA) and used at 1:600 dilutions. Nuclear staining with 4’,6-Diamidino-2-phenylindole-212 
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dihydrochloride (DAPI, 5 μg/ml; MERCK, Germany,) was done on some of the sections. The 213 

brain sections were mounted on glass slides with mounting medium containing PVA-DABCO. 214 

 215 

Microscopy 216 

Axio Scope A1 or Axio Imager M1 microscopes (Zeiss, Germany) were used to count BrdU-217 

positive (+), Ki67+, and DCX+ cells and image the granule cell layer of the dentate gyrus for size 218 

measurements. Counting was done using either 20x or 40x objective lens from the granule cell 219 

layer and subgranular zone in both hemispheres in six brain sections per mouse for BrdU (every 220 

6P

th
P section, Figure 3 and 6), three brain sections for Ki67 and DCX (every 12P

th
P section, Figure 3) 221 

in adult mice, six brain sections from the anterior part of the dentate gyrus for Ki67 and granule 222 

cell layer volume measurements in 2-4 week old mice (every 6P

th
P section, Figure 5), and two brain 223 

sections from similar anterior part for DCX in 2-4 week old mice (Figure 5). The DAPI or Prox1 224 

fluorescence were used to image the area of the granule cell layer using a 10x objective lens. 225 

The volume of the granule cell layer was calculated by multiplying the area by the thickness of 226 

the sections, which was 35 or 40 μm. The volume values shown in Figure 4 and 5 are summed 227 

volume from three and six analysed sections, respectively. 228 

 229 

Confocal imaging was conducted using LSM710 confocal microscope (Zeiss, Germany) 230 

equipped with 488-nm, 543-nm, and 633-nm laser lines and the ZEN image-acquisition software. 231 

For co-localization analysis (BrdU+/Prox1+ and Arc+/Prox1+), a 40x objective lens with oil (NA 232 

1.3) was used. Three images from the granule cell layer from random positions in three different 233 

hemispheres/mice were used for BrdU, Prox1 colocalization analysis in Figure 3 and four images 234 

from the granule cell layer from random positions in four different mice were used for BrdU, 235 

Prox1 colocalization analysis in Figure 6, and Arc, Prox1 colocalization analysis in Figure 7. The 236 

density of BrdU+/Prox1+ and BrdU-/Prox1+ were estimated by multiplying the density of BrdU+ 237 

cells counted under Axio Scope A1 or Axio Imager M1 microscopes by % of BrdU+ cells which 238 

are Prox1+ and Prox1-, measured with the confocal microscope, respectively. For the 239 

measurement of the distribution of Arc+/Prox1+ cells in the granule cell layer, only the area that 240 

showed the entire depth of the granule cell layer was used from the same confocal images as 241 
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used for the Arc/Prox1 co-localization counting. Measurements of the granule cell layer area from 242 

epifluorescence images and counting of cells from confocal images were performed using 243 

ImageJ software (National Institute of Health, USA).  244 

The section was selected in a way that their antero-posterior level is comparable between mice 245 

used in individual analyses. The density was calculated by dividing the number of cells by the 246 

volume of the granule cell layer. Our analyses focused on the area covering approximately 247 

anterior two thirds of the dentate gyrus, so that the results were from the dorsal dentate gyrus. 248 

 249 

Statistics 250 

Statistical analyses were done using SPSS Statistics (IBM Corp., USA) and Statistica (StatSoft, 251 

USA) software. For independent-sample t-tests, Levene’s test for equal variance was performed, 252 

and depending on the results, a t-test with (Student’s t-test) or without (Welch’s t-test) equal 253 

variance assumed was done. All data are presented as mean ± s.e.m. When we detected 254 

significant interaction in two-way ANOVAs or three-factor interaction in three-way ANOVAs, we 255 

performed simple effects tests using Tukey HSD test. When we detected significant interaction of 256 

two factors but not of three factors, we performed simple effects tests using two-way ANOVAs. 257 
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Results 258 

 259 

Reduced neurogenesis and granule cell layer size in the dentate gyrus of adult DG-NR1 260 

KO mice 261 

To evaluate neurogenesis in the dentate gyrus of adult control and DG-NR1KO mice, we 262 

examined the density of cells expressing Ki67 (a marker for proliferating cells) and DCX (a 263 

marker for neuronal progenitor cells and immature neurons). We found that the density of Ki67+ 264 

cells is significantly reduced in the subgranular zone of DG-NR1 KO mice compared with control 265 

(Figure 3A, B; p = 0.023, t(11) = 2.641, n = 6 control and 7 DG-NR1KO mice, independent-266 

sample t-test, two-tailed), indicating a reduction in proliferation in DG-NR1 KO mice. We also 267 

found a significant reduction in the density of DCX+ cells in DG-NR1 KO mice compared with 268 

control (Figure 3C, D; p = 5.6 x 10P

-7
P, t(11) = -10.286, n = 6 control and 7 DG-NR1KO mice, 269 

independent-sample t-test, two-tailed), indicating a decrease of neuronal progenitor cells and/or 270 

immature neurons in the dentate gyrus.  271 

 272 

Reduction of DCX+ cells may be exclusively because of reduced proliferation or be partly due to 273 

reduced survival of newborn neurons. To examine the latter possibility, we injected BrdU into 274 

adult DG-NR1KO and control mice and measured the density of BrdU+/Prox1+ cells 7 or 28 days 275 

after injection (Figure 3E). The granule cell marker Prox1 was used to determine the identity of 276 

BrdU+ cells as granule cells. 7 days after BrdU injection, the density of BrdU+ cells was 277 

significantly lower in DG-NR1KO mice than in controls (Figure 3F; p = 0.0099, t(14) = 2.983, n = 278 

7 control and 9 DG-NR1KO mice, respectively, independent-sample t-test, two-tailed). Proportion 279 

of BrdU+ cells expressing Prox1 was not significantly different between control and DG-NR1KO 280 

mice (Figure 3G; p = 0.657, t(14) = -0.454, n = 7 and 9 mice, respectively, independent-sample t-281 

test, two-tailed), suggesting that neuronal differentiation was not affected. The density of 282 

BrdU+/Prox1+ cells showed a tendency of reduction in DG-NR1KO mice but it was not significant 283 

(Figure 3H; p = 0.070, t(8.385) = 2.079, n = 7 control and 9 DG-NR1KO mice, respectively, 284 

independent-sample t-test, two-tailed). 28 days after BrdU injection, both BrdU+ and 285 

BrdU+/Prox1+ cell densities were significantly lower in DG-NR1KO mice than in controls (Figure 286 
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3F, H; BrdU+: p = 3.6 x 10P

-4, t(7.527) = 6.116P; BrdU+/Prox1+: p = 3.3 x 10P

-4
P, t(7.367) = 6.298, n = 287 

8 control and 9 DG-NR1KO mice, independent-sample t-test, two-tailed). Proportion of BrdU+ 288 

cells expressing Prox1 was significantly lower in DG-NR1KO mice than in controls (Figure 3G; p 289 

= 5.3 x 10P

-5, t(9.687) = 6.834, n = 8 control and 9 DG-NR1KO mice, independent-sample t-test, 290 

two-tailed). Therefore, a proportion of BrdU+ cells that differentiated to neurons were lower in 291 

DG-NR1KO mice at 28 days. The density of other cell types (BrdU+/Prox1−) was not significantly 292 

different between control and DG-NR1KO mice at either time point (Figure 3I, 7 days: p = 0.366, 293 

t(14) = 0.934, n = 7 and 9 mice, respectively; 28 days: p = 0.367, t(15) = -0.930, n = 8 and 9 mice, 294 

respectively, independent-sample t-tests, two-tailed). By comparing the density at 7 and 28 days, 295 

we calculated the survival rate of new neurons from 7 to 28 days. The survival rate was 296 

significantly reduced in DG-NR1 KO mice compared with control mice (Figure 3J; p = 5.0 x 10P

-4
P, 297 

t(7.681) = 5.757, n = 8 control and 9 DG-NR1KO mice, independent-sample t-test, two-tailed).  298 

 299 

We also noted that the size of the granule cell layer was smaller in DG-NR1 KO mice (Figure 300 

4A). The volume of the granule cell layer (Figure 4B; p = 4.2 x 10P

-4
P, t(11) = -4.977, n = 6 control 301 

and 7 DG-NR1KO mice, independent-sample t-test, two-tailed), the thickness of the upper and 302 

lower blade (Figure 4C; p = 1.3 x 10P

-4
P and 0.0014, t(11) = -5.760 and -4.243, respectively, n = 6 303 

control and 7 DG-NR1KO mice, independent-sample t-tests, two-tailed), and the length of the 304 

subgranular zone (Figure 4D; p = 0.016, t(11) = -2.857, n = 6 control and 7 DG-NR1KO mice, 305 

independent-sample t-test, two-tailed) were reduced in DG-NR1 KO mice compared with control.  306 

 307 

Reduced neurogenesis and granule cell layer size in juvenile DG-NR1KO mice 308 

It is known that the majority of granule cells in the dentate gyrus are generated during postnatal 309 

development (Li and Pleasure, 2005). Thus, the reduced size of the granule cell layer may be 310 

caused by reduced neurogenesis during the postnatal development. We therefore examined 311 

neurogenesis in postnatal, developing mice. We analysed Ki67+ cells in the subgranular zone of 312 

2-, 3-, and 4-week-old mice (Figure 5A) and found that the densities of Ki67+ cells were not 313 

significantly different between control and DG-NR1KO mice (Figure 5B; 2 weeks: p = 0.482, t(11) 314 

= -0.728, n = 5 and 8 mice, respectively, 3 weeks: p = 0.458, t(13) = 0.764, n = 7 and 8 mice, 315 
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respectively, 4weeks: p = 0.610, t(13) = 0.522, n = 7 and 8 mice, respectively, independent-316 

sample t-tests, two-tailed).  317 

 318 

The densities of DCX+ cells were not significantly different in the dentate gyrus between control 319 

and DG-NR1KO mice at the age of 2 weeks (Figure 5C, D; p = 0.981, t(10) = 0.024, n = 5 and 7 320 

mice, respectively, independent-sample t-test, two-tailed). But in the 3- and 4-week-old mice the 321 

densities were significantly reduced in the DG-NR1 KO mice (3 week: p = 0.0075, t(13) = 3.159, 322 

n = 7 control and 8 DG-NR1KO mice, 4 week: p = 0.0048, t(13) = 3.394, n = 7 control and 8 DG-323 

NR1KO mice, independent-sample t-tests, two-tailed). Thus, while neurogenesis seems to occur 324 

normally initially at the postnatal age of 2 weeks in DG-NR1KO mice, the number of immature 325 

neurons/neuronal progenitor cells starts decreasing between 2 and 3 weeks of age. This 326 

reduction continues to adulthood in DG-NR1 KO mice as shown in Figure 3.  327 

 328 

The same developmental pattern of effects was found for the volume of the granule cell layer 329 

(Figure 5E,F), with no significant difference in 2-week-old mice (p = 0.500, t(4.515) = 0.733, n = 5 330 

control and 8 DG-NR1KO mice, independent-sample t-tests, two-tailed), but significant 331 

decreases in 3- and 4-week-old DG-NR1 KO mice compared to control (3 week: p = 0.0070, 332 

t(13) = 3.197, n = 7 control and 8 DG-NR1KO mice, 4 week: p = 0.014, t(13) = 2.852, n = 7 333 

control and 8 DG-NR1KO mice, independent-sample t-tests, two-tailed).  334 

 335 

Enriched environment exposure increased the survival of newborn neurons in DG-NR1KO 336 

mice 337 

Previously it has been shown that exposure to an enriched environment increases the survival of 338 

newborn neurons in the dentate gyrus of adult rodents (Kempermann et al., 1997; Tashiro et al., 339 

2007). Exposure to an enriched environment for one week during the second week after 340 

neuronal birth has been found to be the most effective time point for this increased survival 341 

(Tashiro et al., 2007). To examine whether the NMDA receptors in the dentate gyrus are involved 342 

in the effect of enriched environment on the survival of newborn neurons, we injected BrdU on 343 

day -1 and 0 and then exposed DG-NR1KO and control mice to an enriched environment (EE) or 344 
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a standard cage with bedding only (NoEE) from day 7 to 14 (Figure 6A). The enriched 345 

environment contained several toys, shelters, tunnels and a running wheel (Figure 2). Except on 346 

days 7-14, the mice were housed in the standard cage. On day 28, we euthanized the mice to 347 

quantify the number of BrdU+ and BrdU+/Prox1+ cells (Figure 6B; n= 7 control-EE, 7 control-348 

NoEE, 8 DG-NR1KO-EE, and 8 DG-NR1KO-NoEE mice). DG-NR1KO mice had significantly 349 

lower BrdU+ cell density than control mice while enrichment increases the density similarly in 350 

both genotypes (Figure 6C; Housing: p = 0.002, F(1, 26) = 11.362, Genotype: p = 4 x 10 P

-6, F(1, 351 

26) = 33.282, Housing x Genotype: p = 0.072, F(1, 26) = 3.513, two-way ANOVA). Proportion of 352 

BrdU+ cells expressing Prox1 was significantly lower in DG-NR1KO mice than control mice 353 

similarly in standard and enriched cages while enrichment did not affect the proportion (Figure 354 

6D; Housing: p = 0.344, F(1, 26) = 0.928, Genotype: p = 4.7 x 10 P

-4, F(1, 26) = 16.004, Housing x 355 

Genotype: p = 0.967, F(1, 26) = 0.002, two-way ANOVA). For BrdU+/Prox1+ cell density (Figure 356 

6E), two-way ANOVA detected significance in the main effect of housing conditions (p = 0.002, 357 

F(1, 26) = 11.425) and genotype (p = 1 x 10 P

-6, F(1, 26) = 38.776) and interaction between them 358 

(p = 0.046, F(1, 26) = 4.410). Exposure to the enriched environment increased the densities in 359 

control but not in DG-NR1KO mice (p = 0.0047 and 0.785, respectively, df = 26, Tukey HSD test) 360 

while the densities were lower in DG-NR1KO mice than controls regardless of whether housed in 361 

enriched or standard environments (p = 1.8 x 10-4, and p = 0.034, respectively, df = 26, Tukey 362 

HSD test, two-tailed). However, the percentage increase after exposure to the enriched 363 

environment was not significantly different between control and DG-NR1KO mice (Figure 6F; 364 

Housing: p = 0.002, F(1, 26) = 12.336, Genotype: p = 0.530, F(1, 26) = 0.404, Housing x 365 

Genotype: p = 0.589, F(1, 26) = 0.299, two-way ANOVA). Thus, despite overall reduction of 366 

neurogenesis in DG-NR1KO mice, exposure to the enriched environment still increased the 367 

survival of new neurons in DG-NR1KO mice.  368 

 369 

Abnormalities in novelty-induced Arc gene expression of granule cells in the dentate 370 

gyrus of DG-NR1KO mice 371 

Immediate early genes are a group of genes that are expressed in response to neuronal 372 

activation. Arc is one of such genes and known to be expressed in rodents after novel 373 
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environment exploration and learning (Steward et al., 1998; Guzowski et al., 1999; Guzowski et 374 

al., 2001; Czerniawski et al., 2011). The novelty-induced expression of Arc is blocked with an 375 

NMDA receptor antagonist (Czerniawski et al., 2011). We examined whether novelty-induced Arc 376 

expression requires the NMDA receptors in the dentate gyrus.  377 

 378 

For this purpose, we exposed control and DG-NR1KO mice to a novel environment (NE) for 10 379 

min and perfusion-fixed them 90 min later. The non-exposed control and DG-NR1KO mice were 380 

perfusion-fixed directly from their home cages. We then immunostained the brain sections with 381 

anti-Arc and -Prox1 antibodies to detect Arc expressing granule cells and quantified the density 382 

of Arc+/Prox1+ cells (Figure 7A, B; n = 9 NE control, 6 home-cage control, 10 NE DG-NR1KO, 383 

10 home-cage DG-NR1KO mice). Two-way ANOVA detected significance in the main effect of 384 

exposure (home cage vs NE, p = 5.8 x 10P

-9
P, F(1, 31) = 63.087) and genotype (p = 9.3 x 10P

-13, 385 

F(1, 31) = 133.291 P) and interaction between them (p = 0.0017, F(1, 31) = 11.797). Exposure to 386 

the novel environment increased the densities in both control and DG-NR1KO mice (p = 1.7 x 10 P

-387 

4
,, and 0.008P, respectively, df = 31, Tukey HSD test) while the densities were lower in DG-NR1KO 388 

mice than controls regardless of whether they were exposed to novel environment or not (p = 1.7 389 

x 10P

-4
P, and 2.0 x 10P

-4
P, respectively, df = 31, Tukey HSD test). The percentage increase after 390 

exposure to the novel environment was significantly higher in DG-NR1KO mice than in control 391 

(Figure 7C; exposure: p = 7.4 x 10-8, F(1, 31) = 49.031, genotype: p = 0.020, F(1, 31) = 6.028, 392 

exposure x genotype: p = 0.020, F(1, 31) = 6.028, two-way ANOVA; p = 0.0046, df = 31, Tukey 393 

HSD test) while the percentage was significantly increased in both control and DG-NR1KO mice 394 

(p = 0.027 and 1.7 x 10-4, df = 31, Tukey HSD test).  395 

 396 

We divided the granule cell layer into parallel segments of 20% of the total thickness, and 397 

quantified Arc+/Prox1+ cells in each segment (Figure 7D,E). Three-way mixed ANOVA detected 398 

a significant interaction between depth and genotype (p = 8.1 x 10P

-5, F(3.656, 113.325) = 6.972P) 399 

but not among depth, genotype and exposure (home cage vs NE; p = 0.077, F(3.656, 113.325) = 400 

2.224). These results indicate that, irrespective of whether exposed to the novel environment or 401 

not, Arc+/Prox1+ cell density showed significantly different changes along depth between control 402 
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and DG-NR1KO mice. From the subgranular zone (0%) to the molecular layer (100%), control 403 

mice show a steady increase in Arc+/Prox1+ cell density up to the middle in the granule cell layer 404 

(60-80%), where it reaches a plateau level. In contrast, in DG-NR1KO mice, the density stays 405 

low up to the middle of the layer and jumps up at the depth close to the molecular layer (80-406 

100%). Thus, DG-NR1KO mice show an impairment in relative amount of Arc expression along 407 

the depth of granule cell layer.  408 

 409 

In sum, although DG-NR1KO mice showed a novelty-induced increase in Arc expressing granule 410 

cells, we detected impairments in three aspects, 1) overall reduction in Arc+ granule cells 411 

irrespective of exposure to the novel environment or not, 2) higher percentage increase of Arc+ 412 

granule cells after exposure to the novel environment and 3) abnormal distribution of Arc+ 413 

granule cells along the depth of granule cell layer. 414 

 415 

The DG-NR1 KO mice display higher tendency to explore the centre of an open field 416 

during a novelty-suppressed feeding test and show higher fecal counts in an open field 417 

test 418 

DG-NR1KO mice have been previously shown to have a deficit in a memory-based context 419 

discrimination task (McHugh et al., 2007). Previous studies suggested that adult neurogenesis 420 

has a role in anxiety-related behaviors (Jacobs et al., 2000; Santarelli et al., 2003; Surget et al., 421 

2011). Therefore, we examined the behaviour of adult, control and DG-NR1KO mice (n = 22 and 422 

21 mice, respectively) in the novelty-suppressed feeding test, open field test and elevated plus 423 

maze (Santarelli et al., 2003; Walf and Frye, 2007; Seibenhener and Wooten, 2015).  424 

After 1-day food deprivation, the mice were exposed to an open field (Figure 8A), which was 425 

novel to the mice, with a food pellet located in the centre. While mice naturally have a tendency 426 

to avoid open unprotected places, hunger drives them to move into the centre of the open field to 427 

consume the food. The latency to consume the food is often considered to reflect the anxiety 428 

level of mice. We did not find a significant difference either in the latency to food consumption 429 

(Figure 8B, p = 0.587, χ2(1) = 0.295, Kaplan-Meier survival analysis, log rank test) or overall 430 

speed (Figure 8C, p = 0.304, t(41) = -1.041, independent-sample t-test, two-tailed). We 431 
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performed additional analyses on detailed behavioural performance as described before. The 432 

DG-NR1 KO mice spent significantly smaller and larger percentages of time in the peripheral and 433 

centre zones, respectively (Figure 8D; p = 0.020 and 0.018, t(41) = 2.411 and -2.464, 434 

respectively, independent-sample t-tests, two-tailed), while the difference in the percentage time 435 

spent in the inner zone was not significant (p = 0.094, t(41) = -1.715, independent-sample t-tests, 436 

two-tailed). The number of entries into the centre zone per 100 sec was significantly higher in the 437 

DG-NR1KO mice (Figure 8E; p = 0.008, t(41) = -2.806, independent-sample t-tests, two-tailed) 438 

while time spent in the centre zone per visit was not (Figure 8F; p = 0.887, t(41) = 0.144, 439 

independent-sample t-tests, two-tailed). These results indicate that the DG-NR1KO mice explore 440 

the centre of open fields more extensively in the novelty-suppressed feeding test than control, 441 

suggesting that the removal of NR1 gene results in this behavioural impairment. 442 

 443 

In the open field test (Figure 8G), we quantified three measures which have been related to the 444 

anxiety level of mice, traveled distance, time in peripheral vs inner zone and fecal counts. Larger 445 

traveled distance, longer time in peripheral zone and higher fecal counts are considered to be 446 

indices for higher anxiety level. We did not find significant difference in traveled distance and 447 

time in peripheral and inner zones (Figure 8H, I: p = 0.157, 0.996 and 0.996, t(34) = -1.445, -448 

0.005 and -0.005, respectively, independent-sample t-test, two-tailed). On the other hand, fecal 449 

counts are significantly lower in DG-NR1KO mice than control (Figure 8J; p = 0.028, t(34) = -450 

2.296, independent-sample t-test, two-tailed). In the elevated plus maze (Figure 8K), we 451 

quantified percentage of time in open arms, percentage of entries to open arms, total time in all 452 

arms and total number of entries to all arms. None of them show significant difference between 453 

control and DG-NR1KO mice (Figure 8L-O, p = 0.728, 0.798, 0.581, 0.679, t(34) = -0.352, 0.259, 454 

0.560, 0.419, respectively, independent-sample t-tests, two-tailed). 455 

   456 

The effect of NR1 gene knockout did not show clear sex difference 457 

Our original aim did not include the investigation of sex difference. Therefore, although we 458 

include both sexes in most experiments except Figure 6 (females only), we did not have a plan to 459 

analyze females and males separately. However, in response to reviewers’ requests, we here 460 
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show the data for females and males separately (Figure 9). A caveat is that sample size is 461 

relatively low for statistical analyses when we divided the data into two sexes, although we 462 

believe that the results would still give useful information for future follow-up study. From the 463 

graphs in Figure 9, the effect of NR1 gene knockout seems to be generally consistent between 464 

females and males. To support this observation, we performed factorial ANOVA including sex as 465 

a between-subject factor (Table 1-14). In most comparisons except six (see the next paragraph 466 

for more detail), no significant sex difference was detected as supported by no significant in the 467 

main effect of sex or interactions involving sex.  468 

 469 

Four of such exceptions are results corresponding to 7 and 28 days for Figure 3F, 28 days for 470 

Figure 3H, and Figure 3J. For these exceptions, the main effects of Sex and Genotype are 471 

significant while their interactions are not significant. Thus, the effects of NR1 gene knockout 472 

occurred similarly in both females and males, although the densities of BrdU+ and BrdU+/Prox1+ 473 

cells and survival rate are higher in females irrespective of genotype. Another exception is a 474 

result corresponding to 7 days in Figure 3H. Two-way ANOVA (Sex x Genotype) showed the 475 

main effect of Genotype is significant (p = 0.028; Table 1,2) although the t-test for the original 476 

analysis did not detect this difference as significant (p = 0.070). This discrepancy may be 477 

because there are variation between females and males (although not significant), which may 478 

prevent between-genotype difference in the original analysis from reaching statistical significance 479 

in the t-test when the varied data from two sexes were analyzed without being sorted. The last 480 

exception is the analysis corresponding to 2 weeks old in Figure 5D; Sex x Genotype interaction 481 

is significant (Table 5, 7). However, pre-planned simple effects tests with independent-sample t-482 

test did not reach significance for either female or male (Table 6, 7). Thus, we did not detect 483 

significant difference between control and DG-NR1KO mice in either sex, similarly to the original 484 

analysis in Figure 5D.  485 

 486 

For survival analysis in Figure 8B, we performed survival analysis stratified with sex. We did not 487 

detect significant difference between control and DG-NR1KO mice (Figure 9E, Table 12).  488 

 489 
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In sum, we did not detect a clear sex difference in the effect of NR1 gene knockout in any of the 490 

analyses in Figure 9. 491 

 492 

Age of mice may affect the effect of NR1 gene knockout in enrichment-induced survival of 493 

new neurons 494 

In most experiments, we used young adult mice from 42-60 days old. However, for experiments 495 

described in Figure 6, 7, and 8A-F, we also used more mature adult mice up to 86 days old. 496 

Although our original plan did not include the investigation of age difference, we have divided the 497 

mice into two groups of < 60 and ≥ 60 days old and analyzed age effect in response to a 498 

reviewer’s request. A caveat is that sample size is relatively low for statistical analyses when we 499 

divided the data into the two age groups, although we believe that the results would still give 500 

useful information for future follow-up study. 501 

 502 

The extent of adult neurogenesis is known to be reduced along age. Therefore, as expected, we 503 

found that < 60 days old mice have higher densities of BrdU+ and BrdU+/Prox1+ cells (Figure 504 

10A, Table 15-18). Notably, these densities showed significant Age x Genotype x Housing 505 

interaction (Table 15, 18). Then, we performed pre-planned comparisons (standard vs 506 

enrichment) in four groups (< 60-day-old control, ≥ 60-day-old control, < 60-day-old DG-NR1KO, 507 

≥ 60-day-old DG-NR1KO). The densities of BrdU+ and BrdU+/Prox1+ mice are comparable 508 

between standard and enriched conditions in < 60-day-old DG-NR1KO mice but the other three 509 

group showed significant increase or clear trend of non-significant increase in the densities under 510 

enriched conditions (Figure 10A, Table 16, 18). To further look into this age-dependent 511 

differences, we examined correlation between age and the densities. Enriched control mice show 512 

significant, negative correlations between age and BrdU+ or BrdU+/Prox1+ cell density. Standard 513 

control and standard DG-NR1KO mice also showed negative correlations, which were not 514 

significant probably due to small sample size. On the other hand, enriched DG-NR1KO mice 515 

seems to have completely lost the correlations. Because of the limited sample size, this potential 516 

age modulation in the effect of NR1 gene knockout on the densities of BrdU+ and BrdU+/Prox1+ 517 
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is not fully demonstrated. However, it would be of interest to follow up this potential difference 518 

and elucidate a mechanism behind it.   519 

 520 

None of other measurements corresponding to Figure 6D, F, 7 and 8B-F (Figure 10A, C, D) 521 

showed any notable age effect (main effects of age or interactions involving age, Table 15-26). 522 

 523 

 524 

 525 

Discussion 526 

In this study, we have made three major findings. First, DG-NR1KO mice show impairment in 527 

neurogenesis during postnatal development and adulthood (Figure 3 and 5A-D). Second, DG-528 

NR1KO mice have a smaller size of the granule cell layer (Figure 4), which becomes apparent 529 

during postnatal development (Figure 5E, F). Third, DG-NR1KO mice have a functional deficit, 530 

which appears as increased exploration of the centre of the open field during the novelty-531 

suppressed feeding test and open field test (Figure 8). Considering the fact that the NR1 gene is 532 

essential for the formation of functional NMDA receptors, these findings suggest that the NMDA 533 

receptors are essential for normal development and function of the dentate gyrus. McHugh et al. 534 

(2007) showed that the Cre-mediated removal of NR1 genes is specific to granule cells in the 535 

dentate gyrus. Based on this finding, our following discussion focuses on a role of the NMDA 536 

receptors in granule cells. However, a technical caveat for region- or cell-type-specific knockout 537 

mice is that one cannot completely exclude the possibility that the observed phenotype may be 538 

caused by gene knockout in other regions or cell types than the regions or cell type of interest. 539 

We suggest readers to read our discussion while keeping this caveat in mind. 540 

 541 

The NMDA receptors in granule cells support the normal development of the dentate 542 

gyrus 543 

One of our major findings is that the size of the granule cell layer was smaller in the dorsal 544 

dentate gyrus of DG-NR1 KO mice compared to control mice (Figure 4), suggesting that the NR1 545 

gene in granule cells is required for the normal development of the granule cell layer. This finding 546 
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is consistent with a study by Bannerman and colleagues, which reported a reduced size of the 547 

dentate gyrus in mice lacking the NR1 gene in the hippocampus but not specifically in granule 548 

cells (Bannerman et al., 2012). In contrast to our finding, McHugh et al. (2007) did not report 549 

abnormality in the size of granule cell layer. However, considering high variability of granule cell 550 

layer size among coronal sections along the antero-posterior axis, relatively small reduction in 551 

size (~20%; Figure 4) can be easily missed unless one systematically examines many sections 552 

and quantifies the volume as we did. We further found that this reduced size becomes apparent 553 

as early as at the postnatal age of 3 weeks (Figure 5E, F), which demonstrates the 554 

developmental origin of this deficit.  555 

 556 

We examined neurogenesis during the first weeks of postnatal period, when the majority of 557 

granule cells in the dentate gyrus are generated (Encinas et al., 2013). We did not find any 558 

change in the number of Ki67+ cells up to the postnatal age of 4 weeks (Figure 5B), which 559 

suggests that cell proliferation is intact during postnatal development. In contrast, we detected a 560 

reduction of DCX+ cells starting at the postnatal age of 3 weeks (Figure 5D), indicating that 561 

neurogenesis is impaired in the postnatal, developing dentate gyrus of DG-NR1KO mice. 562 

Because cell proliferation is not affected, this reduction is likely through a later process of 563 

neurogenesis such as neuronal survival. The reduction appears at the same timing as reduced 564 

size of granule cell layer (Figure 5E, F), suggesting that impaired neurogenesis contributes to the 565 

reduction in the size of granule cell layer. 566 

 567 

DG-NR1KO mice show impaired adult neurogenesis in the dentate gyrus 568 

In DG-NR1KO mice, we found impairment in adult neurogenesis in the dorsal dentate gyrus. This 569 

impairment was shown as reduction in Ki67+, DCX+, BrdU+ and BrdU+/Prox1+ cells (Figure 3A-570 

F, H, 9A). Overall, the number of ~4-weeks-old, newly-generated neurons are reduced by >80% 571 

in DG-NR1KO mice (Figure 3H). The reduced ratio of BrdU+/Prox1+ cells at 7 days to 28 days 572 

(Figure 3J) indicates that the survival of newly-generated neurons is compromised. The result 573 

suggests that the NMDA receptors in the granule cells support the survival of new neurons in the 574 

adult dentate gyrus. The finding is consistent with previous studies which showed that the NMDA 575 
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receptor-dependent long-term potentiation increases the survival of newborn neurons in the 576 

dentate gyrus (Bruel-Jungerman et al., 2006) and that the NMDA receptors on immature neurons 577 

regulate their own survival (Tashiro et al., 2006b). 578 

 579 

A reduction of Ki67+ cells indicates a deficit in cell proliferation in adult DG-NR1KO mice, which 580 

was not observed in the postnatal, developing dentate gyrus. Considering that the impairment in 581 

neurogenesis (a reduction of DCX+ cells) and granule cell layer size precedes the reduction of 582 

Ki67+ cells, the effect on cell proliferation may be secondary to the abnormal development of the 583 

dentate gyrus. In addition, this possibility is also supported by the previous finding that the Pomc 584 

promoter initiates transcription in newborn neurons at some time between 3 and 11 days of 585 

neuronal age but not in progenitor cells (Overstreet et al., 2004). Therefore, NR1 gene knockout 586 

is unlikely occur in proliferating cells. 587 

 588 

This reduction of cell proliferation in the dentate gyrus of adult DG-NR1KO mice is in contrast to 589 

the previous study which suggested NMDA receptor activation inhibits cell proliferation (Cameron 590 

et al., 1995; Gould and Cameron, 1997). This study found that the systemic injection of NMDA 591 

receptor agonist and antagonists, respectively, decreases and increase cell proliferation in the 592 

adult dentate gyrus. This discrepancy may be because systemic injection blocks NMDA receptor 593 

function in the brain regions other than the dentate gyrus while NR1 gene removal in DG-NR1KO 594 

mice is specific to the dentate gyrus. Alternatively, it may be due to acute activation/blockade by 595 

the injection of an agonist/antagonist compared with chronic blockade starting from postnatal 596 

development in DG-NR1KO mice. 597 

 598 

We found a reduced proportion of BrdU+ cells expressing Prox1 in DG-NR1KO mice at 28, but 599 

not 7, days after BrdU injection (Figure 3G). The proportion reached ~90% 7 days after BrdU 600 

injection and did not show difference between control and DG-NR1KO mice. By 28 days, the 601 

proportion stayed at ~90% in control mice but reduced to ~60% in DG-NR1KO mice. The 602 

reduced proportion of BrdU+ cells expressing a neuronal marker is often interpreted as reduced 603 

tendency to neuronal differentiation. However, we believe that this reduction was caused by 604 
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selective reduction in the survival of BrdU+/Prox1+ cells in DG-NR1KO mice in combination with 605 

the intact survival of BrdU+/Prox1- cells. However, the reviewer believes that this is partly caused 606 

by reduced neuronal differentiation. We believe that this is unlikely or, if any, makes only a small 607 

contribution because of the following reasons. First, by 7days after BrdU injection, ~90% of 608 

BrdU+ cells had already committed to neuronal fate (Prox1+) and no further increase happened 609 

from 7 to 28 days after BrdU injection in control mice, suggesting that no (or only small) further 610 

neuronal differentiation normally occurs after 7 days. Second, the proportion of BrdU+ cells 611 

expressing Prox1+ reduced from ~90% to ~60%. If neuronal differentiation is a major cause of 612 

this reduction, de-differentiation from neuronal fate (losing Prox1 expression) needs to occur. 613 

Although we believe that reduced neuronal differentiation in DG-NR1KO mice is unlikely, we 614 

agree with the reviewer that our result does not completely exclude this possibility and that 615 

reduced neuronal differentiation or increased de-differentiation may have contributed to reduced 616 

neurogenesis in DG-NR1KO mice.  617 

 618 

Exposure to an enriched environment has previously been shown to increase the survival of 619 

newborn neurons in the adult dentate gyrus (Kempermann et al., 1997; Tashiro et al., 2007), and 620 

our results confirm these findings (Figure 6). Although the overall level of BrdU+/Prox1+ cells 621 

were lower in DG-NR1 KO mice compared to control (Figure 6E), the percentage increase of 622 

BrdU+/Prox1+ cells after exposure to an enriched environment did not differ significantly between 623 

the two genotypes (Figure 6F). Therefore, the NMDA receptors in granule cells are not essential 624 

for enrichment-induced increase in survival of new neurons, although we cannot exclude the 625 

possibility that there is a sub-component of a survival-inducing effect which is dependent on the 626 

NMDA receptors. 627 

 628 

The NMDA receptors in granule cells are required for normal function of the dentate gyrus 629 

The immediate early gene Arc has been shown to be involved in synaptic plasticity in the 630 

hippocampus and in the consolidation of long-term memory (Guzowski et al., 2000: Plath, 2006 631 

#64), and it is known that the expression is initiated by novel environment exploration, learning, 632 
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and high-frequency stimulation (Steward et al., 1998; Guzowski et al., 1999; Guzowski et al., 633 

2001), and is dependent on NMDA receptor function (Czerniawski et al., 2011).  634 

 635 

We found a significantly lower number of Arc+/Prox1+ cells in the DG-NR1 KO compared to the 636 

control mice (Figure 7B), which confirms that Arc expression is dependent on functional NMDA 637 

receptors in granule cells. This reduction is irrespective of whether the mice were exposed to the 638 

novel environment or not. In addition, we found that, upon exposure to the novel environment, 639 

Arc+/Prox1+ cells still increase in DG-NR1KO mice, and in terms of percentage changes, the 640 

novelty-induced increase is higher in DG-NR1KO mice than control (Figure 7C). These findings 641 

indicate that, although Arc expression is dependent on the NMDA receptors, at least some 642 

components of a novelty-induced increase in Arc expression are not dependent on the NMDA 643 

receptors; there may co-exist mechanisms dependent on and independent of the NMDA 644 

receptors. 645 

 646 

Another observation we made was a between-genotype difference in the distribution of 647 

Arc+/Prox1+ cells along the depth of the granule cell layer (Figure 7E). Both control and DG-648 

NR1KO mice had higher numbers of Arc+/Prox1+ cells towards the outer part of the granule cell 649 

layer. However, with or without exposure to the novel environment, control mice increased the 650 

number of Arc+/Prox1+ cells starting from the inner half of the layer. In contrast, DG-NR1KO 651 

mice kept the numbers of Arc+/Prox1+ cells low in the inner half and showed higher number of 652 

Arc+/Prox1+ cells mainly in the most outer part (80-100%) of the layer. This finding suggests that 653 

functioning of the dentate gyrus is compromised in DG-NR1KO mice.  654 

 655 

Overall, these three observed abnormalities in Arc expression, 1) overall reduction in Arc+ 656 

granule cells, 2) an enhanced, novelty-induced increase in terms of percentage changes, and 3) 657 

abnormal distribution across the depth of granule cell layer, suggest that the function of the 658 

dentate gyrus, which is mediated by the Arc gene, may be compromised.  659 

 660 
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The novelty-suppressed feeding test is a conflict paradigm in which a food-deprived mouse has 661 

to choose between going into an open space to get food or stay close to the walls without access 662 

to the food. The latency until the mouse starts to eat the food has been considered as a measure 663 

of anxiety level of the mouse. Santarelli and colleagues found that the blockade of neurogenesis 664 

abolished the behavioural effect of fluoxetine in the novelty-suppressed feeding test (Santarelli et 665 

al., 2003). Adult neurogenesis has been linked to anxiety and mood disorders (Gould et al., 666 

1997; Jacobs et al., 2000). Studies have found increased anxiety after a mild stressor (Snyder et 667 

al., 2011) or increased anxiety without a stressor (Revest et al., 2009) after ablation of adult 668 

neurogenesis. While we did not find a significant difference in the latency to consume food, we 669 

found multiple measurements pointing to an increased tendency for DG-NR1KO mice to explore 670 

the centre of the open field, which is also often considered as a measure reflecting animal’s 671 

anxiety level, for example, in an open field test (Seibenhener and Wooten, 2015). In the open 672 

field test, we did not find similar tendency to spend more time in the inner part of the open field. 673 

However, we detected a significant reduction in fecal counts during the open field test, which has 674 

been considered as an index of lower anxiety level (Seibenhener and Wooten, 2015). From 675 

these mixed results, one may be inclined to interpret it as an indication that DG-NR1KO mice 676 

exhibit lower anxiety level. However, we are hesitant to conclude that the loss of the NMDA 677 

receptors in granule cells results in an anxiety-related phenotype. On the other hand, it is safe to 678 

say that DG-NR1KO mice have behavioural abnormality which is not necessarily based on 679 

compromised memory mechanisms which has been previously characterized (McHugh et al., 680 

2007). This knowledge would be important to interpret their behavioural phenotypes involving 681 

spatial exploration and/or emotion. 682 

 683 

Our work has contributed to the understanding of the role of the NMDA receptors in the normal 684 

development and adult neurogenesis of the dentate gyrus, and that the loss of the NMDA 685 

receptors during brain maturation can contribute to permanent alterations in brain function. 686 

Future work is required to further reveal the complex contribution of the NMDA receptors in 687 

different brain areas to brain development and function.  688 

 689 
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Figure legends 691 

Figure 1. Specificity of Cre expression. A representative image showing YFP signal in Cre+/- 692 

offspring from crossing Pomc-cre+/- and cre-dependent ChR2-YFP reporter lines. Consistent 693 

with McHugh et al., (2007), we found dense expression in the dentate gyrus and sparser 694 

expression in the arcuate nucleus of the hypothalamus and the habenula. We also noted sparse 695 

expression in the optic tract, which McHugh et al. (2007) did not mention but we can observe it in 696 

their figures [Figure 1A and D in McHugh et al. (2007)]. Fluorescence signal in the molecular 697 

layer of the dentate gyrus and stratum lucidum of the CA3 area reflects the dendrites and axons 698 

of granule cells, respectively. Scale bar: 1 mm. 699 

 700 

Figure 2. Enriched housing used in this study.  701 

 702 

Figure 3. Cell proliferation and the survival of new neurons were reduced in the dentate 703 

gyrus of adult DG-NR1KO mice.  A) Representative images visualizing Ki67+ (green) and 704 

DAPI-labeled (red) cells in the dentate gyrus of adult control and DG-NR1KO mice. Scale bar = 705 

250 μm. B) Density of Ki67+ cells in the subgranular zone. C) Representative images showing 706 

DCX+ (green) and DAPI-labeled (red) cells in the dentate gyrus of adult control and DG-NR1 KO 707 

mice. The images were maximum intensity projections of confocal Z stacks and formed by joining 708 

two overlapping images containing adjacent areas. Scale bar = 100 μm. D) Density of DCX+ 709 

cells. E) Representative images showing BrdU+ (green) and Prox1+ (red) cells in adult control 710 

and DG-NR1 KO mice on 7 and 28 days after BrdU injections. Scale bar = 250 μm. F) Density of 711 

BrdU+ cells in the granule cell layer and subgranular zone. G) Proportion of BrdU+ cells 712 

expressing Prox1. H) Density of BrdU+/Prox1+ cells in the granule cell layer. I) Density of 713 

BrdU+/Prox1- cells in the granule cell layer. J) Survival rate of BrdU+/Prox1+ cells from 7 to 28 714 

dpi. Density at 28 days after BrdU injection was divided by mean values of density at 7 days. *: p 715 

< 0.05, **: p < 0.01, ***: p < 0.005, independent-sample t-test, two tailed. 716 

 717 

Figure 4. Reduced size of the granule cell layer in adult DG-NR1KO mice. A) Representative 718 

images showing the granule cell layer visualized by DAPI staining in adult control and DG-NR1 719 
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KO mice. Scale bar = 250 μm. B) Volume of the granule cell layer (GCL) in adult control and DG-720 

NR1 KO mice. Summed volume from three analyzed sections is presented. C) Thickness of the 721 

upper and lower blade of granule cell layer in adult control and DG-NR1 KO mice. D) Length of 722 

the subgranular zone (SGZ) in adult control and DG-NR1 KO mice. *: p < 0.05, ***: p < 0.005, 723 

independent-sample t-test, two tailed. 724 

 725 

Figure 5. Neurogenesis was impaired in the dentate gyrus of postnatal, developing DG-726 

NR1KO mice. A) Representative images showing Ki67+ (green) and DAPI-labeled (red) cells in 727 

the dentate gyrus of 4-week-old control and DG-NR1KO mice. Scale bar = 100 μm. B) Density of 728 

Ki67+ cells in the subgranular zone in 2-, 3-, and 4-week-old control and DG-NR1KO mice. C) 729 

Representative images showing DCX+ (green) and DAPI-labeled (red) cells in the dentate gyrus 730 

of 2-, 3-, and 4-week-old control and DG-NR1KO mice. The images were maximum intensity 731 

projections of confocal Z stacks. Scale bar = 25 μm. D) Density of DCX+ cells in the granule cell 732 

layer of 2-, 3-, and 4-week-old control and DG-NR1KO mice. E) Representative images showing 733 

the granule cell layer visualized by DAPI staining in 2-, 3-, and 4-week-old control and DG-734 

NR1KO mice. Scale bar = 200 μm. F) Volume of the granule cell layer (GCL) in 2-, 3-, and 4-735 

week-old control and DG-NR1KO mice. Summed volume from six analyzed sections is 736 

presented.  *: p < 0.05, **: p < 0.01, ***: p < 0.005, independent-sample t-test, two tailed. 737 

 738 

Figure 6. Exposure to an enriched environment increases the survival of newborn 739 

neurons in DG-NR1KO mice. A) Experimental timeline. B) Representative images showing 740 

BrdU+ (green) and Prox1+ (red) cells in the dentate gyrus of adult control and DG-NR1KO mice 741 

with or without exposure to the enriched environment. Scale bar = 200 μm. C) Density of BrdU+ 742 

cells in the dentate gyrus of adult control and DG-NR1KO mice with or without exposure to the 743 

enriched environment. D) Proportion of BrdU+ cells expressing Prox1. E) Density of 744 

BrdU+/Prox1+ cells in the granule cell layer of adult control and DG-NR1KO mice with or without 745 

exposure to the enriched environment. F) Normalized density of BrdU+/Prox1+ cells in the 746 

granule cell layer of adult control and DG-NR1KO mice with or without exposure to the enriched 747 

environment. Density of each mouse was divided by a mean value of mice without exposure to 748 
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the enriched environment in the same genotype. *: p < 0.05, ***: p < 0.005, Tukey HSD test 749 

(performed because of significant Genotype x Housing interaction in two-way ANOVA). ###: p < 750 

0.005, the main effect of Genotype or Housing (without significant interaction). 751 

 752 

Figure 7. Impairment in novelty-induced Arc gene expression in granule cells of DG-753 

NR1KO mice. A) Representative images showing Arc+ (green) and Prox1+ (red) expressing 754 

cells in the dentate gyrus of adult control and DG-NR1KO mice, which stayed in their home cage 755 

or were exposed to a novel environment. Scale bar = 200 μm. B) Density of Arc+/Prox1+ cells in 756 

the granule cell layer of adult control and DG-NR1KO mice with or without exposure to the novel 757 

environment. C) Normalized density of Arc+/Prox1+ cells in the granule cell layer of adult control 758 

and DG-NR1KO mice with or without exposure to the novel environment. Density of each mouse 759 

was divided by a mean value of mice without exposure to the novel environment in the same 760 

genotype. D) Depth categories divided along the thickness of the granule cell layer. The granule 761 

cell layer (GCL) was divided into five 20%-thickness segments, with 0% starting at the border to 762 

the hilus and 100% at the border to the molecular layer (ML). E) Density distribution of 763 

Arc+/Prox1+ cells along depth. *: p < 0.05, **: p < 0.01, ***: p < 0.005, Tukey HSD test. 764 

 765 

Figure 8. The DG-NR1 KO mice display higher tendency to explore the centre of an open 766 

field during a novelty-suppressed feeding test and show higher fecal counts in an open 767 

field test. A) A square open field used in a novelty-suppressed feeding test. Division of the open 768 

field into the peripheral, inner and centre zone. B) Survival graph for latency to consume food for 769 

adult control and DG-NR1KO mice. C-F) Behavioral measurements in the novelty-suppressed 770 

feeding test for adult control and DG-NR1KO mice. G) A square open field used in an open field 771 

test. Division of a square open field into the peripheral and inner zone. H-J) Behavioral 772 

measurements in the open field test for adult control and DG-NR1KO mice. K) An elevated plus 773 

maze. L-O) Behavioral measurements in the elevated plus maze for adult control and DG-774 

NR1KO mice. *: p < 0.05, **: p < 0.01, independent-sample t-test, two tailed.  775 

 776 
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Figure 9. Graphs showing data from female and male mice separately. Data corresponding 777 

to Figure 3 (A), Figure 4 (B), Figure 5 (C), Figure 7 (D) and Figure 8 (E) are shown separately for 778 

females and males. Statistical results are summarized in Table 1-14. #: p < 0.05, ##: p < 0.01, 779 

###: p < 0.005, the main effect of Genotype or Sex (without significant interaction). &: p < 0.05, 780 

&&: p < 0.01, &&&: p < 0.005, Tukey HSD test (Home cage vs Novel environment including both 781 

sexes together and performed each genotype separately. Performed as a simple effects test 782 

because of significant Genotype x Exposure interaction). 783 

 784 

Figure 10. Graphs showing data from < 60- and ≥ 60-day-old mice separately. Data 785 

corresponding to Figure 6 (A), Figure 7 (C) and Figure 8 (B-F) are shown separately for < 60- 786 

and ≥ 60-day-old mice. (D) Relationship of the densities of BrdU+ and BrdU+/Prox1+ cells with 787 

the age of mice at the time of the first BrdU injection. Statistical results are summarized in Table 788 

15-26. ***: p < 0.005, Tukey HSD test, performed because of significant Genotype x Housing 789 

interaction in two-way ANOVA. #: p < 0.05, ###: p < 0.005, the main effect of Genotype, &: p < 790 

0.05, &&: p < 0.01, &&&: p < 0.005, Tukey HSD test (Home cage vs Novel environment including 791 

both age groups together and performed separately for each genotype. Performed as a simple 792 

effects test for significant Genotype x Exposure interaction). 793 

  794 
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    Sex Genotype Interaction 

Fig. 3B 
p 0.932 0.027 0.272 

F(1, 9) 0.008 6.917 1.371 

Fig. 3D 
p 0.937 6 x 10-6 0.645 

F(1, 9) 0.007 87.273 0.227 

Fig. 3F     
(7 days) 

p 0.010 0.002 0.465 

F(1, 12) 9.215 16.405 0.571 

Fig. 3F     
(28 days) 

p 0.015 5 x 10-6 0.069 

F(1, 13)  7.750 55.532 3.920 

Fig. 3G     
(7 days) 

p 0.314 0.567 0.448 

F(1, 12) 1.104 0.346 0.615 

Fig. 3G     
(28 days) 

p 0.861 5.4 x 10-5 0.798 

F(1, 13)  0.032 34.581 0.091 

Fig. 3H     
(7 days) 

p 0.130 0.028 0.829 

F(1, 12) 2.637 6.210 0.049 

Fig. 3H     
(28 days) 

p 0.022 4 x 10-6 0.064 

F(1, 13)  6.708 57.234 4.113 

Fig. 3I     
(7 days) 

p 0.171 0.276 0.432 

F(1, 12) 2.121 1.301 0.662 

Fig. 3I     
(28 days) 

p 0.360 0.390 0.744 

F(1, 13) 0.889 0.790 0.112 

Fig. 3J 
p 0.020 1.2 x 10-5 0.081 

F(1, 13) 6.98 46.673 3.575 

Table 1. Two-way ANOVA results for Figure 9A (sex analysis for Figure 3). 795 

 796 

 Genotype Female Male 

Fig. 3B, D 
Control 3 3 

KO 3 4 

Fig. 3F-I      
(7 days)/ 

Control 3 4 

KO 5 4 

Fig. 3F-I     
(28 days) 

Control 5 3 

KO 5 4 

Fig. 3J 
Control 5 3 

KO 5 4 

Table 2. Sample size (Unit: mice)  for Figure 9A (sex analysis for Figure 3).  797 
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    Sex Genotype Interaction 

Fig. 4B 
p 0.052 3.7 x 10-4 0.524 

F(1, 9) 5.014 30.588 0.440 

Fig. 4C 
(Upper) 

p 0.093 1.9 x 10-4 0.582 

F(1, 9) 3.53 36.882 0.326 

Fig. 4C 
(Lower) 

p 0.792 0.004 0.928 

F(1, 9) 0.074 14.933 0.009 

Fig. 4D 
p 0.523 0.030 0.894 

F(1, 9) 0.441 6.667 0.019 

Table 3. Two-way ANOVA results for Figure 9B (sex analysis for Figure 4). 798 

 799 

 Genotype Female Male 

Control 3 3 

KO 3 4 

Table 4. Sample size (Unit: mice) for Figure 9B (sex analysis for Figure 4). 800 

 801 

   Sex Genotype Interaction 

Fig. 5B 
(Week 2) 

p 0.794 0.595 0.224 

F(1, 9) 0.073 0.304 1.704 

Fig. 5B 
(Week 3) 

p 0.729 0.533 0.525 

F(1, 11) 0.126 0.414 0.431 

Fig. 5B 
(Week 4) 

p 0.797 0.632 0.947 

F(1, 11) 0.069 0.243 0.005 

Fig. 5D 
(Week 2) 

p 0.780 0.673 0.028 

F(1, 8) 0.084 0.192 7.180 

Fig. 5D 
(Week 3) 

p 0.813 0.014 0.818 

F(1, 11) 0.058 8.443 0.055 

Fig. 5D 
(Week 4) 

p 0.999 0.010 0.463 

F(1, 11) 0.000 9.805 0.579 

Fig. 5F 
(Week 2) 

p 0.811 0.306 0.162 

F(1, 9) 0.060 1.176 2.316 

Fig. 5F 
(Week 3) 

p 0.533 0.014 0.977 

F(1, 11) 0.415 8.621 0.001 

Fig. 5F 
(Week 4) 

p 0.766 0.023 0.790 

F(1, 11) 0.093 6.928 0.074 

Table 5. Two-way ANOVA results for Figure 9C (sex analysis for Figure 5). 802 

 803 

Female Male 
Fig. 5D 

(Week 2) p = 0.253 p = 0.363 

Table 6. Simple effects test results (control vs DG-NR1KO, Tukey HSD test, two-tailed, df = 804 
8) after significant interaction for Figure 9C (sex analysis for Figure 5). 805 
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 Genotype Female Male 

Fig. 5B,F 
(Week 2) 

Control 2 3 

KO 4 4 

Fig. 5D 
(Week 2) 

Control 2 3 

KO 3 4 

Fig. 5B-F 
(Week 3) 

Control 4 3 

KO 4 4 

Fig. 5B-F 
(Week 4) 

Control 3 4 

KO 4 4 
Table 7. Sample size (Unit: mice) for Figure 9C (sex analysis for Figure 5). 806 

 807 

  Sex Genotype Exposure Sex 
*Genotype 

Sex 
*Exposure 

Genotype 
*Exposure 

Sex 
*Genotype 
*Exposure 

Fig. 7B 
p 0.136 2.2 x 10-11 2.2 x 10-8 0.870 0.884 0.002 0.468 

F(1, 27) 2.360 118.582 60.911 0.027 0.022 12.068 0.541 

Fig. 7C 
p 0.157 0.011 2.3 x 10-9 0.581 0.157 0.011 0.581 

F(1, 27) 2.120 7.548 76.610 0.312 2.120 7.548 0.312 

Table 8. Three-way ANOVA results for Figure 9D (sex analysis for Figure 7). 808 

 809 

  
  Sex Genotype Exposure Sex 

*Genotype 
Sex 

*Exposure 
Genotype 
*Exposure 

Sex 
*Genotype 
*Exposure 

Fig. 7E           
(Between-

subjects effects) 

p 0.730 4.1 x 10-10 3.1 x 10-7 0.885 0.417 0.145 0.145 

F(1, 27) 0.121 90.569 45.456 0.021 0.680 2.250 2.248 

Table 9. Four-way mixed ANOVA results, between-subject effects, for Figure 9D (sex 810 
analysis for Figure 7). 811 

 812 

    Depth Depth 
* Sex 

Depth 
*Genotype 

Depth 
*Exposure 

Depth * 
Sex 

*Genotype 

Depth * 
Sex 

*Exposure 

Depth 
*Genotype 
*Exposure 

Depth       
*Sex 

*Genotype 
*Exposure 

Fig. 7E           
(Within-subjects 

effects) 

p 6.7 x 10-21 0.138 3.7 x 10-5 5.2 x 10-7 0.634 0.690 0.117 0.266 

F(4, 108) 41.121 1.781 7.162 10.148 0.641 0.563 1.890 1.323 

Table 10. Four-way mixed ANOVA, within-subject effects, for Figure 9D (sex analysis for 813 
Figure 7). 814 

 815 

Genotype Exposure Female Male 

Control 
Home cage 4 2 

Novel environment 5 4 

KO 
Home cage 5 5 

Novel environment 5 5 

Table 11. Sample size (Unit: mice) for Figure 9D (sex analysis for Figure 7).  816 
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Fig. 8B 
p = 0.538  

χ2(1) = 0.380  

Table 12. Log rank test result (stratified with sex) for Figure 9E (sex analysis for Figure 8). 817 

 818 

  Sex Genotype Interaction 

Fig. 8C 
p 0.303 0.188 0.183 

F(1, 39) 1.090 1.799 1.836 

Fig. 8D 
(Peripheral) 

p 0.460 0.034 0.619 

F(1, 39) 0.557 4.813 0.251 

Fig. 8D 
(Inner) 

p 0.776 0.151 0.397 

F(1, 39) 0.082 2.141 0.734 

Fig. 8D 
(Centre) 

p 0.247 0.020 0.758 

F(1, 39) 1.381 5.880 0.096 

Fig. 8E 
p 0.926 0.010 0.887 

F(1, 39) 0.009 7.322 0.021 

Fig. 8F 
p 0.593 0.894 0.930 

F(1, 39) 0.291 0.018 0.008 

Fig. 8H 
p 0.432 0.194 0.915 

F(1, 32) 0.633 1.761 0.012 

Fig. 8I 
(Peripheral) 

p 0.380 0.983 0.693 

F(1, 32) 0.792 4.7 x 10-4 0.158 

Fig. 8I 
(Inner) 

p 0.380 0.983 0.693 

F(1, 32) 0.792 4.7 x 10-4 0.158 

Fig. 8J 
p 0.731 0.030 0.770 

F(1, 32) 0.120 5.187 0.087 

Fig. 8L 
p 0.447 0.777 0.410 

F(1, 22) 0.599 0.082 0.704 

Fig. 8M 
p 0.431 0.755 0.457 

F(1, 22) 0.644 0.100 0.574 

Fig. 8N 
p 0.288 0.646 0.910 

F(1, 22) 1.186 0.216 0.013 

Fig. 8O 
p 0.144 0.578 0.081 

F(1, 22) 2.301 0.319 3.335 

Table 13. Two-way ANOVA results for Figure 9E (sex analysis for Figure 8). 819 

  820 
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 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 

Table 14. Sample size (Unit: mice) for Figure 9E (sex analysis for Figure 8). 821 

 822 

  
  Age Genotype Housing Age 

*Genotype 
Genotype   
*Housing 

Age 
*Housing 

Age 
*Genotype 
*Housing 

Fig. 6C 
p 0.0016 4.4 x 10-8 1.5 x 10-5 5.7 x 10-4 0.0015 0.431 0.035 

F(1, 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 

F(1, 22) 0.696 12.100 1.097 0.030 0.014 0.170 0.006 

Fig. 6E 
p 0.0011 1.1 x 10-8 1.3 x 10-5 6.5 x 10-4 7.0 x 10-4 0.322 0.037 

F(1, 22) 14.025 78.211 31.159 15.720 15.538 1.028 4.920 

Fig. 6F 
p 0.279 0.282 4.0 x 10-4 0.185 0.282 0.279 0.185 

F(1, 22) 1.234 1.216 17.361 1.871 1.216 1.234 1.871 

Table 15. Three-way ANOVA results for Figure 10A, B (age analysis for Figure 6). 823 

 824 

 Genotype < 60 days ≥ 60 days  

Fig. 6C 
Control p = 1.9 x 10-4 p = 0.182  

KO p = 1.000 p = 0.575  

Fig. 6E 
Control p = 1.7 x 10-4 p = 0.156  

KO p = 1.000 p = 0.737  

Table 16. Simple effects test results (standard vs enrichment, Tukey HSD, two –tailed, df = 825 

22) after significant interaction for Figure 10A, B (age analysis for Figure 6). 826 

 827 

  Housing < 60 days ≥ 60 days 

Control 
Standard 53.2 ± 4.1 67.0 ± 5.7 

Enrichment 51.0 ± 1.7 66.0 ± 3.8 

KO 
Standard 53.8 ± 4.7 65.5 ± 3.7 

Enrichment 51.0 ± 1.7 65.6 ± 3.4 

Table 17. Age (Mean ± S.D.) for Figure 10A, B (age analysis for Figure 6). 828 

  829 
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  Housing < 60 days ≥ 60 days 

Control 
Standard 5 2 

Enrichment 3 4 

KO 
Standard 4 4 

Enrichment 3 5 

Table 18. Sample size (Unit: mice) for Figure 10A, B (age analysis for Figure 6). 830 

 831 

  BrdU+ BrdU+/Prox1+ 

  Standard Enriched Standard Enriched 

Control 
p = 0.202 p = 0.015 p = 0.250 p = 0.017 

r = -0.548 r = -0.851 r = -0.503 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 

 832 

Table 19. Pearson correlation between age and density for Figure 10A, B (age analysis for 833 

Figure 6). 834 

 835 

    Age Genotype Exposure Age 
*Genotype 

Genotype   
*Exposure 

Age 
*Exposure 

Age 
*Genotype 
*Exposure 

Fig. 7B 
p 0.197 1.1 x 10-11 4.0 x 10-8 0.536 0.0017 0.541 0.515 

F(1, 27) 1.752 125.968 57.115 0.394 12.081 0.383 0.435 

Fig. 7C 
p 0.519 0.0072 1.0 x 10-9 0.367 0.0072 0.519 0.367 

F(1, 27) 0.428 8.444 82.771 0.841 8.444 0.428 0.841 

Table 20. Three-way ANOVA results for Figure 10C (age analysis for Figure 7). 836 

 837 

  Age Genotype Exposure Age 
*Genotype 

Age 
*Exposure 

Genotype 
*Exposure 

Age 
*Genotype 
*Exposure 

Fig. 7E      
(Between 
subjects 
effects) 

p 0.295 1.9 x 10-10 3.8 x 10-7 0.384 0.259 0.246 0.847 

F(1, 27) 1.141 97.378 44.365 0.784 1.332 1.406 0.038 

 838 

Table 21. Four-way repeated measures ANOVA results, between-subject effects, for Figure 839 

10C (age analysis for Figure 7). 840 

  841 



 

37 
 

 842 

    Depth Depth 
*Age 

Depth 
*Genotype 

Depth 
*Exposure 

Depth 
*Age 

*Genotype 

Depth 
*Age 

*Exposure 

Depth 
*Genotype 
*Exposure 

Depth 
*Age 

*Genotype 
*Exposure 

Fig. 7E     
(Within- 
subjects 
effects) 

p 3.4 x 10-20 0.735 2.0 x 10-4 1.0 x 10-5 0.295 0.697 0.101 0.822 

F(4, 108) 39.068 0.501 6.039 8.041 1.248 0.553 1.992 0.380 

Table 22. Four-way repeated measures ANOVA results, within-subject effects, for Figure 843 

10C (age analysis for Figure 7). 844 

 845 

  Exposure < 60 days ≥ 60 days 

Control 
Home cage 4 2 

Novel environment 5 4 

KO 
Home cage 6 4 

Novel environment 6 4 

 846 

Table 23. Sample size (Unit: mice) for Figure 10C (age analysis for Figure 7). 847 

  848 
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Fig. 8B 
p = 0.660  

χ2(1) = 0.194  

Table 24. Log rank test results (stratified with Age) for Figure 10D (age analysis for Figure 849 
8B-F). 850 

 851 

    Age Genotype Interaction 

Fig. 8C 
p 0.052 0.582 0.489 

F(1, 39) 4.022 0.308 0.487 

Fig. 8D 
(peripheral) 

p 0.862 0.058 0.951 

F(1, 39) 0.031 3.815 0.004 

Fig. 8D 
(Inner) 

p 0.669 0.186 0.900 

F(1, 39) 0.185 1.808 0.016 

Fig. 8D 
(Centre) 

p 0.750 0.044 0.941 

F(1, 39) 0.103 4.312 0.005 

Fig. 8E 
p 0.495 0.010 0.526 

F(1, 39) 0.474 7.23 0.410 

Fig. 8F 
p 0.940 0.770 0.742 

F(1, 39) 0.006 0.087 0.110 

Table 25. Two-way ANOVA results of Figure 10D (age analysis for Figure 8B-F). 852 

 853 

  < 60 days ≥ 60 days 

Control 17 5 

KO 16 5 

 854 

Table 26. Sample size (Unit: mice) for Figure 10D (age analysis for Figure 8B-F). 855 
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