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Abstract 
 
Neuron generation persists throughout life in the hippocampus but is altered in animal 
models of neurological and neuropsychiatric diseases, suggesting that disease-associated 
decline in cognitive and emotional hippocampal-dependent behaviours might be functionally 
linked with dysregulation of post-natal neurogenesis.
Depletion of the adult neural stem/progenitor cell (NSPCs) pool and neurogenic decline have 
been recently described in mice expressing synaptic susceptibility genes associated with 
autism spectrum disorder (ASDs). 
To gain further insight into mechanisms regulating neurogenesis in mice carrying mutations 
in synaptic genes related to monogenic ASDs, we used the R451C Neuroligin3 knock-in 
(Nlgn3 KI) mouse, which is characterized by structural brain abnormalities, deficits in 
synaptic functions, and reduced sociability. 
We show that the number of adult-born neurons, but not the size of the NSPC pool, was 
reduced in the ventral dentate gyrus in knock-in mice. Notably, this neurogenic decline was 
rescued by prolonged administration of the antidepressant fluoxetine. Sustained treatment 
also improved KI mice sociability and increased the number of c-Fos active adult-born 
neurons, compared with vehicle-injected KI mice.
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Our study uncovers neurogenesis-mediated alterations in the brain of R451C KI mouse, 
showing that the R451C Nlgn3 mutation leads to lasting, albeit pharmacologically reversible, 
changes in the brain, affecting neuron formation in the adult hippocampus. Our results 
suggest that fluoxetine can ameliorate social behaviour in KI mice, at least in part, by 
rescuing adult hippocampal neurogenesis, which may be relevant for the pharmacological 
treatment of ASDs. 
 

Introduction
 
In the mammalian brain, type 1 cells (also known as radial glia-like cells) located in the 
subgranular zone (SGZ) of the dentate gyrus (DG) of the hippocampus produce immature 
neurons that over the course of several weeks mature and become functionally integrated 
into the pre-existing hippocampal circuitries (Zhao, Deng, & Gage, 2008); (Kuhn, Toda, & 
Gage, 2018); (Kempermann et al., 2018); (Jessberger & Gage, 2014).
Adult hippocampal neurogenesis (AHN) is involved in spatial and contextual learning and 
emotional and social behaviours. For example, genetic ablation of AHN in mice kept under 
restraint conditions caused increased anxiety and depressive-like behaviour (Snyder, 
Soumier, Brewer, Pickel, & Cameron, 2011); (Tunc-Ozcan et al., 2019); (Anacker et al., 
2018), whereas genetic approaches leading to increased AHN exerted opposite effects (Hill, 
Sahay, & Hen, 2015). Stimulation of the entorhinal cortex-DG circuitry causes an 
antidepressant effect in mice that mechanistically relies on AHN (Yun et al., 2018). 
Moreover, some of the effects of the antidepressant fluoxetine, a selective serotonin 
reuptake inhibitor, involve AHN modulation and adult-born neuron activation (David et al., 
2009); (Santarelli et al., 2003); (Tunc-Ozcan et al., 2019); (Surget et al., 2011). Concerning 
social behaviour,  AHN modulation by genetic or chemogenetic approaches in mice exposed 
to chronic social defeat stress, produced social behavioural changes (Anacker et al., 2018); 
(Opendak et al., 2016) .
More recently, AHN defects have gained attention as possible contributors to 
neurodevelopmental disorders, including ASDs (Bicker, Nardi, Maier, Vasic, & Schmeisser, 
2021). ASDs are characterized by impairment in social interaction and communication, 
cognitive deficits, anxiety, repetitive/stereotypic behaviours, and are often accompanied by 
seizures and atypical morphological brain structure (Goh & Peterson, 2012); (Postema et al., 
2019). The pathogenesis of ASDs involves the occurrence of aberrant neuronal network 
formation and remodelling during brain development that underlies the early onset of 
pathological symptoms (Polšek, Jagatic, Cepanec, Hof, & Simić, 2011). The persistence of 
such alterations in adulthood might also affect neuronal plasticity linked to adult 
neurogenesis, although this remains to be elucidated.
Consistently, the black and tan brachyury mouse strain (BTBR mice), an animal model of 
idiopathic autism displaying repetitive behaviour and deficits in social interaction (Ellegood & 
Crawley, 2015); (Meyza et al., 2013), exhibits a strong reduction in both progenitor 
proliferation and newly born neurons in the adult hippocampus (Stephenson et al., 2011). 
Experimental rescue of AHN in BTBR mice was shown to ameliorate mice sociability (Cai et 
al., 2019). AHN impairment was also observed in two mouse strains carrying mutations in 
the ASDs-risk genes Cntnap2 and Shank3, encoding for synaptic proteins. Both mouse 
strains show significant reductions in the number of GFAP+ radial glia-like cells and Dcx+ 
immature neurons in the ventral DG (Cope et al., 2016). AHN inhibition in transgenic GFAP–
thymidine kinase rats produces behavioural changes in social preference similar to those 
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observed with the social disruption paradigm  (Opendak et al., 2016), suggesting that the 
decreased sociability observed in Shank3 mutant mice may depend on AHN impairment 
(Cope et al., 2016).
To assess whether AHN impairment is a hallmark in different ASDs mouse models and to 
understand how AHN and ASDs affect each other, it is crucial to extend these analyses to 
additional models.
In this study, we investigated AHN in the R451C Neuroligin 3 knock-in (Nlgn3 KI) mouse 
model, reproducing the human mutation found in an ASD-affected Swedish family (Jamain et 
al., 2003). 
Nlgn3 belongs to a family of postsynaptic cell adhesion proteins that binds the presynaptic 
partner neurexin and are involved in specialization, function, and plasticity of synapses 
(Südhof, 2008). Nlgn3 is expressed at both the excitatory and inhibitory synapses (Budreck 
& Scheiffele, 2007), while two other members, Nlgn1 and Nlgn2, are localized predominantly 
at excitatory and inhibitory synapses, respectively (Chubykin et al., 2007); (Varoqueaux, 
Jamain, & Brose, 2004). The R451C Nlgn3 KI mice show behavioural alterations related to 
ASDs. Specifically, these mice display repetitive behaviours and a reduction in the time 
spent exploring an unfamiliar caged mouse during the three-chamber test, indicating a social 
interaction deficit (Rothwell et al., 2014); (Etherton et al., 2011). 
There is limited evidence of involvement of Nlgns involvement in AHN (Schnell, Bensen, 
Washburn, & Westbrook, 2012); (Schnell, Long, Bensen, Washburn, & Westbrook, 2014); 
(Krzisch et al., 2017); (Xu et al., 2019) and no data are available in the context of Nlgn 
mutations associated with ASDs.
In this study, we show a reduction of adult-born neurons in the ventral DG of R451C Nlgn3 
KI mice in comparison with wild-type (WT) mice. Intriguingly, sustained administration of the 
antidepressant drug fluoxetine rescued AHN and improved sociability of Nlgn3 KI mice. 
These results suggest that AHN impairment contributes, at least partially, to the altered 
sociability in the R451C Nlgn3 mouse model and point to AHN as a potential target for the 
pharmacological treatment of ASDs.

Methods and Materials
 
Experimental Subjects
B6;129-Nlgn3tm1Sud/J knock-in mice (R451C KI) and parental strain (WT) were a kind gift 
from Dr. Andrea Barberis (Italian Institute of Technology, Genova).  All experimental 
procedures were performed on male littermate mice, obtained from mating either WT or 
R451C KI male mice with heterozygous females (Nlgn3 is an X-linked gene), which 
produced 50:50 WT and R451C KI offspring (L Trobiani et al., 2018). Mice were provided 
with ad libitum food and water and kept on at 12 h light/12 h dark cycle at a temperature of 
20 ± 1 °C. All analyses were performed on two-month-old  (P60) or three months-old mice 
and were tested between 9.00 a.m. and 16.00 p.m. For genotyping, the R451C mutation was 
detected by PCR amplification of the genomic DNA, extracted from the mouse tail using 
primers previously described  (Tabuchi et al., 2007). The DNA was used for PCR 
amplification of the insertion site of the loxP site in the NLGN3 gene (F 5’-
TGTACCAGGAATGGGAAGCAG-3’; R 5’-GGTCAGAGCTGTCATTGTTCAC-3’). Amplified 
DNA shows a 40bp size shift for the R451C-NLG3 genomic DNA in comparison to WT.
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Ethical Approval
Mouse sacrifice was done according to the animal protocol and to the current Italian law 
(D.lgs. 26/2014). All experimental procedures and protocols were approved by the Ethical 
Committee for Animal Research of the Italian Ministry of Public Health (Authorization N. 
541/2016-PR; 351/2021-PR). 
 
Experimental Design and Procedures

Immunohistochemical and social behavioural analyses after BrdU and Fluoxetine 
injection
 
BrdU was used to study cell proliferation and hippocampal neuron formation in 1-month-old 
mice (P40-P42), according to a previously established protocol (Taupin, 2007).
In order to assess neural stem progenitor cell proliferation, intraperitoneal (i.p.) injections of 
bromodeoxyuridine (BrdU, 150 mg/Kg i.p. 10 µL/g, Sigma-Aldrich, S.Louis, MO, USA) were 
given three times daily and mice sacrificed two hours after the last injection.
In order to quantify adult-born neuron formation, mice received a single daily i.p. BrdU 
injection for five days and then were sacrificed two or eight weeks after the last 
administration (see experimental timeline, Figure 1A). 
In order to assess the effect of the antidepressant fluoxetine on both AHN and mice 
behaviour, animals were administered with BrdU during the first five days in combination 
with fluoxetine or vehicle; Fluoxetine hydrochloride (10 mg/Kg, 10 µL/g in 0.9% NaCl; Alfa 
Aesar) or vehicle (0.9% NaCl) were administered daily by i.p. injections along 20 
consecutive days as shown in the scheme (Figure 3). Animals were then either directly 
sacrificed for AHN immunohistochemical quantification or analysed 24 hrs after the last 
fluoxetine injection for social behaviour, and then sacrificed to assess adult-born neuron 
activation.
 
For immunohistochemical analyses, mice were deeply anesthetized by i.p. injection of Zoletil  
(Tiletamine-Zolazepam 1:1 100 mg/Kg) and Rompun (Xilazine 20 mg/Kg), brains were 
collected after trans-cardiac perfusion with PBS followed by   4% paraformaldehyde (PFA 
Sigma-Aldrich) in PBS (pH 7,5; 137 mM NaCl, 2.7 mM KCl, 1.4 mM KH2PO4, 6.45 mM 
Na2HPO4), and kept overnight in PFA 4%, equilibrated in sucrose/saline 30% for 2 days at 4 
°C and then cryopreserved at -80°C until the use. 
 
 
Immunohistochemistry and cell quantification on hippocampal sections
 
Immunohistochemistry was performed on serial free-floating coronal sections cut at 30 µm 
thickness in a freezing microtome (Leica) from brains cryopreserved at -80°C. Free-floating 
sections were immunolabeled for single or multiple markers using fluorescent methods.
 
Quiescent and activated NSCs, progenitor cells, newly-formed neurons and activated 
neurons were identified using specific combinations of the following primary antibodies:  
rabbit polyclonal anti Ki67 antibody (catalog number ab15580; Abcam; 1:200 dilution), 
mouse monoclonal anti GFAP antibody (catalog number G6171; Sigma; 1:500 dilution), goat 
polyclonal antibody against Sox2 (catalog number 239218; Abcam; 1:300 dilution); goat 
polyclonal anti DCX antibody ( catalog number SC-8066; Santa Cruz; 1:300 dilution); mature 

Page 4 of 31Journal of Neurochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

https://sciwheel.com/work/citation?ids=1244076&pre=&suf=&sa=0


For Peer Review

differentiated neurons were identified using mouse monoclonal anti NeuN antibody ( catalog 
number MAB377; Millipore; 1:200 dilution); rabbit polyclonal anti c-Fos antibody (catalog 
number D82C12; Cell Signalling Technology; 1:1000 dilution); rat primary monoclonal anti 
BrdU antibody (catalog number MCA2060T; Serotech; 1:400 dilution)
Free-floating sections were pre-treated with 0,1 M glycine (Sigma-Aldrich) in PBS for 10 
minutes, and with Citrate Buffer 10 mM pH 6 for 15 minutes at 50 °C. In order to reduce the 
background DCX staining was performed after a pre-treatment  with NaBH4 0,5% in H2O for 
10 min depending on the antibody used. For BrdU detection, a DNA denaturing step with 2N 
HCl 40 min at room temperature, followed by 0.1 M sodium borate buffer pH8.5 for 10 min 
was performed before the next step. 
Tissue sections were blocked with a buffer solution (Tris-buffered saline) containing 5% 
donkey normal serum and 0,1 % Triton X-100, for not less than 1 hour and then incubated 
overnight at 4°C with the specific primary antibodies diluted in the appropriate blocking 
solutions. 
For BrdU staining, the rat primary monoclonal anti BrdU antibody (MCA2060T, Serotech, 
1:400) was diluted in a solution containing 5% normal donkey serum, 0,1% Triton X-100, and 
0,03% Tween20.
Secondary antibodies were all from Jackson ImmunoResearch (used 1:200) as follows: a 
donkey anti-rat antiserum Cy3-conjugated (BrdU labelling); a donkey anti-goat antiserum 
cy3-conjugated (DCX labelling) and Alexa-647 (Sox2 labelling); a donkey anti-rabbit 
antiserum conjugated to Alexa-488 (Ki67 labelling) and cy3-conjugated (c-Fos labelling). 
Nuclei were counterstained by Hoechst 33342 (Sigma-Aldrich; 1 μg/ml in PBS).
Confocal single plane images and Z-stacks with orthogonal projections of the 
immunostained sections were obtained using a TCS SP5 confocal laser scanning 
microscope (Leica Microsystems). 
The quantification analysis was performed considering that adult-born DG granule cells 
(GCs) regulate emotional and social behaviour or contextual and spatial learning depending 
on their position along the longitudinal axis, described as dorsoventral in rodents (Kheirbek 
et al., 2013); (Strange, Witter, Lein, & Moser, 2014); (Fanselow & Dong, 2010). We 
quantified separately adult-born neurons into dorsal and ventral segments along the 
longitudinal axis of the DG of R451C Nlgn3KI and WT mice. We defined 8 continuous 30-
µm-thick coronal sections as a block of 240 µm-length and divided the whole DG 
(longitudinal length of 2,88 mm) into 12 blocks, six blocks (from 1 to 6) categorized as the 
dorsal DG and six blocks (from 7 to 12) categorized like the ventral DG as shown 
Supplementary figure 1. For quantification analysis, we examined one-in-eight series of 
30µm free-floating coronal sections that are representative of each block. To obtain the total 
estimated number of cells the average number of 12 sections was multiplied by the total 
number of sections (≅96 for the whole DG, ≅48 for ventral and dorsal DG) comprising the 
entire dentate gyrus (2.88 mm 240µm apart) as previously described (Gould, Beylin, 
Tanapat, Reeves, & Shors, 1999); (Jessberger, Römer, Babu, & Kempermann, 2005) . 
 
 
 
Three-chamber Test and adult-born neuron activation assessment
 
The three-chamber test was performed in a rectangular Plexiglas arena (70x20x20 cm) 
divided into three chambers (each 23x20x20 cm) that communicate by removable doors 
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situated on the walls of the center chamber. Two Plexiglas perforated cylinder containers 
(with 8 cm diameter) are placed in the middle of each side chamber to contain the unfamiliar 
mouse. Mice were subjected to the three-chamber test 24 hrs after the last fluoxetine (or 
vehicle) administration (see method details-fluoxetine administration). The subject mouse (8-
12 weeks old) was placed in the empty arena for the habituation phase, which consisted of 
10 min of free exploration. Subsequently, the mouse was kept in the center chamber by 
closing the removable doors and the two cylinders were placed in the side chambers, one 
was left empty and the other one contained a non-familiar social stimulus (novel WT male 
mice, 6-8 weeks-old). The doors were removed, and the subject mouse freely explored the 
arena for 10 min (sociability session). The stimuli mice were habituated to the Plexiglas 
cylinders during three sessions of 10 min on three non-consecutive days before the 
experiment. The position of the social stimulus was randomly assigned and 
counterbalanced. Before the social novelty preference session, the subject mouse was kept 
a second time in the center chamber to allow the position of a new non-familiar conspecific 
in the previously empty cylinder. The doors were opened for the second time and the subject 
mouse explored the arena for 10 min (social novelty preference). After each session all 
chambers were cleaned with 70% ethanol and dried to prevent olfactory cue bias. The 
sessions were video-tracked and recorded using Anymaze (Stoelting) and an experimenter 
blind to the treatment and genotype of the subjects manually scored behaviour by measuring 
the following parameters: time spent sniffing, time spent in each of the three chambers, 
latency to the first entry and distance travelled. We analysed each 10 minutes session by 
dividing it into two 5 minutes parts; in the results, we present only data from the first 5 
minutes of each session, in which main differences emerged, as previously shown (Bariselli 
et al., 2018) . 
Animals were sacrificed 1-hour after the end of the task and immunostained for c-Fos (a 
proxy marker of neuronal activity) and BrdU, as described above. The time point chosen 
corresponds to the peak of c-Fos expression after neuron activation (Kovács, 1998). 
 

Materials

REAGENT or RESOURCE SOURCE IDENTIFIER

ANTIBODIES   

Rabbit anti-Ki67 Abcam Cat#ab15580; 
RRID:AB_443209

Rat anti-BrdU                 Bio-Rad / Serotec Cat#MCA2060T,RRID:AB_1001
5293

Mouse anti-NeuN Millipore Cat# MAB377, 
RRID:AB_2298772

Goat anti-DCX Santa Cruz 
Biotecnology

Cat#SC-8066; 
RRID:AB_2088494
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Goat anti-Sox2 Abcam Cat#239218; RRID: 
AB_2814791

Mouse anti-GFAP Sigma Cat#G6171;RRID: AB_1840893

Rabbit anti-c-Fos Cell Signalling 
Technology

Cat#D82C12;RRID: 
AB_10557109

Donkey anti-rat,Cy3-conjugated Jackson 
ImmunoResearch

Cat#712-165-150, 
RID:AB_2340666

Donkey anti-goat,Cy3-
conjugated

Jackson 
ImmunoResearch

Cat#705-165-003, 
RID:AB_2340411

Donkey anti-goat,Alexa-647 Jackson 
ImmunoResearch

Cat#705-605-147;RRID: 
AB_2340437

Donkey anti-rabbit,Alexa-488 Jackson 
ImmunoResearch

Cat#711-545-152, 
RID:AB_2313584

Donkey anti-rabbit, Cy3-
conjugated

Jackson 
ImmunoResearch

Cat#711-167-003, 
RID:AB_2340606

Donkey anti-mouse,Alexa-488 Jackson 
ImmunoResearch

Cat#715-545-151, 
RID:AB_2341099

CHEMICALS, PEPTIDES   

Hoechst 33342 ThermoFisher Cat#H3570

Bromodeoxyuridine Sigma-Aldrich Cat#B9285

Fluoxetine hydrochloride Alfa Aesar Cat#J61197

Dako mounting medium Dako Cat# S3023

SOFTWARE & OTHER 
SOURCES

  

Prism GraphPad software N/A

Nikon Eclipse TE300 Nikon N/A

TCS SP5 confocal laser 
scanning microscope

Leica Microsystems N/A
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Statistical analysis
All the experiments were performed at least three times on independent biological samples, 
as indicated in the figure legends. WT and KI mice were analyzed in equal numbers and 
were randomly assigned to the experiments, no data or outliers were removed for the 
statistical analysis. The Student’s t-test was used to compare data with normal distribution. 
The two-way ANOVA was used to estimate the total cell number mean of specific cell 
subpopulations (determined by immunohistochemistry). The sample size for the behavioural 
experiment was determined a priori based on preliminary results using the software 
G*Power (effect size=1.8; =0.5, power=0.9)
Time spent sniffing and latency to first entry in the three-chambers test were analyzed by 
three-way repeated-measures ANOVA with the factors chamber (repeated measure, two 
levels: stranger1-object or stranger1-stranger2, for sociability and social novelty preference 
session respectively), genotype (two levels: WT and KI), and treatment (two levels: 
fluoxetine and vehicle). Time spent in the chamber was analyzed by three-way repeated-
measures ANOVA with the factors chamber (repeated measure, three levels: stranger1-
center-object or stranger1-center-stranger2 respectively for sociability or social novelty 
preference session), genotype (two levels: WT and KI), and treatment (two levels: fluoxetine 
and vehicle). When appropriate, further comparisons were carried out by Fisher’s PLSD 
post-hoc test.
When data were expressed as percentage ratio, the Kruskal-Wallis test, which accounts for 
the assumption of non-normal distribution, was used to compare the effects of fluoxetine on 
genotypes, followed by Dunn’s post-hoc test for further comparisons. All analyses were 
performed using Prism8 (Graph-Pad 8 Software Inc.). Data were expressed as mean values 
± SEM. Differences were considered statistically significant at *p≤0.05, and **p≤0.01, ***p ≤ 
0.001.  

  
Results
 
Decreased number of adult-born neurons in the DG of R451C Neuroligin3 KI mice
 
In order to quantify AHN, adult R451C Nlgn3 KI and WT mice (P42) were injected daily with 
BrdU for five days (150 mg/kg i.p.) and then sacrificed two weeks after the last injection 
(P60) (Figure 1A). Fixed hippocampal coronal sections were stained for BrdU and either the 
neuroblast marker DCX (Figure 1B,C) or the post-mitotic neuronal marker NeuN (Figure 
1D,E). The number of newly-formed neurons was analyzed in the dorsal and ventral DG, 
involved in regulation of learning and spatial memory, and in anxiety-like and emotional 
behavior, respectively (Cameron & Glover, 2015); (Anacker & Hen, 2017). We observed 
reduced numbers of both BrdU/DCX (Figure 1C) and BrdU/NeuN double-positive cells 
(Figure 1E) in the ventral DG of KI mice, relative to WT, while no differences were observed 
in the dorsal DG.
Adult-born neurons were additionally counted eight weeks after the last BrdU injection. Also 
at this time point, a significant reduction in the number of BrdU/NeuN double-positive cells 
was observed in the ventral but not in the dorsal DG of KI mice in comparison with WT mice 
(Figure 1F). These data demonstrate that the R451C Nlgn3 mutation causes a consistent 
and lasting decrease in the number of newborn neurons, indicating that AHN is reduced in KI 
mice and that this decrease is unlikely to be explained by a delay in neuronal 
differentiation/maturation. 
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Progenitor subpopulation type2b/type3 was reduced in the DG of R451C Neuroligin3 
KI mice
 
To dissect the potential mechanisms underpinning the reduction in neurogenesis observed 
in R451C Nlgn3 mice, we looked first at overall DG proliferation. Two-month-old mice 
received three injections of BrdU at two hours intervals and were sacrificed two hours after 
the last injection (see scheme Supplementary Figure 2A). DG proliferation was studied by 
quantifying the number of cells positive for either BrdU or Ki67 (a marker of cells engaged in 
cell cycle progression) in the ventral and in the dorsal DG subregions.  No difference 
between the two genotypes was observed (Supplementary Figure 2B,C). 
As BrdU or Ki67 staining does not allow to unequivocally distinguish the identity of 
proliferating cells, the differential expression of key markers was used to identify different 
stem cell and progenitor subpopulations. According to previously established methods 
(Kempermann, Jessberger, Steiner, & Kronenberg, 2004), hippocampal sections were 
stained by combining antibodies against specific markers of the following cell types:  
quiescent type 1 cells (Sox2+/GFAP+/ Ki67-), activated type 1 cells (Sox2+/GFAP+/ Ki67+), 
type 2a cells (Sox2+/GFAP-/Ki67+) and type 2b-Type3 cells (Ki67+/DCX+). The number of 
type 1 quiescent, type1 activated and type 2a subpopulations did not differ between R451C 
Nlgn3KI and WT mice, neither in the ventral nor in the dorsal DG (Figure 2A,B,C,D). In 
contrast we observed a significant reduction of Type 2b-Type3 cells (Ki67+/DCX+) in the DG 
of R451C Nlgn3 KI as compared to WT (Figure 2 E,F). These data suggest that, 
mechanistically, a reduction of the neuroblast proliferation may be responsible for the 
decreased AHN of KI animals. 
 
Fluoxetine rescues neurogenesis in the hippocampus of R451C Neuroligin3 KI mice
 
In order to evaluate whether the impaired neurogenesis in Nlgn3 KI mice could be rescued, 
we injected mice with fluoxetine (FLX), a serotonin-reuptake inhibitor, which is known to 
promote hippocampal neurogenesis (Zhou, Lee, Ro, & Suh, 2016); (David et al., 2009); 
(Santarelli et al., 2003). Two-month-old mice were treated daily with FLX (10mg/kg i.p. 10 
μl/g) or vehicle (VEH) over 20 consecutive days. During the first five days of FLX treatment, 
mice also received one BrdU injection per day (150 mg/kg i.p. 10 µl/g) (see timeline, Figure 
3A). This protocol enables the detection of 15-to 20-days-old newly formed neurons.
We found that the number of BrdU+/NeuN+ adult-born neurons in the ventral DG of FLX-
treated KI mice reached levels comparable to those observed in WT mice, injected either 
with VEH or FLX (Figure 3 C), indicating that the treatment with FLX rescues ventral 
hippocampal neurogenesis in R451C Nlgn3 mice. Notably, FLX did not affect neurogenesis 
in WT animals using the same experimental conditions (Figure 3 B). 

Fluoxetine rescues the social interaction deficits in R451C Neuroligin3 KI mice
 
Several studies have described social interaction deficits in R451C Nlgn3 KI mice that are 
related to the autistic phenotype (Tabuchi et al., 2007); (Etherton et al., 2011); (Jaramillo, 
Liu, Pettersen, Birnbaum, & Powell, 2014). Since FLX has been shown to ameliorate 
sociability in other mouse models of ASDs (Chadman, 2011); (Uutela et al., 2014); (Payet et 
al., 2018), we tested whether the social deficits caused by the R451C mutation could be 
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ameliorated by treatment of KI mice with FLX (see scheme in Figure 3A). Social behaviour 
was studied by the three-chamber test one day after the end of the treatment.
Sociability and social novelty preference were assessed by measuring the time spent sniffing 
either the object or the stranger and either the familiar stranger or the novel stranger (Figure 
4 A,D); the time spent in the three chambers (Figure 4 B,E); and the latency to the first entry 
in the side chambers (Figure 5 C,F). 
During the sociability session, VEH-treated WT mice spent more time sniffing the stranger 
than the object, while VEH-treated KI mice did not show any difference between time spent 
sniffing the object or the stranger, indicating a sociability impairment (Figure 4 A). R451C KI 
mice spend less time interacting with a novel caged adult, while they did not change the time 
of interaction with a novel inanimate object, in agreement with previous results (Tabuchi et 
al., 2007); (Jaramillo et al., 2014); but see also (Chadman et al., 2008); (Etherton et al., 
2011). The treatment of KI mice with FLX increased the time spent sniffing the stranger 
mouse in comparison to VEH-injected mice, indicating a preference for the stranger. No 
differences were observed between WT VEH and WT FLX groups. These results indicate an 
increased social behaviour in response to FLX, which is specifically restricted to the KI 
genotype (Figure 4 A). The time spent in the three chambers during the sociability session 
showed that KI VEH mice spent more time in the object chamber than in the stranger 
chamber, and they spent less time in the stranger chamber with respect to WT VEH mice 
confirming a sociability impairment. FLX significantly increased the time that the KI mice 
spent in the stranger chamber and reduced the time that they spent in the center chamber 
with respect to the vehicle group (Figure 4 B). Interestingly, besides spending more time in 
the center chamber, KI VEH mice also showed increased latency to the first entry in the 
stranger chamber compared to WT VEH mice, which was significantly decreased by FLX 
treatment (Figure 4 C).
During the three-chamber test locomotor activity was also measured in KI and WT mice, 
expressed as the distance travelled in the different chambers. In the sociability session the 
total distance travelled increased both in treated and untreated KI mice with respect to the 
WT (total distance: WT VEH=24.3±1.5 m, WT FLX= 23±1.2 m, KI VEH= 29.3±3.7 m, KI 
FLX= 32.9±2 m; effect of genotype: F(1,32)=9.75, p≤0.01). However, while both KI VEH and 
KI FLX mice showed increased locomotor activity in the object chamber compared to WT, 
fluoxetine-treated KI mice also showed increased locomotor activity in the stranger chamber 
compared to vehicle-treated mice (Supplementary Figure 3A).
During the subsequent social novelty preference session, both WT and KI mice spent more 
time in the stranger 2 chamber and sniffing the stranger 2 (Figure 4 D,E). The latency to the 
first entry was similar between the two chambers with either stranger 1 or stranger 2 (Figure 
4F). Furthermore, no difference was observed in distance travelled between the genotypes 
either in presence or in the absence of fluoxetine (Supplementary Figure 3B). Thus, these 
results do not show differences in the social novelty preference between genotypes and 
treatments, in accordance with published data (Etherton et al., 2011). Overall, these data 
indicate that KI mice showed behavioural alterations in sociability
when compared with WT animals, which could be rescued by the treatment with
FLX.
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The number of activated adult-born neurons increases in R451C Neuroligin3 KI mice 
treated with fluoxetine
 
To assess whether adult-born neurons get activated we used c-Fos immunohistochemistry 
to map neuronal activity (Guzowski et al., 2005); (Bernstein, Lu, Botterill, & Scharfman, 
2019); (Anacker et al., 2018) in a subset of animals sacrificed one hour after the three-
chamber test. c-Fos was detected in neurons identified by the expression of the mature 
neuronal marker NeuN (Supplementary Figure 4A). Furthermore, double staining for c-Fos 
and BrdU demonstrated that adult-born neurons were functionally active (Figure 5A)
Confirming our results of increased adult-born neurons (Figure 3), we found that number of 
BrdU+/c-Fos+cells was significantly higher in ventral DG of the FLX-treated KI mice than in 
VEH-injected KI mice, while FLX did not affect the number of BrdU+/c-Fos+ in the ventral DG 
of WT animals (Figure 5B). We also found an increased number of BrdU+/c-Fos+ cells in the 
dorsal DG of FLX-treated KI animals (Figure 5C), albeit the magnitude was lower compared 
to the ventral DG. Unexpectedly, fluoxetine reduced the number of BrdU+/c-Fos+ cells in the 
dorsal DG of WT animals (Figure 5C). 
Overall, these data demonstrate that FLX treatment augmented both the absolute number 
and the number of activated adult-born neurons in KI animals. The finding that adult-born 
neurons expressed a marker of neuronal activity upon the three-chamber suggests their 
potential contribution to animal behaviour.
 

Discussion
 
AHN impairment has been observed in animal models of neurological and neuropsychiatric 
diseases (Sacco, Cacci, & Novarino, 2018); (Toda, Parylak, Linker, & Gage, 2019); (Kang, 
Wen, Song, Christian, & Ming, 2016), as well as during physiological aging (Lupo, Gioia, 
Nisi, Biagioni, & Cacci, 2019); (Micheli et al., 2021).
More recently, AHN defects have been studied in animal models of neurodevelopmental 
disorders, including ASDs (Opendak et al., 2016); (Cai et al., 2019); (Stephenson et al., 
2011); (Amiri et al., 2012); (Luo et al., 2010); (Lazarov et al., 2012); (Cope et al., 2016). 
These studies have highlighted the correlation between adult neurogenesis dysregulation 
and behavioural deficits associated with ASDs, albeit the causative link remains to be 
determined. In light of this, a deeper understanding of how ASDs and AHN reciprocally affect 
each other is needed  (Bicker et al., 2021).
 We studied regulation of AHN in the R451C Nlgn3 KI mouse model, expressing a previously 
identified human Nlgn3 mutation associated with a monogenic form of ASD (Jamain et al., 
2003); (Tabuchi et al., 2007); (L Trobiani et al., 2018); (Laura Trobiani et al., 2020).
We found that the number of newly generated neurons is reduced in the ventral DG of the KI 
in comparison to WT mice and that this neurogenic deficit was rescued by sustained 
pharmacological treatment with the antidepressant FLX. Furthermore, by using c-Fos 
expression as a proxy of neuronal activity, we also demonstrate that adult-born neurons 
generated in the ventral DG of FLX-treated KI animals are functionally active during a 
hippocampal-dependent behavioural task (three chambers test). Notably, FLX treatment not 
only increased neurogenesis and the number of activated newborn neurons in mice but also 
improved social behaviour in R451C Nlgn3 KI mice. This suggests a potential neurogenesis-
mediated effect of FLX on the behaviour of these mice. 
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A decrease in the number of immature neurons and progenitor cells with radial glia 
morphology  has been reported in the ventral SGZ of transgenic mice mutated in ASD-
associated post-synaptic proteins Cntnap2 and Shank (Cope et al., 2016). Our data show 
decreased adult-born neuron generation in R451C Nlgn3 KI mice but, at variance with 
Cntnap2 and Shank3 mouse models, we did not find any difference in the size of the NSC 
pool (quiescent or activated) or of the Type 2a progenitor subpopulation (Sox2/Ki67-
positive). Instead, we report a reduction in the proliferating, neuronal committed, type 2b-
type3 neuroblasts subpopulation. The type 2b-type3 pool impairment might be responsible 
for the decline of newly formed neurons in R451C Nlgn3 KI mice. 
Interestingly, the neurogenic decline in the ventral DG of KI mice could be pharmacologically 
reverted by FLX treatment. The effectiveness of FLX in restoring neurogenesis was 
previously demonstrated in animals living in a stressful environment or subjected to long-
lasting treatments with corticosterone (David et al., 2009; Murray, Smith, & Hutson, 2008; 
Perera et al., 2011). Serotoninergic receptors have been found widely expressed within the 
hippocampus, including hilar interneurons, type 2a and type 2b progenitors, immature, and 
mature neurons (Alenina & Klempin, 2015)), indicating that serotonin-dependent 
neurogenesis could occur through an indirect mechanism or directly on progenitors. 
Interestingly, 5HT1A receptor blockage reduced the proliferation of NSPCs in vitro, and 
selective antagonists of 5-HT1A postsynaptic receptors reduced the number of newly formed 
cells in the DG  (Radley & Jacobs, 2002). As fluoxetine targets the serotonin system by 
inhibiting serotonin re-uptake, and serotonergic projections are dense in the ventral but not 
in the dorsal hippocampus (Gage & Thompson, 1980); (Sahay & Hen, 2007), this could 
explain our results on the major effect of FLX on AHN in the ventral DG.
The different responsiveness to fluoxetine treatment has  also been reported to rely on the 
mouse strain and genetic background (Navailles, Hof, & Schmauss, 2008); (David et al., 
2009). Noteworthy, FLX treatment did not exert any effect in WT mice, indicating an 
increased sensitivity to the drug in KI mice when compared with WT animals. The regional-
specific effect of the Nlgn3 mutation in the excitatory/inhibitory balance and hippocampal 
circuit reorganization (Etherton et al., 2011); (Tabuchi et al., 2007) might explain the 
differences between the WT and KI genotypes in terms of FLX-dependent neurogenesis 
modulation. 
The hippocampus is functionally heterogeneous along the dorsoventral axis  (Strange et al., 
2014), with cognitive and mood/emotional/social behaviour regulation mainly depending on 
the dorsal and ventral hippocampus respectively. Thus, it is noteworthy that the 
neurogenesis impairment and FLX pro-neurogenic effects were essentially restricted to the 
ventral DG of R451C Nlgn3 KI mice. This prompted us to study the FLX effect on the social 
behaviour of R451C Nlgn3 mice. FLX has been shown to ameliorate behavioural alterations 
in several mouse models (Chadman, 2011); (Uutela et al., 2014); (Payet et al., 2018) and is 
used in ASD patients (Aman, Lam, & Van Bourgondien, 2005); (Oswald & Sonenklar, 2007). 
However, our study is the first to assess FLX effects on the social behaviour of R451C Nlgn3 
KI mice 
In the absence of FLX, we confirmed sociability impairment in KI mice with respect to the 
WT, as previously described by Powell and colleagues, reporting no preference for the social 
target during the three-chamber test (Jaramillo et al., 2014). The Südhof group also reported 
sociability impairment in the novel home cage activity test, and during the three-chamber test 
in R451C Nlgn3 KI (Tabuchi et al., 2007); (Etherton et al., 2011). In contrast, other groups 
did not report any alteration in the sociability of KI mice on hybrid or C57BL6 background; 
(Chadman et al., 2008); (Etherton et al., 2011). As the genetic background plays an 
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important role in modifying the penetrance of a particular autism-associated mutation, such 
difference among studies might reflect differences in the genetic background of KI strains 
(Jaramillo et al., 2018; Moy et al., 2004). We also reported that the locomotor activity in 
R451C Nlgn3 KI animals was increased in comparison with WT mice (Burrows et al., 2015). 
Following FLX treatment R451C Nlgn3 KI, but not WT mice, showed a significant increase in 
the time sniffing the stranger, and in the time spent in the stranger chamber, as well as a 
decrease in the latency to the first entry in the stranger chamber.
FLX-mediated social improvement in KI mice was accompanied by an increased number of 
activated ventral DG adult-born neurons, suggesting that adult-born neurons functionally 
contributed to R451C Nlgn3 social behaviour. However, both WT and KI mice showed a 
complex pattern of adult-born neuron activation in the different DG subregions of mice after 
testing in the three-chamber, possibly mirroring the heterogeneity of the neural inputs to the 
DG (Catavero, Bao, & Song, 2018).
Based on recent experimental evidence, the idea of a direct relationship between sociability 
and AHN has been gaining support. For example, it has been reported that AHN ablation 
produces social preference behavioural changes (Opendak et al., 2016) and chemogenetic 
inhibition of ventral DG adult-born neuron activity in mice subjected to a chronic defeat social 
stress produced strong avoidance of a novel mouse in a social interaction test (Anacker et 
al., 2018). In contrast, mice subjected to a chronic defeat paradigm and conditionally 
depleted for the pro-apoptotic gene Bax showed increased neurogenesis and increased 
social interaction time. This study pinpoints that ventral adult-born neurons confer resilience 
against stress-related abnormal behaviour, including sociability deficits (Anacker et al., 
2018). Clearly, our data do not directly demonstrate causality between the fluoxetine-
mediated rescue of sociability and neurogenesis in KI mice. For example, fluoxetine 
antidepressant-like activity has been reported to be mediated either through neurogenesis-
dependent or neurogenesis-independent mechanisms, involving the hippocampus and other 
brain regions (e.g. amygdala, nucleus accumbens, or cingulate cortex) (David et al., 2009); 
(Micheli, Ceccarelli, D’Andrea, & Tirone, 2018). The use of additional pharmacological or 
genetic methods to modulate adult neurogenesis and newborn neuron activity more 
specifically will help to get a deeper insight into the relation between AHN and the 
behavioural alterations of R451C Nlgn3 KI mice. 
Overall, we describe for the first time the detrimental effect of the ASD-associated mutation 
R451C Nlgn3 on AHN and provide evidence that both social and neurogenesis deficits could 
be pharmacologically rescued. These data point to AHN manipulation as a potential 
therapeutic target to mitigate social deficits in some forms of ASDs and may open new 
avenues for the pharmacological treatment of these disorders. 
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Figures and Figure Legends
 
Figure 1. Quantification of the number of immature and mature neurons in the DG of 
wild-type and knock-in mice. 
A) Schematic representation of the experimental protocol: P42 mice were injected daily for 
five consecutive days (P42-P46) with BrdU and then sacrificed after two (P60) or eight 
(P106) weeks. B) Representative confocal 3D reconstruction from the Z-stack of a DG 
section from a WT mouse showing DCX (red) and BrdU (green) immunopositive cells, 
separately or as a merged; nuclei were labelled with Hoechst (blue). C) Quantification of 
BrdU+/DCX+ cells in the entire, dorsal or ventral DG of wild-type and knock-in mice. Note that 
a significant reduction in the number of BrdU+/DCX+ neurons was restricted to the ventral DG 
of KI with respect to the WT (whole DG: WT 1509±85.98, n=7; KI 1169±175.5, n=7; p≥0.05; 
dorsal DG: WT 702.8 ± 63.89, n=7; KI 578.4±90.76, n=7; p≥0.05; ventral DG: WT 848. 
±57.99, n=7; KI 606.7±91.98, n=7; p≤0.05 D) Representative confocal image of a WT DG 
section double-stained for BrdU (red), and NeuN (green) E) Quantification of the BrdU/NeuN 
double-positive cells in the whole, dorsal and ventral DG of the hippocampus of wild-type 
and knock-in mice two weeks after the last BrdU injection. Note that only in the ventral DG 
there was a significant reduction in the number of adult-born neurons in KI with respect to 
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WT mice (whole DG: WT 4085±363.3, KI 3153±227.2, p≤0,05; dorsal DG: WT 1973±163.8, 
KI 1691±163.4, p≥0,05; ventral DG: WT 2143±207.4, n=7; KI 1433 ± 100, p≤0.01; n=7;  F) 
Quantification of BrdU+/NeuN+cells in the whole, dorsal and ventral DG of the hippocampus 
of wild-type and knock-in mice sacrificed 8 weeks after the last BrdU injection (P106). The 
reduction of BrdU/NeuN double-positive neurons was only found in the ventral DG of KI with 
respect to WT mice (BrdU+/NeuN+ cells whole DG: WT 1716 ± 324,9, n=3; KI 1495 ± 332,5, 
n=3. p≥0,05; dorsal DG: WT 953,1 ± 313, n=3; KI 904,3 ± 261,7, n=3, p≥0,05; ventral DG: 
WT 803,9 ± 37,35, n=3; KI 563 ± 77,5, n=3 p≤0,05. Student’s t-test  * p≤0.05. Values are 
expressed as means ±SEM. Scale bar 50 µm.
 
 
Figure 2. Quantification of the number of quiescent and proliferating neural stem 
progenitor cells in the DG of wild-type and knock-in mice.
A) Representative confocal image, with orthogonal projections of triple-positive cells showing 
co-expression of GFAP (red), Ki67 (green) and Sox2 (blue). B) Quantification of 
Sox2+/GFAP+/ Ki67- quiescent NSCs (whole DG: WT 4555±251.8; KI 4359±241.8; dorsal 
DG: WT 1911±147.4; KI 2110±80.09; ventral DG: WT 2715±382.7; KI 2266±209.6; n=3,ns 
p>0.05); C) Quantification of Sox2+/GFAP+/Ki67+ activated NSCs  (whole DG: WT 
447.1±56.14; KI 342.9±67.53; dorsal DG: WT 212.9±24.73; KI 157.1±28.16, p>0.05; ventral 
DG: WT 238.2±40.61; KI 190.1±44.27; n=3, ns p>0.05; D) Quantification of Sox2+/GFAP-

/Ki67+ Type 2a progenitor cells  (whole DG: WT 576.6±72.61; KI 570.6±63.12; dorsal DG: 
WT 256.2±37.16; KI 280.9±31.98; ventral DG: WT 332.8±35.77, n=3; KI 291±32.25, n=3, ns 
p>0.05). E) Representative confocal images with orthogonal projections of cells co-labeled 
for DCX (red) and Ki67 (green). Cell nuclei were labeled with Hoechst (blue). Scale bars 50 
µm. F) Quantification of Ki67+/DCX+ Type 2b/Type 3 neuroblasts (whole DG: WT 
1083±58.26; 791.± 47.72; dorsal DG: WT 502.1±36.3; KI 355.5±50; ventral DG: WT 
575.8±27.36; 429.8±22.17; n=7; Student’s t-test * p≤0.05 **p≤0.01). Note that neuroblasts 
are reduced in KI with respect to WT mice. 
 
 
Figure 3. Quantification of adult-born neurons formed in the DG of wild-type and 
knock-in mice after fluoxetine treatment.
A) Scheme of the experimental protocol. Quantification of BrdU/NeuN positive cells in the B) 
dorsal and C) ventral DG of wild-type and knock-in mice. There is a significant reduction of 
BrdU/NeuN positive neurons in KI VEH with respect to WT VEH mice in the ventral but not in 
the dorsal DG. The number of BrdU/NeuN cells in KI mice treated with fluoxetine increased, 
approximating that of WT VEH-treated and WT FLX-treated mice. Despite a robust increase 
in BrdU/NeuN positive cells in the FLX-treated KI mice, no difference was found with respect 
to the KI VEH-treated mice. D) Percentage ratio of BrdU+/NeuN+ on BrdU positive cells in the 
dorsal DG was unaffected in both KI and WT mice. E) Percentage of BrdU+/NeuN+ out of 
BrdU positive cells in the ventral DG. The differentiation rate was significantly increased in KI 
FLX-treated with respect to KI VEH mice (Kruskal-Wallis test p≤0.05, post-hoc Dunn’s test: 
KI VEH vs KI FLX p<0.05).
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Figure 4. Analysis of sociability and social novelty preference during the three-
chamber behavioural test in wild-type and knock-in mice treated with fluoxetine and 
vehicle.
Social behaviour was studied by analysing the following parameters: time sniffing the 
object/stranger or the familiar/novel stranger (A, D); time spent in the three chambers (B, E); 
latency to the first entry (C, F).
Sociability analysis: A) time sniffing (chamber F(1,32)=26.83 p≤0.0001; genotype 
F(1,32)=5.14 p≤0.05; treatment F(1,32)=0.09 p>0.05; treatment*genotype F(1,32)= 3.65 
p=0.06; object WT VEH vs stranger WT VEH p≤0.01 object KI VEH vs stranger KI VEH 
p>0.05; stranger WT VEH vs stranger KI VEH p≤0.01; stranger KI VEH vs stranger KI FLX 
p≤0.05; object KI FLX vs stranger KI FLX p≤0.01 with post-hoc LSD’s test). B) Time in the 
chamber (chamber F(2,64)=41 p<0.0001; chamber*genotype F(2,64)=3,25 p≤0.05; 
chamber*treatment*genotype F(2,64)=3 p=0.06; object chamber KI VEH vs stranger 
chamber KI VEH p≤0.01; stranger chamber KI VEH vs stranger chamber WT VEH p≤0.01; 
strange chamber KI FLX vs stranger chamber KI VEH p≤0.01; center chamber KI FLX vs 
center chamber KI VEH p≤0.05 with LSD’s test). C) Latency to the first entry (treatment 
F(1,32)=5.37 p≤0.02; stranger*genotype F(1,32)=6.56 p≤0.01; stranger KI VEH vs stranger 
WT VEH p<0.05, stranger KI VEH vs stranger KI FLX p<0.05, LSD’s test.
Social novelty preference analysis: D) time sniffing novelty F(1,32)= 49.2 p<0.0001; chamber 
time: chamber F(2,64)=106 p<0.0001treatment F(1,32)=1.9 p>0.05; genotype F(1,32)=0.58 
p>0.05). E) Time in chamber (chamber F(2,64)=106 p<0.0001; treatment F(1,32)=0.3 
p>0.05; genotype F(1,32)=0.02 p>0.05). F) Latency to first entry (treatment F(1,32)= 0.01, 
p>0.05; genotype F(1,32)=1.81 p>0.05). n=9; * p≤0.05, ** p≤0.01 LSD’s test.
             
 
Figure 5. Quantification of activated newborn neurons immediately after the three-
chamber behavioural test in animals treated with fluoxetine and vehicle.
A) Active adult-born neurons were identified by immunohistochemical detection of BrdU/c-
Fos double-positive cells in free-floating DG containing sections obtained from mice 
sacrificed 1 hour after the end of the three-chamber behavioural tests.  B-C-D) Quantification 
of the number of activated newborn neurons in the DG. B) ventral DG: the number of 
BrdU+/c-Fos+ cells increased in KI FLX with respect to KI VEH. This number even exceeds 
that of WT mice. Treatment F(1,23)= 4.1 p≤0.05; KI FLX vs KI VEH p≤0.05, KI FLX vs WT 
VEH p≤0.05, LSD’s test. C) Dorsal DG: the number of BrdU+/c-Fos+ cells was lower in KI 
VEH than in WT VEH mice. Fluoxetine treatment increased BrdU+/c-Fos+ cells in KI, while 
decreased their number in WT mice. Genotype X treatment interaction. F(1,23)=14.54 
p<0.001; WT VEH vs KI VEH p≤0.001, KI VEH vs KI FLX p≤0.05, LSD’s test. D) Whole DG: 
the number of BrdU+/c-Fos+ cells was reduced in KI VEH mice with respect to WT VEH. 
Fluoxetine increased BrdU+/c-Fos+ cells in KI mice with respect to the VEH treated group. 
Genotype X treatment interaction F(1,23) =8.9 p<0.01; WT VEH vs KI VEH p≤0.05, KI VEH 
vs KI FLX p≤0.01, LSD’s test, n=7.* p≤0.05, ** p≤0.01, *** p≤0.001, LSD’s test. 
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Supporting information
Supplementary Figure 1. Coronal sections showing dorsal and ventral DG blocks.
Three-dimensional model (left top corner) of the hippocampus in the context of the whole 
mouse brain generated in BrainExplore (Lau et al., 2008), a 3D application of the Allen 
Reference Atlas (www.brain-map.org), and 12 representative fluorescence images of 30-µm-
thick brain coronal sections collected in 1 in 8 series, divided into dorsal (from #1 to #6) and 
ventral (from #7 to #12) DG; scale bar 200µm.
 
 
Supplementary figure 2. Quantification of proliferating BrdU+ and Ki67+ cells in the DG 
of wild-type and knock-in mice.
(A) Scheme of the experimental protocol: two-month-old mice were injected three times 
every two hours with BrdU and then sacrificed. (B) Quantification of BrdU+ cells in the whole, 
dorsal and ventral DG of the hippocampus of wild-type and knock-in mice did not reveal any 
difference in terms of proliferation (cell number in the whole DG: WT 2173 ± 257.4, n=7; KI 
2273 ± 295.4, n=7; dorsal DG: WT 1083 ± 141.6, n=7; KI 1132 ± 156.2, n=7; ventral DG: WT 
1120 ± 159.1, n=7; KI 1102 ± 116.4, n=7; Student’s t-test, p> 0.05). (C)Quantification of 
Ki67+ cells in the whole, dorsal and ventral DG did not reveal any difference between wild-
type and knock-in mice (Ki67+cells whole DG: WT 3710±385.6, KI 3421±421.7; dorsal DG: 
WT 1683±208.2, KI 1530±236.7; ventral DG: WT 2073±233.2, KI 1892±241.3; n=7; p>0.05, 
Student’s t-test).
 
Supplementary Figure 3. Locomotor activity in vehicle- or fluoxetine-injected WT and 
KI mice during the three-chamber behavioural test. 
A) Sociability session analysis: distance travelled (genotype F(1,32)=6.65 p≤0.01 ; chamber 
F(2,64)=26.57 p≤0.0001; chamber*genotype F(2,64)=4.94 p≤0.01; object chamber KI VEH 
vs object chamber WT VEH p≤0.05; object chamber WT FLX vs object chamber KI FLX 
p≤0.01; stranger chamber KI VEH vs stranger chamber KI FLX p≤0.05 with LSD’s test). B) 
Social novelty preference analysis: distance travelled (genotype F(1,32)=11.2 p<0.01; 
chamber F(2,64)=37.3 p<0.0001); * p≤0.05, ** p≤0.01 LSD’s test. 
 
Supplementary figure 4. Immunohistochemical detection of dentate gyrus active 
mature  neurons.
A) Representative confocal images of the DG of WT VEH mice, with orthogonal projections 
from Z-stacks showing active neurons co-expressing c-Fos (red) and NeuN (green), The 
staining confirms that the c-Fos positive cells were post-mitotic mature neurons.
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Figure 1. Quantification of the number of immature and mature neurons in the DG of wild-type and knock-in 
mice. 

A) Schematic representation of the experimental protocol: P42 mice were injected daily for five consecutive 
days (P42-P46) with BrdU and then sacrificed after two (P60) or eight (P106) weeks. B) Representative 

confocal 3D reconstruction from the Z-stack of a DG section from a WT mouse showing DCX (red) and BrdU 
(green) immunopositive cells, separately or as a merged; nuclei were labelled with Hoechst (blue). C) 

Quantification of BrdU+/DCX+ cells in the entire, dorsal or ventral DG of wild-type and knock-in mice. Note 
that a significant reduction in the number of BrdU+/DCX+ neurons was restricted to the ventral DG of KI 
with respect to the WT (whole DG: WT 1509±85.98, n=7; KI 1169±175.5, n=7; p≥0.05; dorsal DG: WT 

702.8 ± 63.89, n=7; KI 578.4±90.76, n=7; p≥0.05; ventral DG: WT 848. ±57.99, n=7; KI 606.7±91.98, 
n=7; p≤0.05 D) Representative confocal image of a WT DG section double-stained for BrdU (red), and NeuN 
(green) E) Quantification of the BrdU/NeuN double-positive cells in the whole, dorsal and ventral DG of the 
hippocampus of wild-type and knock-in mice two weeks after the last BrdU injection. Note that only in the 
ventral DG there was a significant reduction in the number of adult-born neurons in KI with respect to WT 
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mice (whole DG: WT 4085±363.3, KI 3153±227.2, p≤0,05; dorsal DG: WT 1973±163.8, KI 1691±163.4, 
p≥0,05; ventral DG: WT 2143±207.4, n=7; KI 1433 ± 100, p≤0.01; n=7;  F) Quantification of 

BrdU+/NeuN+cells in the whole, dorsal and ventral DG of the hippocampus of wild-type and knock-in mice 
sacrificed 8 weeks after the last BrdU injection (P106). The reduction of BrdU/NeuN double-positive neurons 
was only found in the ventral DG of KI with respect to WT mice (BrdU+/NeuN+ cells whole DG: WT 1716 ± 

324,9, n=3; KI 1495 ± 332,5, n=3. p≥0,05; dorsal DG: WT 953,1 ± 313, n=3; KI 904,3 ± 261,7, n=3, 
p≥0,05; ventral DG: WT 803,9 ± 37,35, n=3; KI 563 ± 77,5, n=3 p≤0,05. Student’s t-test  * p≤0.05. 

Values are expressed as means ±SEM. Scale bar 50 µm. 

247x323mm (300 x 300 DPI) 
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Figure 2. Quantification of the number of quiescent and proliferating neural stem progenitor cells in the DG 
of wild-type and knock-in mice. 

A) Representative confocal image, with orthogonal projections of triple-positive cells showing co-expression 
of GFAP (red), Ki67 (green) and Sox2 (blue). B) Quantification of Sox2+/GFAP+/ Ki67- quiescent NSCs 

(whole DG: WT 4555±251.8; KI 4359±241.8; dorsal DG: WT 1911±147.4; KI 2110±80.09; ventral DG: WT 
2715±382.7; KI 2266±209.6; n=3,ns p>0.05); C) Quantification of Sox2+/GFAP+/Ki67+ activated NSCs 
 (whole DG: WT 447.1±56.14; KI 342.9±67.53; dorsal DG: WT 212.9±24.73; KI 157.1±28.16, p>0.05; 

ventral DG: WT 238.2±40.61; KI 190.1±44.27; n=3, ns p>0.05; D) Quantification of Sox2+/GFAP-/Ki67+ 
Type 2a progenitor cells  (whole DG: WT 576.6±72.61; KI 570.6±63.12; dorsal DG: WT 256.2±37.16; KI 

280.9±31.98; ventral DG: WT 332.8±35.77, n=3; KI 291±32.25, n=3, ns p>0.05). E) Representative 
confocal images with orthogonal projections of cells co-labeled for DCX (red) and Ki67 (green). Cell nuclei 

were labeled with Hoechst (blue). Scale bars 50 µm. F) Quantification of Ki67+/DCX+ Type 2b/Type 3 
neuroblasts (whole DG: WT 1083±58.26; 791.± 47.72; dorsal DG: WT 502.1±36.3; KI 355.5±50; ventral 
DG: WT 575.8±27.36; 429.8±22.17; n=7; Student’s t-test * p≤0.05 **p≤0.01). Note that neuroblasts are 

reduced in KI with respect to WT mice. 
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Figure 3. Quantification of adult-born neurons formed in the DG of wild-type and knock-in mice after 
fluoxetine treatment. 

A) Scheme of the experimental protocol. Quantification of BrdU/NeuN positive cells in the B) dorsal and C) 
ventral DG of wild-type and knock-in mice. There is a significant reduction of BrdU/NeuN positive neurons in 
KI VEH with respect to WT VEH mice in the ventral but not in the dorsal DG. The number of BrdU/NeuN cells 

in KI mice treated with fluoxetine increased, approximating that of WT VEH-treated and WT FLX-treated 
mice. Despite a robust increase in BrdU/NeuN positive cells in the FLX-treated KI mice, no difference was 

found with respect to the KI VEH-treated mice. D) Percentage ratio of BrdU+/NeuN+ on BrdU positive cells 
in the dorsal DG was unaffected in both KI and WT mice. E) Percentage of BrdU+/NeuN+ out of BrdU 

positive cells in the ventral DG. The differentiation rate was significantly increased in KI FLX-treated with 
respect to KI VEH mice (Kruskal-Wallis test p≤0.05, post-hoc Dunn’s test: KI VEH vs KI FLX p<0.05). 
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Figure 4. Analysis of sociability and social novelty preference during the three-chamber behavioural test in 
wild-type and knock-in mice treated with fluoxetine and vehicle. 

Social behaviour was studied by analysing the following parameters: time sniffing the object/stranger or the 
familiar/novel stranger (A, D); time spent in the three chambers (B, E); latency to the first entry (C, F). 

Sociability analysis: A) time sniffing (chamber F(1,32)=26.83 p≤0.0001; genotype F(1,32)=5.14 p≤0.05; 
treatment F(1,32)=0.09 p>0.05; treatment*genotype F(1,32)= 3.65 p=0.06; object WT VEH vs stranger 
WT VEH p≤0.01 object KI VEH vs stranger KI VEH p>0.05; stranger WT VEH vs stranger KI VEH p≤0.01; 
stranger KI VEH vs stranger KI FLX p≤0.05; object KI FLX vs stranger KI FLX p≤0.01 with post-hoc LSD’s 
test). B) Time in the chamber (chamber F(2,64)=41 p<0.0001; chamber*genotype F(2,64)=3,25 p≤0.05; 

chamber*treatment*genotype F(2,64)=3 p=0.06; object chamber KI VEH vs stranger chamber KI VEH 
p≤0.01; stranger chamber KI VEH vs stranger chamber WT VEH p≤0.01; strange chamber KI FLX vs 

stranger chamber KI VEH p≤0.01; center chamber KI FLX vs center chamber KI VEH p≤0.05 with LSD’s 
test). C) Latency to the first entry (treatment F(1,32)=5.37 p≤0.02; stranger*genotype F(1,32)=6.56 

p≤0.01; stranger KI VEH vs stranger WT VEH p<0.05, stranger KI VEH vs stranger KI FLX p<0.05, LSD’s 
test. 

Social novelty preference analysis: D) time sniffing novelty F(1,32)= 49.2 p<0.0001; chamber time: 
chamber F(2,64)=106 p<0.0001treatment F(1,32)=1.9 p>0.05; genotype F(1,32)=0.58 p>0.05). E) Time 

in chamber (chamber F(2,64)=106 p<0.0001; treatment F(1,32)=0.3 p>0.05; genotype F(1,32)=0.02 
p>0.05). F) Latency to first entry (treatment F(1,32)= 0.01, p>0.05; genotype F(1,32)=1.81 p>0.05). n=9; 

* p≤0.05, ** p≤0.01 LSD’s test. 
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Figure 5. Quantification of activated newborn neurons immediately after the three-chamber behavioural test 
in animals treated with fluoxetine and vehicle. 

A) Active adult-born neurons were identified by immunohistochemical detection of BrdU/c-Fos double-
positive cells in free-floating DG containing sections obtained from mice sacrificed 1 hour after the end of 

the three-chamber behavioural tests.  B-C-D) Quantification of the number of activated newborn neurons in 
the DG. B) ventral DG: the number of BrdU+/c-Fos+ cells increased in KI FLX with respect to KI VEH. This 
number even exceeds that of WT mice. Treatment F(1,23)= 4.1 p≤0.05; KI FLX vs KI VEH p≤0.05, KI FLX 
vs WT VEH p≤0.05, LSD’s test. C) Dorsal DG: the number of BrdU+/c-Fos+ cells was lower in KI VEH than 
in WT VEH mice. Fluoxetine treatment increased BrdU+/c-Fos+ cells in KI, while decreased their number in 
WT mice. Genotype X treatment interaction. F(1,23)=14.54 p<0.001; WT VEH vs KI VEH p≤0.001, KI VEH 
vs KI FLX p≤0.05, LSD’s test. D) Whole DG: the number of BrdU+/c-Fos+ cells was reduced in KI VEH mice 
with respect to WT VEH. Fluoxetine increased BrdU+/c-Fos+ cells in KI mice with respect to the VEH treated 

group. Genotype X treatment interaction F(1,23) =8.9 p<0.01; WT VEH vs KI VEH p≤0.05, KI VEH vs KI 
FLX p≤0.01, LSD’s test, n=7.* p≤0.05, ** p≤0.01, *** p≤0.001, LSD’s test. 
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Supporting information 

Supplementary Figure 1. Coronal sections showing dorsal and ventral DG blocks. 

Three-dimensional model (left top corner) of the hippocampus in the context of the whole mouse 

brain generated in BrainExplore (Lau et al., 2008), a 3D application of the Allen Reference Atlas 

(www.brain-map.org), and 12 representative fluorescence images of 30-µm-thick brain coronal 

sections collected in 1 in 8 series, divided into dorsal (from #1 to #6) and ventral (from #7 to #12) 

DG; scale bar 200µm. 
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Supplementary figure 2. Quantification of proliferating BrdU+ and Ki67+ cells in the DG of wild-

type and knock-in mice. 

(A) Scheme of the experimental protocol: two-month-old mice were injected three times every two 

hours with BrdU and then sacrificed. (B) Quantification of BrdU+ cells in the whole, dorsal and ventral 

DG of the hippocampus of wild-type and knock-in mice did not reveal any difference in terms of 

proliferation (cell number in the whole DG: WT 2173 ± 257.4, n=7; KI 2273 ± 295.4, n=7; dorsal DG: 

WT 1083 ± 141.6, n=7; KI 1132 ± 156.2, n=7; ventral DG: WT 1120 ± 159.1, n=7; KI 1102 ± 116.4, 

n=7; Student’s t-test, p> 0.05). (C)Quantification of Ki67+ cells in the whole, dorsal and ventral DG 

did not reveal any difference between wild-type and knock-in mice (Ki67+cells whole DG: WT 

3710±385.6, KI 3421±421.7; dorsal DG: WT 1683±208.2, KI 1530±236.7; ventral DG: WT 

2073±233.2, KI 1892±241.3; n=7; p>0.05, Student’s t-test).      
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Supplementary Figure 3. Locomotor activity in vehicle- or fluoxetine-injected WT and KI mice 

during the three-chamber behavioural test.  

A) Sociability session analysis: distance travelled (genotype F(1,32)=6.65 p≤0.01 ; chamber 

F(2,64)=26.57 p≤0.0001; chamber*genotype F(2,64)=4.94 p≤0.01; object chamber KI VEH vs object 

chamber WT VEH p≤0.05; object chamber WT FLX vs object chamber KI FLX p≤0.01; stranger 

chamber KI VEH vs stranger chamber KI FLX p≤0.05 with LSD’s test). B) Social novelty preference 

analysis: distance travelled (genotype F(1,32)=11.2 p<0.01; chamber F(2,64)=37.3 p<0.0001); n=9; 

* p≤0.05, ** p≤0.01 LSD’s test.  
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Supplementary figure 4. Immunohistochemical detection of dentate gyrus active mature 

neurons. 

A) Representative confocal images of the DG of WT VEH mice, with orthogonal projections from Z-

stacks showing active neurons co-expressing c-Fos (red) and NeuN (green), The staining confirms 

that the c-Fos positive cells were post-mitotic mature neurons. 
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