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Abstract 29 

The aetiology of Autism Spectrum Disorders (ASD) is a complex combination of genetic and 30 

environmental factors. Neuroligin3, a synaptic adhesion protein, and Cytoplasmic FMR1 31 

interacting protein 1 (CYFIP1), a regulator of protein translation and actin polymerisation, are 32 

two proteins associated with ASD, that interact in neurons, in vivo. Here, we investigated the 33 

role of the Neuroligin3/CYFIP1 pathway in behavioural functioning and synapse formation in 34 

mice and found that it contributes to motor learning and synapse formation in males.  Similar 35 

investigation in female mice revealed an absence of such phenotypes, suggesting that 36 

females are protected against mutations affecting this pathway. Previously, we showed that 37 

the social environment influences the behaviour of male mice. We extended this finding and 38 

found that the transcriptome of wild type mice housed with their mutant littermates, lacking 39 

Neuroligin3, differed from the transcriptome of wild type mice housed together. Altogether, 40 

these results identify the role of the Neuroligin3/CYFIP1 pathway in male mouse behaviour 41 

and highlight its sensitivity to social environment.  42 

 43 

  44 
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Significance statement  45 

The causes of Autism Spectrum Disorders remain elusive. In this study, we investigate the 46 

combined effect of mutations in two genes associated with ASD: Nlgn3 and Cyfip1, and the 47 

effect of the social environment, on phenotypes relevant for ASD. We show that when both 48 

mutations are present the behaviour can be restored, emphasising the importance of 49 

considering gene interactions. We also show sex differences in behaviour, suggesting that 50 

female subjects should be included in the studies of ASD. We show that wild type animals 51 

can exhibit phenotypes associated with ASD as a result of being housed with their mutant 52 

littermates, highlighting the necessity to re-evaluate the use of wild type animals as controls 53 

to define phenotypic traits of mouse models. 54 

 55 

  56 
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Introduction 57 

Autism Spectrum Disorders are characterized by behavioural manifestations, primarily social 58 

communication deficits and stereotyped behaviour, frequently accompanied by a wide range 59 

of secondary comorbid clinical symptoms (American Psychiatric Organization 2012). The 60 

aetiology of Autism Spectrum Disorders (ASD) is far from being fully understood but is likely 61 

to be a complex interaction between specific genetic mutations and environmental factors 62 

triggering the emergence of a constellation of behavioural symptoms. Understanding the 63 

relationship between the different causes of the disorder and the behavioural manifestation 64 

is key for the development of targeted treatments.  65 

Among the genes associated with ASD is the X-linked gene NLGN3 (Glessner et al. 2009; 66 

Gumus 2019; Jamain et al. 2003; Sanders et al. 2015; Talebizadeh et al. 2006; Yasuda et al. 67 

2011), coding for the synaptic adhesion molecule Neuroligin3 (Chih et al. 2004; Varoqueaux 68 

et al. 2006), and Cytoplasmic FMR1 interacting protein 1 (CYFIP1) (Picinelli et al. 2016; 69 

Toma et al. 2014; Wang et al. 2009; Zwaag et al. 2009), coding for a protein involved in actin 70 

polymerisation regulation (Chen et al. 2010) and the regulation of protein translation (Napoli 71 

et al. 2008). In male mice, the lack of Nlgn3 is associated with impaired social behaviour 72 

(Bariselli et al. 2018; J. Fischer and Hammerschmidt 2011; Kalbassi et al. 2017; Radyushkin 73 

et al. 2009), hyperactivity (Radyushkin et al. 2009) and subtle changes in the rate of motor 74 

learning (Baudouin 2014; Rothwell et al. 2014). In mice, Cyfip1 haploinsufficiency is also 75 

associated with reduced interest in social odours, hypoactivity, and motor learning 76 

impairment (Bachmann et al. 2019; Bozdagi et al. 2012). Interestingly, the cytoplasmic tail of 77 

Neuroligin3 contains a WAVE regulatory complex (WRC) interactor receptor sequence 78 

(WIRS) which can bind CYFIP1 (Bachmann et al. 2019; Chen et al. 2014), an interaction that 79 

was recently confirmed in neurons, in vivo (Bachmann et al. 2019). The interaction between 80 

Neuroligin3 and CYFIP1 suggests that they are part of the same molecular pathway and that 81 

disruption of this pathway can cause some of the phenotypes associated with ASD.  82 
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At the subcellular level, in neurons, both proteins have been associated with the formation 83 

and elimination of synapses. Triple knockout of Nlgn3 as well as two other members of this 84 

gene family – Nlgn1 and Nlgn2, results in a reduction of synaptic contacts in vivo and lower 85 

dendritic spine number in vitro (Chih et al. 2004; Varoqueaux et al. 2006), supporting the 86 

idea that Nlgn3 might play a role in synaptic development and maintenance. Cyfip1 87 

haploinsufficiency is associated with a decrease in spine density in the motor cortex and 88 

olfactory bulb in male mice (Abekhoukh et al. 2017; Bachmann et al. 2019) as well as an 89 

increased number of filamentous spines (Abekhoukh et al. 2017; Davenport et al. 2019; De 90 

Rubeis et al. 2013; Pathania et al. 2014). This is potentially explained by the increased rate 91 

of formation and elimination of dendritic spines seen in these animals (Bachmann et al. 92 

2019). Importantly, alteration of dendritic spine density is one of the few cellular phenotypes 93 

of ASD observed both in mouse models and in human patients (Martínez-Cerdeño 2016). 94 

The overall aim of our study was to investigate how the interaction between Nlgn3 and 95 

Cyfip1 can influence ASD-relevant phenotypes in mice, from behavioural alterations to 96 

changes at the cellular level. 97 

The complex genotype-phenotype relationships are further shaped by factors such as sex of 98 

the subjects and their social environment. For example, only females with the complete 99 

deletion of Nlgn3 showed deficits in behaviour (Kalbassi et al. 2017). The social environment 100 

might also be an environmental factor triggering ASD-related phenotypes. Male mice lacking 101 

Nlgn3 and wild type mice influence each other’s behaviour, an effect attributed to the role of 102 

Nlgn3 in controlling social dominance. Housing mice carrying 16p11.2 microdeletion, another 103 

model of ASD, with littermates of a different genotype was also shown to influence the 104 

vocalisation during courtship (Yang et al. 2015). In addition to investigating the role of 105 

interaction between Nlgn3 and Cyfip1 in controlling behavioral phenotypes, the secondary 106 

aims of this study were to determine the role of sex in the phenotypic outcome of mutations 107 

in Nlgn3 and Cyfip1 and the effect of social environment on mRNA expression in these mice. 108 

Method 109 
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Animals 110 

All procedures were conducted in accordance with the Animals Scientific Procedure Act 111 

1986 (amended 2012). Mice were kept on a 12h light/dark cycle with free access to food and 112 

water, in groups of 2-5 in a cage. All behaviours were assessed during the light phase of the 113 

light/dark cycle. All mice were tested as adults, P60 - P70 at the start of testing. Mice were 114 

handled for at least two days prior to any procedure. The mice were habituated to the room 115 

where the behavioural assessment was taking place for 30 min prior to commencing any 116 

procedure.  117 

Nlgn3y/-, Nlgn3+/- (Tanaka et al. 2010) and Cyfip1+/- (EUCOMM) mice were crossed with mice 118 

containing Thy-EGFP transgene (JAX: # 007788) (Feng et al. 2000) to obtain the following 119 

male mice: Nlgn3y/-Thy1-EGFP, Cyfip1+/-Thy1-EGFP, Nlgn3y/-Cyfip1+/-Thy1-EGFP and Thy1-120 

EGFP, and the following female mice: Nlgn3+/-Thy1-EGFP, Cyfip1+/-Thy1-EGFP, Nlgn3+/-121 

Cyfip1+/-Thy1-EGFP, and Thy1-EGFP. Thus, all of the mice used in the behavioural 122 

experiments and used to investigate the dendritic spine density were littermates.  A 123 

proportion of the mice used in the behavioural experiments had the Thy-EGFP transgene. 124 

The lack of an effect of the transgene on the behavioural outcomes was confirmed, by 125 

repeating every statistical analysis with presence of the transgene as a variable. There were 126 

no significant differences in any of the behavioural outcomes between the mice with and 127 

without the transgene.  128 

In the first RNA experiment an additional cohort of wild-type animals was bred and included 129 

in the analysis. In the second RNA experiment a cohort of wild-type animals was bred, 130 

where the parents came from the Nlgn3 colony, ensuring that the mutant and wild-type mice 131 

shared parents. 132 
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Activity in Open Field  133 

The spontaneous activity of mice was recorded. Mice were tested on two consecutive days. 134 

During the test, the mice were individually placed in an open field arena (40cm x 20cm) and 135 

allowed to explore. The test was conducted in the dark, however, the bottom of the arena 136 

was illuminated by an infrared lamp to allow tracking of the mice. The movement of the mice 137 

was recorded using a video camera above the arena. The traces were recorded and 138 

quantified in EthoVision XT (Noldus). 139 

Rotarod 140 

Motor learning of the mice was assessed using rotarod (Jones & Roberts). Latency to fall off 141 

the rod was assessed for three days in a row, with ten 5 min subsequent trials each day. 142 

During a trial, mice were placed on the rod. The rotarod was then switched on and 143 

accelerated from 4 to 40 revolutions per minute (rpm) over the course of 5 min. The mice 144 

were allowed to walk on the rod until they fell off, gripped to the rod and the rod made a full 145 

revolution, or 5 min have passed. Falling off or gripping the rod was interpreted as an 146 

inability to cope with the task and signalled the end of the trial. Latency to fall was measured 147 

using a stopwatch (Casio). After each trial, the mice were allowed to rest for 5 min at the 148 

bottom of the apparatus.  149 

Social odour interest 150 

Social odours originated from a cage of 3-4 WT mice, that were maintained with the same 151 

home cage bedding for a week to allow for concentration of odorants present in the urine. 152 

For some of the trials, the cage also contained a maximum of one Nlgn3y/-Cyfip1+/- or Nlgn3+/-153 

Cyfip1+/- mice. Prior to the trial, a cotton bud was wiped across the bottom of the home cage 154 

in a zig-zag fashion to obtain the social odour cue. Mice were placed in the experimental 155 

arena and were allowed to habituate for 2 min. Mice were exposed to a clean cotton bud for 156 

2 min, which was then swapped for a new clean cotton bud, and mice were allowed to 157 
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interact with it for another 2 min. Next, the mice were exposed to the cotton bud with the 158 

odour cue for 2 min, which was finally swapped for a new cotton bud with an olfactory cue 159 

for another 2 min. Male mice were exposed to olfactory cues originating from a cage of male 160 

mice, while female mice were exposed to olfactory cues originating from a cage of female 161 

mice. The trials were recorded with a video camera placed above the experimental arena. 162 

Time spent sniffing the cotton bud was scored manually, blinded to the genotype. 163 

Courtship vocalization 164 

Female mice in oestrus were identified using vaginal lavage, followed by cytological staining 165 

(Giemsa solution, Polysciences Inc.) and visual assessment. Male mice were habituated to 166 

the experimental arena (40cm x 20cm) for 3 min. Next, an unfamiliar female mouse in 167 

oestrus was added to the arena and the mice were allowed to interact freely for 3 min. 168 

Ultrasonic vocalisations (USVs) between 40 and 250 Hz produced by the male mice were 169 

recoded using a preamplifier UltraSoundGate 416 H, Avisoft Bioacoustics) connected to a 170 

microphone (UltraSoundGate CM16, Avisoft Bioacoustics). The total number of USVs and 171 

their duration was analysed using SASLabPro (Avisoft Bioacoustics). 172 

Histology 173 

Dendritic spine quantification was conducted in the motor and visual cortices of Nlgn3y/-174 

Cyfip1+/-, Nlgn3y/-, Cyfip1+/- males, and their WT littermates, as well as of Nlgn3+/-Cyfip1+/-, 175 

Nlgn3+/-, Cyfip1+/- females and their WT littermates, all of which also expressed EGFP under 176 

the Thy-1 promoter. Mice were anesthetised with euthatal and perfused with 4% 177 

paraformaldehyde in 0.1 M phosphate-buffered saline (PBS). The entire brain was dissected 178 

out and post-fixed overnight in the 4% paraformaldehyde in 0.1 M PBS, kept in 30% sucrose 179 

solution until saturated and stored at -80 °C. The brains were cut coronally into 50 μm 180 

sections on a cryostat (Leica Biosystems, Germany) and immediately mounted on glass 181 

slides. The regions of interest were identified using a mouse brain atlas (Paxinos and 182 
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Franklin 2004) and Z-stack images spaced 0.5 μm apart were acquired on a Zeiss LSM700 183 

upright confocal microscope (Carl Zeiss, Welwyn Garden City, UK), using a ×43 water 184 

immersion lens. The images were reconstructed into two dimensions using Z-stack 185 

maximum intensity projection in ImageJ (NIH, USA, public domain). The images were 186 

analysed by an experimenter blinded to the genotype of the animals. Spines were identified 187 

manually and counted on a 20 – 250 μm long stretch of a dendrite, with a minimum of 24 188 

dendrites from four mice, per condition. Spine density was calculated as the number of 189 

spines per 10 μm of a dendrite.  190 

RNA sequencing  191 

All procedures were conducted in RNAase free conditions. Mice were culled by cervical 192 

dislocation, their brains were extracted and relevant brain regions were dissected following a 193 

mouse brain atlas (Paxinos and Franklin 2004). The samples were immediately snap-frozen 194 

in liquid nitrogen and stored at -80 °C. TRIzol Reagent (Invitrogen) was added to the 195 

samples, at 1 ml per 50-100 mg of tissue. Tissue was homogenised and incubated at room 196 

temperature for 5 min. Samples were transferred to Phrasemaker Tubes (Invitrogen) and 0.2 197 

ml of chloroform was added. The samples were shaken for 15 s, incubated at room 198 

temperature for 15 min and centrifuged for 5 min at 14,000 g, at 4°C. The RNA-containing 199 

upper phase was mixed with 0.5 ml of isopropanol and the samples were incubated for 1 h 200 

at -80 °C. Following the incubation, the samples were centrifuged for 10 min at 10,000 g. 201 

The supernatant was removed, and the pellet was washed using 75% EtOH. The pellet was 202 

dissolved in RNA free water and treated with DNAse (QIAGEN) as per manufacturer 203 

instructions.  204 

For reverse transcription, 1250 ng of RNA was incubated with 1 μl of random primers 205 

(Promega) and 1 μl of dNTPs (10mM, Promega) for 5 min, at 65°C and for 1 min on ice. 206 

Then 4 μl of buffer (Invitrogen), 1 μl Dithiothreitol (0.1 M, Invitrogen), 1 μl RNAsin plus 207 

(Promega), and 1μl of superscript III reverse transcriptase (Invitrogen) was added and the 208 
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mix was incubated for 5 min at room temperature and then for 2 h at 50°C. The samples 209 

were then incubated for 10 min at 70°C. 210 

Quality control of the RNA samples was confirmed by Tape Station and Qubit. The library 211 

was prepared according to manufactures instruction (Illumina TruSeq). Total RNA was 212 

purified to remove ribosomal and non-messenger RNA with magnetic beads. mRNA was 213 

then transferred for first-strand cDNA synthesis with superscript II. Next, the second strand 214 

of the cDNA was synthesised, and the template eradicated. Adapters were ligated to the 215 

cDNA.  The cDNA was then amplified to enrich the libraries, tested on a DNA chip for quality 216 

control and the library size was normalised. The RNA sequencing was done according to 217 

manufacturer instructions using the Illumina NextSeq500 system in 1x75 bp cartridge. A 218 

strand of cDNA was bound to a docking site and fluorescent dNTPs were added one at the 219 

time.   220 

The sequences were trimmed with Trimmomatic (Bolger, Lohse, and Usadel 2014) and 221 

assessed for quality with FastQC. STAR was used to map the reads onto the Mouse 222 

Genome Assembly GRCm38. Transcripts were assigned using Feature Counts (Dobin et al 223 

2013, Liao, Smyth and Shi 2013). Downstream analysis was done in R 2.6.2 (R Core Team 224 

2019). DESeq2 package was used for differential gene expression (Love, Huber, Anders, 225 

2014). The relative expression of genes was assessed in pair-wise fashion to include all 226 

housing and genotype conditions. The values were normalised using the implementation of 227 

variance-stabilizing transformation from the DESeq2 package. Principal component analysis 228 

of the top 100 genes with the greatest fold expression differences was conducted using the 229 

R function procomp. Weighted Gene Correlation Network Analysis (Langfelder and Horvath 230 

2008) was performed on normalised data, with a power of 5 and a minimum module size of 231 

200.  232 
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Statistical analysis  233 

The data analysis was conducted using R software, version 3.6.2. (R Core Team 2019) or 234 

when an appropriate package was not available using Graph Pad Prism version 8.3.1. (La 235 

Jolla California USA). The normality of raw data or residuals was checked using the Shapiro-236 

Wilk test as well as visual inspection of Q-Q plots and histograms. The homogeneity of 237 

variance was checked using Levene’s test or visual inspection of a plot of residuals vs 238 

plotted values, depending on the data type. If the data was deemed to violate the 239 

assumption of normality or homogeneity of variance, an appropriate non-parametric test was 240 

used. The non-parametric mixed ANOVA was conducted according to Noguchi et al. (2012). 241 

The details of normality assessment, tests used and the number of samples per group can 242 

be found in the statistics table in the Extended Data Figure 1-2. 243 

Results  244 

Nlgn3y/-Cyfip1+/- mice phenocopy the enhanced exploratory behaviour of 245 

Nlgn3y/- males 246 

We generated Nlgn3y/-Cyfip1+/- double mutant mice to investigate the effect of the 247 

Nlgn3/Cyfip1 pathway on phenotypes associated with autism: changes in behaviour and 248 

dendritic spine density. In the first instance, we investigated the behaviour of the mutant 249 

mice.  250 

As previously reported Nlgn3y/- males (n = 24, Day 2 M = 6307.63 cm, Day 2 SE = 256.25 251 

cm) were hyperactive in the open field compared to their WT littermates (n = 18, Day 2 M = 252 

4962.81 cm, Day 2 SE = 258.24 cm; One-way ANOVA, main effect of genotype: F(3, 62) =  253 

6.55, P = < 0.001, Tukey’s HSD: t(1, 62) = 3.47, P < 0.01; Figure 1 A). Similarly, Nlgn3y/-254 

Cyfip1+/- mice (n = 12, Day 2 M = 6597.82 cm, Day 2 SE = 420.93 cm) travelled further in the 255 

open field than their WT littermates (Tukey’s HSD: t(1, 62) = 3.53, P <0.01). The Nlgn3y/-256 

Cyfip1+/- mice were also hyperactive in relation to their Cyfip1+/- littermates (n = 12, Day 2 M 257 
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= 5227.60 cm, Day 2 SE = 345.70 cm; t(1, 62) = 2.7, P < 0.05). However, there was no 258 

evidence of a more pronounced phenotype in the Nlgn3y/-Cyfip1+/- mice as they did not 259 

significantly differ from the Nlgn3y/- single mutant mice. The same pattern of results emerged 260 

when the effect of genotype on the distance travelled was considered across the two days of 261 

testing (Mixed model ANOVA, main effect of genotype: F(3, 62) = 6.45, P < 0.001, main 262 

effect of day: F(1, 62) = 35.54, P < 0.001; Tukey’s HSD: WT vs Nlgn3y/- t(1, 62) = -2.70, P < 263 

0.05, WT vs Nlgn3y/-Cyfip1+/- t(1, 62) = -3.53, P < 0.01, Cyfip1+/- vs Nlgn3y/- t(1, 62) = -2.82, P 264 

< 0.05, Cyfip1+/- vs Nlgn3y/-Cyfip1+/- t(1, 62) = -3.61, P < 0.01). The hyperactivity in these mice 265 

may arise from a more pronounced response to a novel environment. To investigate this 266 

possibility, we considered the habituation pattern between the first and second day of 267 

testing. A significant decrease in the distance travelled between the two days was only 268 

observed in the WT males (Tukey’s HSD: t(2, 62) = -5.30, P < 0.001; Figure 1 B) suggesting 269 

a habituation deficit in the Nlgn3y/-, Cyfip1+/- as well as Nlgn3y/-Cyfip1+/- mice. The phenotype 270 

was unlikely to occur due to differences in anxiety levels as there were no differences 271 

between genotypes in the time spent in the centre of the open field (Extended Data Figure 1-272 

1 A). 273 

Sex is known to impact on the rate of diagnosis of ASD (Werling and Geschwind 2013), thus 274 

we aimed to investigate potential sex differences in exploratory behaviour. We tested 275 

Nlgn3+/-Cyfip1+/- (n = 17) double mutant female mice alongside their Nlgn3+/- (n = 20), 276 

Cyfip1+/- (n = 10) and WT (n = 16) littermates. The Nlgn3+/- mice as well as Nlgn3+/-Cyfip1+/- 277 

mice were no different to their WT littermates in their exploratory behaviour in the open field. 278 

However, the Nlgn3+/- (Day 2 M = 6129.85 cm, Day 2 SE = 301.30 cm) and Nlgn3+/-Cyfip1+/- 279 

(Day 2 M = 5059.01 cm, Day 2 SE = 274.50 cm)  females were hyperactive in relation to 280 

their Cyfip1+/- littermates (Day 2 M = 4550.05 cm, Day 2 SE = 309.99 cm; One-way ANOVA, 281 

main effect of genotype: F(3, 59) =  4.64, P = < 0.001; Tukey’s HSD: t(1, 59) = 3.34, P < 282 

0.01, t(1, 59) = 2.66, P < 0.05, respectively; Figure 1 C). This finding was corroborated when 283 

the exploratory behaviour across the two days of testing was considered (Mixed model 284 
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ANOVA, main effect of genotype: F(3, 59) =  4.51, P = < 0.001; Tukey’s HSD Nlgn3+/- vs 285 

Cyfip1+/- t(1, 59) = 3.423, P < 0.01). All of the female mice showed a significant decrease in 286 

the distance travelled between the first and second day of testing, characteristic of 287 

habituation (WT: t(1, 59) =  5.61, P = < 0.001, Nlgn3+/-: t(1, 59) =  4.42, P < 0.01, Cyfip1+/-: 288 

t(1, 59) =  3.83, P < 0.01, Nlgn3+/-Cyfip1+/-: t(1, 59) =  5.30, P < 0.001; Figure 1 D). The 289 

subtly altered behaviour in the female mice cannot be attributed to differences in anxiety 290 

levels, as the time spent in the centre of the open field was comparable between the 291 

different groups (Extended Data Figure 1-1 B). Finally, to investigate if there is a sex 292 

difference in exploratory behaviour of these mice, we directly compared the WT and Cyfip1+/- 293 

males and females, however we found no significant differences in the distance travelled or 294 

the time spent in the centre of the open field between males and females (Extended Data 1-295 

1 C - D). There were no significant differences between Nlgn3y/- males and Nlgn3+/- females 296 

neither in their exploratory behaviour in the open field (Extended Data 1-1 E – F). 297 

While Nlgn3y/-Cyfip1+/- males phenocopied Nlgn3y/- males in their hyperactivity, the Nlgn3+/-298 

Cyfip1+/- females were no different from their WT littermates. There was no evidence 299 

however that reducing the levels of Cyfip1 affected the level of activity in the males, 300 

suggesting that only Nlgn3 influences this behaviour. 301 

Reduction of Cyfip1 level restores motor learning in Nlgn3y/-Cyfip1+/- male 302 
mice  303 

The ability to learn new motor routines was evaluated by training mice to stay on an 304 

accelerating rotating rod, with multiple trials within a day (Extended Data Figure 2-1) and 305 

over three consecutive days (Figure 2). There was no overall effect of genotype on the 306 

latency to fall off the rotarod, averaged across days and trials. However, the performance of 307 

mice across the days of testing depended on their genotype, indicating that there might be 308 

differences in their learning curves (Non-parametric Mix model ANOVA, Genotype x Day 309 

interaction: F(3, 1577) = 4.61, P < 0.01; Extended Data Figure 2-1 A). In line with this 310 

observation, an increased ability to stay on the rod across multiple days was observed in WT 311 
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(n = 17, Day 1 vs. Day 2 simple effect: t(1, 16) = 2.12, P < 0.05, Day 1 vs Day 3 simple 312 

effect: t(1, 16) = 6.28, P < 0.001, Day 2 vs Day 3 simple effect: t(1, 16) = 2.86, P < 0.05), in 313 

the Nlgn3y/- (n = 16, Day 1 vs. Day 2 simple effect: t(1, 15) = 6.16, P < 0.001, Day 1 vs Day 3 314 

simple effect: t(1, 15) = 9.14, P < 0.001, Day 2 vs Day 3 simple effect: t(1, 15) = 3.02, P < 315 

0.01), and in the Nlgn3y/-Cyfip1+/- male mice (n = 12, Day 1 vs. Day 2 simple effect: t(1, 12) = 316 

5.05, P < 0.01, Day 1 vs Day 3 simple effect: t(1, 12) = 4.69, P < 0.01; Figure 2 A). As 317 

previously reported, the Cyfip1+/- (n = 12) mice did not improve in their ability to stay on the 318 

rod across the days of training, suggesting they are unable to learn new motor routines 319 

within this protocol (Bachmann et al. 2019). These results indicate the deficit in motor 320 

learning seen in Cyfip1+/- mice is restored by deleting Nlgn3 in Nlgn3y/-Cyfip1+/- double 321 

mutant mice.  322 

Next, we investigated if a sex difference was present in the ability of these mice to acquire 323 

knowledge of new motor routines. To verify this possibility, we included Nlgn3+/-Cyfip1+/- and 324 

their female littermates in the rotarod training. The genotype did not affect the training across 325 

the three days, suggesting that the learning curves for all of the females were comparable 326 

(Extended Data 2-1 B). In line with this observation, an increase in time spent on the rod was 327 

observed for WT (n = 13, Day 1 vs. Day 2: t(1, 13) = 5.09, P < 0.01, Day 1 vs Day 3: t(1, 13) 328 

= 5.85, P < 0.01), Nlgn3+/- mice (n = 13, Day 1 vs. Day 2: t(1, 13) = 6.15, P < 0.01, Day 1 vs 329 

Day 3: t(1, 13) = 8.06, P < 0.001, Day 2 vs Day 3: t(1, 13) = 4.23, P < 0.05), Cyfip1+/- mice (n 330 

= 14, Day 1 vs Day 3: t(1, 13) = 5.95, P < 0.01), and Nlgn3+/-Cyfip1+/- mice (n = 14, Day 1 vs. 331 

Day 2: t(1, 14) = 7.34, P < 0.001, Day 1 vs Day 3: t(1, 14) = 7.41, P < 0.001; Figure 2 B). To 332 

determine if there was a sex difference in the motor learning, we have compared the WT and 333 

Cyfip1+/- males and females directly. On average, females performed better than the males 334 

(Non-parametric mix model ANOVA, main effect of sex: F(1,52) =  4.88, P < 0.05; Extended 335 

Data Figure 2-1 C).  Therefore, unlike males, all female mice showed evidence of learning 336 

across days. We also compared the Nlgn3 mutant mice (Nlgn3+/- females and Nlgn3y/- males) 337 
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alongside their WT littermates, however there were no differences in motor learning between 338 

the sexes (Extended Data Figure 2-1 D). 339 

In male mice, Nlgn3 and Cyfip1 act in opposition to control the motor learning on the rotarod. 340 

While reducing the level of Cyfip1 in the males results in an impairment in the ability to 341 

acquire new motor routines, additional deletion of Nlgn3 leads to restoration of the 342 

behaviour. Additionally, sex plays a role in the control of motor learning, where females 343 

heterozygous for Cyfip1 show no deficit.    344 

Lack of Nlgn3 and Cyfip1 haploinsufficiency have little effect on social 345 

behaviour 346 

The social behaviour of double mutant mice and their littermates was evaluated by 347 

investigating their interest in social odours and, for the males only, their courtship behaviour 348 

and direct social interaction with a female in oestrus. The ability to discriminate between the 349 

control and social odour was observed in WT mice (n = 14, C2 M = 14.61 s SE = 1.79 s, S1 350 

M = 28.46 s SE = 4.23; simple effect: t(1, 14) = 4.60, P < 0.05), Nlgn3y/- mice  (n = 16, C2 M 351 

= 14.61 s SE = 1.79 s, S1 M = 28.46 s SE = 4.23 s, simple effect: t(1, 16) = 5.91, P < 0.01), 352 

Cyfip1+/- mice (n = 12, C2 M = 12.43 s SE = 1.72 s, S1 M = 23.57 s SE = 1.65 s; simple 353 

effect: t(1, 12) = 8.74, P < 0.001), and Nlgn3y/-Cyfip1+/- mice (n = 12, C2 M = 10.88 s SE = 354 

2.29 s, S1 M = 23.62 s SE = 3.54 s; simple effect: t(1, 12) = 4.40, P < 0.05; Figure 3 A). 355 

However, habituation to the social odour was only observed in in the Cyfip1+/- (S1 M = 23.57 356 

s SE = 1.65 s, S2 M = 18.40 s SE =  1.84 s; simple effect: t(1, 12) = 4.70, P < 0.05), and in 357 

the Nlgn3y/-Cyfip1+/- (S1 M = 23.62 s SE = 3.54 s, S2 M = 16.53 s SE =  1.858 s; simple 358 

effect: t(1, 12) = 4.71, P < 0.05). The level of interest in the social odour was also the same 359 

between the different genotypes (Figure 3 B). 360 

The genotype of the female mice had no impact on their ability to discriminate between 361 

control and social odours. An increase in the time spent with the cue was observed between 362 
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the control cue and the first presentation of the social odour in WT  (n = 13, C2 M = 6.37 s 363 

SE = 1.15 s, S1 M = 14.57 s SE = 0.70 s; simple effect: t(1, 13) = 10.80, P < 0.001), in the 364 

Nlgn3+/- (n = 13, C2 M = 6.71 s SE = 1.13 s, S1 M = 12.50 s SE = 0.89 s; simple effect: t(1, 365 

13) = 5.50, P < 0.01), in the Cyfip1+/- (n = 14, C2 M = 5.96 s SE = 0.69 s, S1 M = 10.57 s SE 366 

= 1.33 s; simple effect: t(1, 14) = 4.82, P < 0.05), and in the Nlgn3+/-Cyfip1+/- mice (n = 14, C2 367 

M = 7.18 s SE = 1.23 s, S1 M = 14.01 s SE = 1.12 s; simple effect: t(1, 14) = 5.44, P < 0.01; 368 

Figure 3 C). In the female mice, habituation was only observed in Nlgn3+/- (S1 M = 12.50 s 369 

SE = 0.89 s, S2 M = 8.34 s SE = 1.08 s, simple effect: t(1, 13) = 4.80, P < 0.05) and in the 370 

Nlgn3+/-Cyfip1+/- mice (S1 M = 14.01 s SE = 1.12 s, S2 M = 10.10 s SE =  1.40 s; simple 371 

effect: t(1, 14) = 6.39, P < 0.01). The interest in the social odour was reduced in the Cyfip1+/- 372 

females compared to the WT females (One-way ANOVA: main effect of genotype F(3, 50) = 373 

2.93, P < 0.05, Tukey’s HSD: t(1, 50) = -2.68, P < 0.05; Figure 3 D) 374 

The courtship behaviour of the males exposed to a female in oestrus was equivalent in all 375 

the mutants (Nlgn3y/- n = 16, Cyfip1+/- n = 12, Nlgn3+/-Cyfip1+/- n = 12) and their WT (n = 17) 376 

littermates. Specifically, the number and the duration of ultrasonic vocalisations emitted in 377 

response to the female as well as the time spent in direct interaction with the female was not 378 

different between the WT littermates and the other males (Figure 3 E - G). Deficits in 379 

courtship behaviour in Nlgn3y/- males were reported multiple times (Radyushkin et al. 2009; J 380 

Fischer and Hammerschmidt 2011; Kalbassi et al. 2017). In contrast to these findings, there 381 

is no evidence for a deficit in courtship vocalisation in the Nlgn3y/- males here. However, it is 382 

important to note that while the number and duration of vocalisation in the Nlgn3y/- males are 383 

comparable here to the previous literature, the level of vocalisation in the WT littermates is 384 

lower than expected. The reduced level of vocalisation during courtship in the WT males 385 

might be a result of being housed with mutant animals, similar to a previously reported effect 386 

of the social environment (Kalbassi et al. 2017).  387 
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In opposition to previous literature, neither Nlgn3 nor Cyfip1 had a substantial impact on 388 

social behaviour in male mice. This could be due to the effect of the social environment 389 

modulating the behaviour of the WT controls as well as potentially the mutant animals.  390 

Nlgn3 and Cyfip1 collectively impact on dendritic spine density in the motor 391 

cortex 392 

Altered dendritic spine regulation is another phenotype associated with ASD (Phillips and 393 

Pozzo-miller 2015). We investigated the impact of deleting Nlgn3 and Cyfip1 394 

haploinsufficiency on dendritic spine density. For this purpose, we obtained Nlgn3y/-Cyfip1+/- 395 

double mutant mice as well as their Nlgn3y/-, Cyfip1+/- and WT littermates, where EGFP 396 

transgene was expressed in a subset of neurons allowing visualisation of dendritic spines. 397 

Changes in dendritic spine density, as well as turnover, have previously been reported in the 398 

motor cortex of Cyfip1+/- male mice (Bachmann et al. 2019), thus this brain region was 399 

included in the analysis. No changes in the visual cortex were reported in these mice hence 400 

we included this region as a control. In the motor cortex, Nlgn3y/-Cyfip1+/-  males had a 401 

significantly greater density of spines per 10 μm of dendrite (M = 2.27, SE = 0.12) than 402 

Nlgn3y/- (M = 1.69, SE = 0.09; Kruskal-Wallis, χ2(3,153) = 15.64, P < 0.01, z(1,153) = -3.27, 403 

P < 0.01) and WT (M = 1.66, SD = 0.13; z(1,153) = -3.41, P < 0.01) males (Figure 4 A). No 404 

significant differences in spine density were observed in the visual cortex emphasising the 405 

regional specificity of the effect. In contrast to the males, no significant differences in spine 406 

density in the motor or visual cortex were present in the females (Figure 4 B). To confirm the 407 

sex difference, we compared the numbers of dendritic spines in the male and female mice 408 

directly. The WT and Cyfip1+/- females had on average more dendritic spines in the cortex 409 

than the WT and Cyfip1+/- males (Scheirer–Ray–Hare, main effect of sex: H(1,326) = 98.97, 410 

P < 0.001; Extended Data Figure 4-1). The selectively reduced numbers of dendritic spines 411 

in male mice raised the possibility that the social environment might impact on this 412 
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phenotype, whereby being raised with their mutant littermates, WT males showed lower than 413 

expected density of dendritic spines. 414 

Lack of Nlgn3 and Cyfip1 haploinsufficiency shapes the transcriptome profiles 415 

in male mice 416 

We investigated the effect of lack of Nlgn3 and Cyfip1 haploinsufficiency as well as the 417 

combined effect of both on RNA expression. Previous results raised the possibility that the 418 

social environment might affect the behaviour and the spine density of the WT mice, 419 

potentially impacting on the interpretation of these findings (Kalbassi et al. 2017). To 420 

investigate the possibility that the social environment might impact on the transcriptome, we 421 

included a control group of WT males which were only housed with their WT littermates 422 

(SGH, single genotype housing) in addition to WT males which were housed with mutant 423 

animals (MGH, mixed genotype housing). We performed RNA sequencing of the brain 424 

tissue, specifically the hippocampus, in Nlgn3y/-Cyfip1+/-, Nlgn3y/- and Cyfip1+/- males as well 425 

as SGH and MGH WT mice. We have selected the hippocampus as a region of interest, as it 426 

is well-recognized for being sensitive to environmental changes. Moreover, hippocampal 427 

functions have been associated to the emergence of individuality in genetically identical wild 428 

type mice (Freund et al. 2013; Kempermann 2019). Thus, we hypothesized that differences 429 

in social environment of wild-type mice could affect the RNA profile in the hippocampus. 430 

Initially, we compared the number of differentially expressed genes in the hippocampi of 431 

males from different conditions. First, we compared the mutant mice to their WT littermates 432 

(MGH WT). There were very few differentially expressed genes between the mutant mice 433 

and the MGH WT controls (Cyfip1+/- vs MGH WT: 2 upregulated, 0 downregulated; Nlgn3y/-434 

Cyfip1+/-vs MGH WT: 3 upregulated, 0 downregulated; Nlgn3y/- vs MGH WT: 4 upregulated, 435 

1 downregulated; Figure 5 A). The differences between the MGH and SGH WT males were, 436 

however, more substantial with 15 upregulated and 3 downregulated genes. This difference 437 

suggests that housing conditions have the capacity to shape transcription profiles. Thus, 438 
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next, we compared the mutant animals to the SGH WT control. The differences between the 439 

SGH WT animals and the Cyfip1+/- were still small (SGH WT vs Cyfip1+/-: 2 upregulated, 1 440 

downregulated), while the differences between the WT males and Nlgn3y/- were more 441 

substantial (SGH WT vs Nlgn3y/: 12 upregulated, 5 downregulated). There were also some 442 

differences between SGH WT controls and the Nlgn3y/-Cyfip1+/- double mutants (SGH WT 443 

and Nlgn3y/-Cyfip1+/-: 21 upregulated, 2 downregulated), suggesting that while Cyfip1 444 

haploinsufficiency has little impact on the transcription profile, the lack of Nlgn3 has a role in 445 

shaping it. Despite the presence of differentially expressed genes, a clear separation based 446 

on housing or the genotype of the mice was not evident in the hierarchical clustering (Figure 447 

5 B). However, a degree of separation was present following Principal Component Analysis, 448 

with SGH WT and MGH WT samples in particular occupying non-overlapping space (Figure 449 

5 C). 450 

In the course of the analysis of a differentially expressed gene, a wealth of information about 451 

the co-regulation between different genes is lost due to utilising an arbitrary p-value level. In 452 

order to investigate the similarities between the transcription profiles in more depth, we used 453 

a weighted gene correlation network analysis (WGCNA). We constructed a co-expression 454 

network that contained 20 modules. Out of these, the lack of Nlgn3 was significantly 455 

associated with module 10 (R2 = -0.42, FDR = 0.09), while the reduced level of Cyfip1 was 456 

not linked to any of the modules. However, when the two mutations were combined in the 457 

Nlgn3y/-Cyfip1+/- mutant mice, module 11 (R2 = 0.66, FDR = 0.003), module 13 (R2 = -0.42, 458 

FDR = 0.08), and module 15 (R2 = -0.43, FDR = 0.08) were all significantly associated with 459 

this trait, suggesting an additive effect of the two mutations (Figure 5 D). When the housing 460 

condition was considered, module 8 was found to be upregulated in the SGH animals 461 

compared to the MGH animals (R2 = 0.75, FDR < 0.01), while module 17 was 462 

downregulated (R2 = -0.58, FDR = 0.01; Figure 5 E). The differential expression of the 463 

modules of genes depending on housing and genotype of the males suggests that both the 464 

social environment and the presence of Nlgn3 and Cyfip1 impact on the transcription profile. 465 
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The genes in module 8 were associated with development, in particular with the 466 

development of the loop of Henle as well as synaptic transmission and cerebellar cell 467 

proliferation and signalling, while the genes in module 17 were associated with metabolic 468 

processes (Figure 5 E). 469 

While there were some differences between the transcription profile arising from mice with 470 

different genetic mutations, the effect of housing was more pronounced.  471 

Social environment impacts on transcriptome profiles in male mice 472 

We have found that WT males housed with their WT littermates have a distinctly different 473 

transcription profile from WT animals housed with mutant animals as well as the mutant 474 

animals themselves. However, the previous experiment utilised a cohort of WT animals from 475 

a different breeding line than the mutant animals, potentially artificially increasing the 476 

differences between the SGH and MGH WT mice. Thus, we attempted to replicate the effect 477 

of the social environment on the transcriptome in SGH and MGH WT males that came from 478 

the same breeding line and thus had the same mothers as each other as well as mutant 479 

males. Additionally, we included the single and mixed genotype housing condition for the 480 

Nlgn3y/- males (SGH Nlgn3y/- and MGH Nlgn3y/-) to investigate the potential impact of the 481 

social environment on the mutant mice. As previously, there was a fair number of genes that 482 

were differentially expressed between the MGH and SGH WT males (23 upregulated, 34 483 

downregulated), suggesting that housing conditions shaped the transcription profiles in this 484 

group (Figure 6 A). The effect of housing was also evident to a smaller extent in the Nlgn3y/- 485 

males, where there were 2 upregulated and 18 downregulated genes between SGH Nlgn3y/- 486 

and MGH Nlgn3y/- males. While between the SGH WT and SGH Nlgn3y/- males that were 487 

never housed with mice of the same genotype, there were many differentially expressed 488 

genes (39 upregulated and 18 downregulated), there were very few differences between the  489 

MGH WT and MGH Nlgn3y/- that were housed together (8 upregulates, 0 downregulated). 490 

These findings suggest that the social environment impacts on the transcriptome profile not 491 
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only in the WT littermates but also in the mutant Nlgn3y/- mice. Despite the presence of a 492 

number of differentially expressed genes, a clear separation based on housing was not 493 

evident in the hierarchical clustering (Figure 6 B). A degree of separation was present 494 

following Principal Component Analysis with SGH WT and MGH WT samples in particular 495 

occupying non-overlapping space (Figure 6 C). WGCNA resulted in a network that contained 496 

20 modules. In SGH WT animals, module 9 and 10 was significantly upregulated (R2 = 0.5, 497 

FDR = 0.09), and modules 14 (R2 = -0.53, FDR = 0.08), 16 (R2 = -0.61, FDR = 0.04), and 18 498 

(R2 = 0.68, FDR = 0.02) were significantly downregulated (Figure 6 D). In SGH Nlgn3y/- 499 

males, module 14 (R2 = 0.60, FDR = 0.04) was significantly upregulated and module 2 was 500 

significantly downregulated (R2 = -0.75, FDR = 0.005; Figure 6 D). Meanwhile in the MGH 501 

WT animals, modules 18 and 20 were significantly upregulated (R2 = 0.55, FDR = 0.06; R2 = 502 

0.71, FDR = 0.009 respectively), and in the MGH Nlgn3y/- module 1 was upregulated (R2 = 503 

0.51, FDR = 0.09). The differential expression of the modules of genes depending on 504 

housing suggests that the social environment impacted on the transcription profile. The two 505 

modules most strongly associated with SGH WT males were module 18 containing genes 506 

responsible for cell cycle processes and chromatin regulation and module 16 containing 507 

genes associated with RNA regulation. As evident from the different GO terms associated 508 

with the SGH WT males in this cohort and the previous cohort, some of the genes in the 509 

relevant modules were different depending on the cohort.  510 

Here we show that lack of Nlgn3 has an impact on the RNA expression in the hippocampus, 511 

while Cyfip1 haploinsufficiency does not. Additionally, we extend the previous finding that the 512 

presence of Nlgn3y/- littermates influences the social behaviour of their WT littermates 513 

(Kalbassi et al. 2017) to potentially include an effect on the transcription profile. Taken 514 

together these findings suggest a complex genetic-environment interaction that shapes the 515 

RNA expression. 516 
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Discussion 517 

In the first attempt of this kind, we investigated the combined effect of genetic and 518 

environmental factors on the phenotypes associated with ASD. We uncovered that the 519 

Nlgn3/Cyfip1 pathway plays a role in mouse behavior, dendritic spine density, and RNA 520 

expression. We found that sex can be a protective factor, where the females carrying the risk 521 

allele do not show the same deficits are the males. The behaviour and transcriptome of WT 522 

mice is further influenced by the social group they originate from, suggesting that the social 523 

environment is an important factor modulating the phenotypes in mouse models.  524 

As in previous literature, we found that male mice lacking Nlgn3 engage in more exploratory 525 

behavior in the open field  (Kalbassi et al. 2017; Radyushkin et al. 2009) and that male mice 526 

with a reduced level of Cyfip1 expression are unable to learn motor routines (Bachmann et 527 

al. 2019). We have extended these findings to show that, unexpectedly, the accumulation of 528 

mutations can lead to a correction of the motor learning deficit. The interaction between 529 

Neuroligin3 and CYFIP1 at the synapse has been previously reported (Bachmann et al. 530 

2019). The current findings support the idea that the consequences of this protein interaction 531 

extend beyond the molecular events, resulting in a change in the behavior of the animal. As 532 

the genetic architecture of ASD is complex and far from being entirely understood, it is 533 

increasingly important to consider the interaction between the different proteins involved and 534 

how they shape the phenotypes seen in ASD.  535 

The behavioral results suggest that the nature of the functional relationship between 536 

Neuroligin3 and Cyfip1 is inhibitory. In the males with Cyfip1 haploinsufficiency, the level of 537 

CYFIP1 was found to be reduced in several brain areas (Bachmann et al. 2019). We found 538 

this decrease resulted in a deficit in motor learning that was accompanied by unaltered 539 

levels of activity and dendritic spine density in the cortex (Figure 7). This suggests that in the 540 

males heterozygous for Cyfip1, the Neuroligin3 might be binding some of the available 541 

CYFIP1 in the cellular population important for motor learning, preventing it from performing 542 
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its physiological function and resulting in a deficit. In the males with Nlgn3 deletion, on the 543 

other hand, physiological levels of CYFIP1 result in the mice being able to learn the motor 544 

routines. However, the lack of Neuroligin3 might result in increased levels of available 545 

CYFIP1 potentially leading to increased activity levels seen in this model. The alternative 546 

explanation is that the increase in activity results from another pathway regulated by 547 

Neuroligin3. In the double mutant males, which lack Nlgn3 and are heterozygous for Cyfip1, 548 

the increase in activity and dendritic spine density is accompanied by normalized motor 549 

learning. In this model, the level of CYFIP1 is likely reduced, but there is no Neuroligin3 to 550 

inhibit the remining CYFIP1. As a result, there is enough CYFIP1 available to restore motor 551 

learning. Meanwhile, the lack of Neuroligin3 also results in an increased level of activity. 552 

Interestingly, only the two mutations together result in an increase of dendritic spine density. 553 

These results suggest that in the WT animals, Neuroligin3 inhibits the portion of available 554 

CYFIP1, regulating motor learning as well as potentially activity levels and dendritic spine 555 

density in the cortex.  556 

We showed that while male mice with reduced levels of Cyfip1 have a clear phenotype, 557 

females with the same genotype are capable of learning of motor routines as usual. 558 

Additionally, our data suggests that there might be a reduction in the number of dendritic 559 

spines in the males compares to the females, in the cortex. While this finding needs to be 560 

confirmed in a cohort of wild type animals, accounting for the social dominance status, it 561 

implicates only males are affected by carrying a risk allele. While a sex difference in ASD is 562 

frequently reported, with the affected males to female ration being 4:1, remarkably little is 563 

known about the source of this sex difference (Halladay et al. 2015). The female protective 564 

effect is one theory aiming to explain this discrepancy, whereby females require more 565 

substantial disruption of the genetic network and the associated biological pathways in order 566 

to show ASD symptoms (Ferri et al. 2019). Some pathways relevant for ASD might be 567 

redundant in females, as a number of genes associated with ASD are X-linked. While Cyfip1 568 

is present on chromosome 7, it interacts with two X-linked genes: Nlgn3 and Fmr1. Cyfip1 569 
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being part of the X-linked pathway results in unimpaired females likely because they carry 570 

two rather than one allele of the interacting genes.  571 

In the opposition to the previous report, Cyfip1 haploinsufficiency did not affect the spine 572 

density in the motor cortex of the male mice (Bachmann et al. 2019; Bagni and Greenough 573 

2005; Pathania et al. 2014). While in the previous report Cyfip1 haploinsufficiency resulted in 574 

a decrease in the dendritic density in the motor cortex, here the double mutant mice showed 575 

an increase in dendritic spine density. The reliability of this finding is undermined by the low 576 

numbers of dendritic spines in the male mice of 1 – 5 spines per 10 μm, while the numerous 577 

previous studies reported a density of  5 – 15 spines per 10 μm both in the males 578 

heterozygous for Cyfip1 and WT males (Pathania et al. 2014; De Rubeis et al. 2014; 579 

Abekhoukh et al. 2017). This was true only for the male mice, while the sample from the 580 

female mice showed a range of 2 – 10 spines per 10 μm, which is in line with the previous 581 

reports. The low number of dendritic spines is unlikely to be due to the technical difficulties, 582 

as the male and female mice used in the experiment were littermates, came from the same 583 

line, and were analysed in parallel. Therefore, it is unlikely that the low numbers in the males 584 

but not in the females are a technical artefact. The alternative explanation is that there is 585 

another factor selectively impacting the spine density in the WT males. One such factor 586 

could be the social environment. The effect of the social environment in the mouse models 587 

of ASD has not been extensively studied. However, there were some reports of mutant 588 

animals, including males lacking Nlgn3, impacting on the behaviour of the WT littermates 589 

(Yang et al. 2011; Kalbassi et al. 2017). The biological processes underlying mouse 590 

behaviour are complex, however, there is a possibility that the density of dendritic spines 591 

might be correlated with behaviour. Therefore, the low number of dendritic spines seen in 592 

the WT mice housed with the mutant littermates might be the result of the social 593 

environment. In order to confirm that the social housing effect can extend to the dendritic 594 

spine density, it would be necessary to extend the analysis to a cohort of WT males that 595 

have never been housed with mutant littermates.  596 
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In addition to the possible effect of the social environment on behavior and dendritic spine 597 

density, social housing also impacts on the transcriptome in the hippocampus. While the 598 

effect of the social environment on the gene expression was replicated in two separate 599 

cohorts of animals, the identity of the genes associated with different housing conditions 600 

varied. In the first cohort, single genotype housing of the WT animals was associated with 601 

synaptic transmission and metabolic processes, and in the second cohort the same trait was 602 

associated with cell cycle processes and RNA regulation. The differences might arise from 603 

the fact that one of the two cohorts of SGH WT arose from the same breeding line as the 604 

corresponding MGH WT animals while the other cohort did not. We found that wild type 605 

individuals could potentially be differentiated based RNA expression, indicating that the 606 

different social environments have a distinct impact on wild type mice. Although this 607 

experiment does not draw a direct link between the identity of the RNA profile and the 608 

phenotypes, we could postulate that wild type behavior, shaped by its social environment, 609 

can be underlined by the activation of specific molecular pathways that remain to be 610 

determined. 611 

Here we showed that not only genetic factors but also sex and social environment play a 612 

fundamental role in shaping the phenotypes of different mouse models of ASD. Of these 613 

factors, the most complex to consider is arguably the role of the social environment. 614 

Together with previous published study (Kalbassi et al. 2017) our experiments suggest that  615 

the presence of mutant animals influence wild type animals in that they adopt behavioral, 616 

cellular and molecular phenotypic traits of mutant animals. The opposite effect, form the 617 

mutant to the wild type, seem to occur as well. The resulting effect might be that when the 618 

animals with different levels of sociability are placed in a common social context, a 619 

homogenization of their behavior, underlined by neuronal morphology and transcriptome 620 

profile changes, occurs to set an optimal level of functioning within the social group. This 621 

remains a hypothesis which needs to be validated and extended to social groups in general. 622 

But if our postulate were to be confirmed, these findings could have important implications 623 
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regarding experimentations using laboratory animals and in particular lead to re-evaluate the 624 

use of wild type animals as control to define phenotypic traits of mouse models.  625 
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Figure legends 756 
 757 

Figure 1 The effect of Nlgn3 deletion and Cyfip1 haploinsufficiency on exploratory 758 

behaviour. A Distance travelled in the open field by the Nlgn3y/-Cyfip1+/- male mice and their 759 

littermates. B Habituation to the novel environment in the Nlgn3y/-Cyfip1+/- male mice and 760 

their littermates in the open field. C Distance travelled in the open field in by the Nlgn3+/-761 

Cyfip1+/- female mice and their littermates. D Habituation to the novel environment in the 762 

Nlgn3+/-Cyfip1+/- female mice and their littermates in the open field. P < 0.05 is *, P < 0.01 is 763 

**, P < 0.001 is ***. Time spent in the centre of the open field arena and sex comparison is 764 

available in Extended Data Figure 1-1. Details of statistical analysis are available in 765 

Extended Data Figure 1-2. 766 

Extended Data Figure 1-1 The effect of Nlgn3 deletion and Cyfip1 haploinsufficiency 767 

on anxiety. A Time spent in the centre of open field arena for Nlgn3y/-Cyfip1+/- male mice 768 

and their littermates. B Time spent in the centre of open field arena for Nlgn3+/-Cyfip1+/- 769 

female mice and their littermates. C Comparison of the distance travelled in the open field 770 

between WT and Cyfip1+/- males and females. D Comparison of the time spent in the centre 771 

of the open field between WT and Cyfip1+/- males and females. 772 

Extended Data Figure 1-2 Statistical table. 773 

Figure 2 The effect of Nlgn3 deletion and Cyfip1 haploinsufficiency on motor learning. 774 

A Latency to fall off rotarod in by the Nlgn3y/-Cyfip1+/- male mice and their littermates. B 775 

Latency to fall off rotarod in the Nlgn3+/-Cyfip1+/- female mice and their littermates. P < 0.05 is 776 

*, P < 0.01 is **, P < 0.001 is ***. Data for individual trials and sex comparison are available 777 

in Extended Data Figure 2-1. 778 

Extended Data Figure 2-1 The effect of Nlgn3 deletion and Cyfip1 haploinsufficiency 779 

on motor learning across trials. A Latency to fall off rotarod in by the Nlgn3y/-Cyfip1+/- male 780 

mice and their littermates across trials. B Latency to fall off rotarod in the Nlgn3+/-Cyfip1+/- 781 
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female mice and their littermates across trials. C Comparison of the latency to fall off rotarod 782 

between WT and Cyfip1+/- males and females. 783 

Figure 3 A Time spent sniffing the olfactory cue by the Nlgn3y/-Cyfip1+/- male mice and 784 

their littermates. B Time spent sniffing the olfactory cue by Nlgn3+/-Cyfip1+/- female mice 785 

and their littermates. C Number of ultrasonic vocalisations emitted in response to a female in 786 

oestrus by the male mice. D Duration of the ultrasonic vocalisations emitted by male mice. E 787 

Time spent in the interaction with a female by male mice. P < 0.05 is *, P < 0.01 is **, P < 788 

0.001 is ***. 789 

Figure 4 The effect of Nlgn3 deletion and Cyfip1 haploinsufficiency on spine density 790 

in the cortex. A The dendritic spine density in the M1 area of motor cortex and the V1 area 791 

of visual cortex in Nlgn3y/-Cyfip1+/- males and their littermates. B The dendritic spine density 792 

in the M1 area of motor cortex and the V1 area of visual cortex in Nlgn3+/-Cyfip1+/- females 793 

and their littermates. Scales bars are 10 μm. P < 0.05 is *, P < 0.01 is **, P < 0.001 is ***. 794 

The sex comparison is available in Figure 4-1. 795 

Extended Data Figure 4-1 The effect of sex on spine density in the cortex. The dendritic 796 

spine density in the cortex in WT and Cyfip1+/- male and female mice. 797 

Figure 5 Nlgn3 and Cyfip1 mutations affect the transcriptome profile of male mice. A 798 

Differentially expressed genes between the SGH WT,  MGH WT, Cyfip1+/-, Nlgn3y/-, and 799 

Nlgn3y/-Cyfip1+/- male mice. B Hierarchical clustering of differentially expressed genes in the 800 

different housing and genotype conditions. C Position of the individuals samples from 801 

different housing and genotype conditions in the principal component space based on the 802 

100 genes with greatest fold change D WGCNA modules correlation with the different 803 

housing and genotype combinations. E GO pathways for modules correlated with SGH WT 804 

condition.  805 

Figure 6 Social envrionment affects the transcriptome profile of WT and Nlgn3y/- mice. 806 

A Differentially expressed genes in the SGH WT, MGH WT, SGH Nlgn3y/-, MGH Nlgn3y/-. B 807 
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Hierarchical clustering of differentially expressed genes in the different housing and 808 

genotype conditions. C Position of the individuals samples from different housing and 809 

genotype conditions in the principal component space based on the 100 genes with greatest 810 

fold change D WGCNA modules correlation with the different housing and genotype 811 

combinations. E GO pathways for modules correlated with SGH WT condition. 812 

Figure 7 Neuroligin3 inhibits CYFIP1 in the population of neurons important for motor 813 

learning. In Cyfip1+/- males, there is a deficit in motor learning, potentially because 814 

Neuroligin3 inhibits the already reduced pool of available CYFIP1. In the Nlgn3y/- males, the 815 

lack of inhibition of CYFIP1 results in motor learning, accompanied by hyperactivity. In the 816 

double mutant males, the remaining CYFIP1 is not inhibited by Neuroligin3, resulting in 817 

restoration of motor learning that is still however accompanied by hyperactivity and an 818 

increase in dendritic spine density.  Thus, in the WT Neuroligin3 is likely to inhibit CYFIP1, 819 

regulating motor learning activity levels as well as dendritic spine density in the cortex.  820 
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