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Abstract 

Autism spectrum disorders (ASD) and epilepsy are neurodevelopmental conditions that appear with high rate of cooccurrence, suggesting the 

possibility of a common genetic basis. Mutations in Synapsin (SYN) genes, particularly SYN1 and SYN2, have been recently associated with ASD 

and epilepsy in humans. Accordingly, mice lacking Syn1 or Syn2, but not Syn3, experience epileptic seizures and display autistic-like traits that 

precede the onset of seizures. Here, we analyzed social behavior and ultrasonic vocalizations emitted in 2 social contexts by SynI, SynII, or SynIII 

mutants and show that SynII mutants display the most severe ASD-like phenotype. We also show that the behavioral SynII phenotype correlates with 

a significant decrease in auditory and hippocampal functional connectivity as measured with resting state functional magnetic resonance imaging 

(rsfMRI). Taken together, our results reveal a permissive contribution of Syn2 to the expression of normal socio-communicative behavior, and suggest 

that Syn2-mediated synaptic dysfunction can lead to ASD-like behavior through dysregulation of cortical connectivity. 
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Introduction

Autism Spectrum Disorder (ASD) is a group of disorders including qualitative 

impairments in social interaction and communication, as well as aberrant 

repetitive behaviors, with symptoms emerging early in childhood (American 

Psychiatric Association 

2013). In association with ASD core symptoms, autistic subjects commonly 

exhibit other associated features generating a variety of comorbidity traits 

including epilepsy (with 30% of prevalence) (Levy et al. 2010; Fassio et al. 

2011; van Steensel et al. 2011; Woolfenden et al. 2012; Gilby and O’Brien 

2013). Conversely, ASD 

traits are often present in children with epilepsy (with 46% of prevalence) 

(Clarke et al. 2005; Matsuo et al. 2010). Given the high comorbidity between 

ASD and epilepsy, the possibility of common genetic bases and pathogenic 

mechanisms for both diseases have been proposed (Jeste and Tuchman 2015). 

Evidence of altered brain structural organization and development has been 

provided by recent structural magnetic resonance imaging (MRI) studies in 

ASD and epilepsy. This includes examples of abnormal brain growth during 

the first year of life and regional differences in the cerebral cortex, limbic 

system, and cerebellum (Courchesne et al. 2004; Schumann et al. 2004; Allen 

et al. 2005; Carper and Courchesne 2005; Santos et al. 2011). From a functional 

standpoint, it has been proposed that both epilepsy and ASD may entail atypical 

connectivity, or impaired communication between regions, with imaging 

studies showing a prevalent contribution of reduced long-range functional 

synchronization, at least in the adult brain (Waites et al. 2006; Pittau et al. 2012; 

Di Martino et al. 2013; Holmes et al. 2013; Uddin et al. 2013; Haneef et al. 

2014; He et al. 2015; Vasa et al. 2016). Similar findings have been recently 

recapitulated in autism mouse models (Sforazzini et al. 2014, 2016; Liska et al. 

2017). These results point at an involvement of alterations in synaptic 

connectivity and macroscale brain communication in the pathogenesis and the 

manifestations of ASD. However, the causal role of specific genetic etiologies 

in the reorganization of resting state networks remains elusive. 

Recently, mutations in Synapsin (SYN) genes and particularly in both 

SYN1 and SYN2 have been described in subjects with ASD and/or epilepsy 

(Lakhan et al. 2010; Fassio et al. 2011; Corradi et al. 2014; Nguyen et al. 2015). 

Syns are a family of neuronal phosphoproteins, encoded by 3 distinct genes 

(SYN1, SYN2, and SYN3) that regulate synaptic transmission and plasticity, 

as well as neuronal development (Cesca et al. 2010; Fornasiero et al. 2010; 

Giovedí et al. 2014). The principal functions of Syns are to control synaptic 

vesicle (SV) trafficking and modulate neurotransmitter release at the 

presynaptic terminal. Syn isoforms seem to play distinct roles in excitatory and 

inhibitory neurons and their deletion causes an imbalance between excitation 

and inhibition, which is reported as one of the possible causes underlying 

autism and epilepsy (Gitler et al. 2004; Baldelli et al. 2007; Chiappalone et al. 

2009; Farisello et al. 2013; Medrihan et al. 2015). 

SynI, SynII, double SynI/II and triple SynI/II/III knockout (KO) mice are 

prone to epileptic seizures starting from 2 to 3 months of age and their 

phenotype progressively aggravates with age. The fact that epilepsy does not 

appear at birth and that SynIII KO mice are not epileptic, can be explained by 

the specific expression profiles of the 3 Syn genes during development (Ferreira 

et al. 2000; Feng et al. 2002; Bogen et al. 2009). Syn1 and Syn2 are expressed 

at low levels at birth and their expression progressively increases along 
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synaptogenesis to reach a stable plateau at 1–2 months of life, approximately 

the time window within which epilepsy appears. By contrast Syn3, encoding 

for an isoform mostly involved in the early phases of neural development, is 

expressed at very early developmental stages and is downregulated afterwards 

(Bogen et al. 2009; Porton et al. 2011; Giovedí et al. 2014). 

Interestingly, Syn mutant mice display deficits in social behavior with 

SynII mutants showing the most severe phenotype (Dyck et al. 2009, 2012; 

Greco et al. 2013). Recent electrophysiological and pharmacological studies 

also showed that deletion of Syn2 is associated with a specific loss of 

asynchronous GABA release at inhibitory synapses, causing a 

hyperexcitability profile in mice due to the substantial lack of the GABA tonic 

current (Medrihan et al. 2013, 2015). In keeping with this, it has recently been 

shown that THIP, a selective agonist of δ subunit-containing extrasynaptic 

GABAA receptors, is effective in reverting the epileptic phenotype of SynII KO 

mice both ex vivo and in vivo (Medrihan et al. 2015), consistent with a role of 

the decreased GABAergic tone in epileptogenesis. 

Here we examined socio-communicative behavior in mouse mutants 

lacking Syn1, Syn2, or Syn3 to unravel the contribution of these genes as risk 

factors for the development of ASD and neurodevelopmental disorders. We 

show that mice lacking Syn2 exhibit a robust ASD-like behavioral phenotype, 

a finding associated with reduced functional connectivity in auditory cortices 

and hippocampal regions. We also show that pharmacological treatments that 

revert epileptic phenotype do not improve autistic-like behaviors in SynII KO 

mice, suggesting distinct pathomechanisms for epilepsy and autism-like 

phenotypes in these mice. Collectively, these findings reveal a permissive 

contribution of Syn2 to the expression of normal socio-communicative 

behavior, and suggest that Syn2-mediated synaptic dysfunction can lead to 

ASD-like behavior through dysregulation of cortical connectivity. 

Materials and Methods 

Animals 

SynI, SynII, and SynIII mutant mice (Chi et al. 2001; Feng et al. 2002; Gitler 

et al. 2004) were backcrossed to a C57BL/6 J background (Charles River, 

Calco, Italy) for more than 10 generations. HET male X HET female mice were 

mated in the SynII and SynIII mutant lines. Given the localization of the Syn1 

gene on the X chromosome, HET females were bred with WT males and only 

male WT and KO pups were tested. All procedures involving animals and their 

care were carried out in accordance with the guidelines established by the 

European Community Council (Directive 2014/26 EU) and were approved by 

the Italian Ministry of Health. 

Behavioral Experiments 

Maternal Separation Test 

At postnatal day (pnd) 4, 6, 8, and 12, SynI male and SynII and SynIII male 

and female pups were individually subjected to a 3-min maternal separation 

test. Ultrasonic vocalizations (USVs) and spontaneous behaviors were 

recorded and analyzed as in Scattoni et al. (2008) and Romano et al. (2013). 

After each recording session, body weight, body temperature, and righting 

reflex were measured as in Scattoni et al. (2008) and Romano et al. (2013). 

Adult Male–Female Social Interaction Test 

At 3 months of age, all male mice of the 3 genotypes were tested in a 3-min 

male–female social interaction test. USVs and social behaviors were recorded 

and analyzed as in Scattoni et al. (2011) and Michetti et al. (2014). A second 

group of SynII WT and KO male mice was subjected to the same male–female 

social interaction test after a 1-week treatment with the selective agonist of δ-

subunit-containing GABAA receptor (THIP). ALZET-1002 osmotic 

minipumps, filled with THIP (2.5 mg/kg) or artificial cerebrospinal fluid 

(ACSF) were implanted subcutaneously to achieve a 1-week continuous 

treatment (Medrihan et al. 2015). 

Statistical Analysis 

A mixed-model ANOVA with Repeated Measures was performed to analyze 

genotype-dependent effects on neonatal USVs and spontaneous movements in 

the postnatal phase. 

Univariate ANOVAs were conducted for behaviors and USVs analyzed during 

the male–female social interaction test. The probability of vocalizations within 

genotype was calculated as number of calls in each category per subject/total 

number of calls and standardized by angular transformation. Because no sex 

differences in calling patterns and spontaneous movements were detected in 

pups, data were collapsed across sex. Data are expressed as mean ± SEM with 

a significance level of P < 0.05. Post hoc comparisons were performed using 

Tukey’s test only when a significant F-value was determined. 

Structural and Functional MRI 

Voxel-Based Morphometry 

Morpho-anatomical MRI was carried out on paraformaldehydefixed specimens 

obtained from the same WT and SynI, SynII, or SynIII KO mice previously 

subjected to behavioral experiments (for details on fixation procedure see 

Dodero et al. 2013). Brains were imaged inside intact skulls to avoid post-

extraction deformations. MR images were acquired at 7.0 Tesla with a 3D fast 

spin-echo sequence, TR = 550 ms, TE = 33 ms, RARE factor = 8, echo spacing 

11 ms, and voxel size of 90 μm (isotropic). Intergroup differences in local gray 

matter (GM) volume were mapped with Voxel-Based Morphometry (VBM) 

(Ashburner and Friston 2000; Pagani et al. 2016a). Volumes of cortical and 

subcortical regions were calculated via automated anatomical labeling (Janke 

et al., 2012; Pagani et al. 2016b). 

Resting State Functional MRI (rsfMRI) 

Resting state functional MRI (rsfMRI) experiments were performed on adult 

male Syn II mice (N = 10 WT, N = 10 KO) previously used for THIP 

experiments (VEH animals) under shallow halothane anesthesia (0.75%). The 

animal preparation protocol was recently described in great detail (Ferrari et al. 

2012; Sforazzini et al. 2016). Single-shot BOLD rsfMRI time series were 

acquired using an echo planar imaging sequence with TR/TE 1200/15 ms, flip 

angle 30°, matrix 100 × 100, field of view 2 × 2 cm2, 24 coronal slices, slice 

thickness 0.50 mm and 500 volumes. rsfMRI images were preprocessed as 

previously described in great detail (Liska et al. 2017). To obtain an unbiased 

identification of the brain regions exhibiting genotypedependent differences in 

functional connectivity, we employed the global brain connectivity method 

(Cole et al. 2011; Liska et al. 2015). This metric considers connectivity of a 

given voxel to all other voxels simultaneously by computing average 

connectivity strength. We also computed local connectivity strength by 

limiting this measurement to connections within a 0.6252 mm sphere around 

each voxel (6 voxels in plane), while long-range connectivity was computed 

by considering only connections to voxels outside this sphere. The effect was 

also quantified in volumes of interest (VOIs). The anatomical location of the 

examined VOIs is reported in Supplementary Figure S6. Intergroup differences 

in the antero-posterior extension and intensity of long-range rsfMRI correlation 

of auditory regions were mapped using a seed-based approach (Sforazzini et 

al. 2014). Bilateral seed regions (3 × 3 × 1 voxels) were chosen to cover foci 

exhibiting significant reductions in local connectivity. Seed locations are 

reported in Figure 5 and Supplementary Figure S7 (red dots). Group level 

differences in connectivity distributions were mapped using 2-sample Student’s 

t-tests (t(19) = 2.3, cluster corrected with pc < 0.05, as implemented in FMRIB 

Software Library). Alterations in inter-hemispheric functional connectivity 

were assessed by computing correlation coefficients of inter-hemispheric VOIs 

covering cortical regions. The statistical significance of intergroup correlation 

strength in each region was assessed with a Student’s t-test, followed by 

multiple comparison correction (false discovery rate, q = 0.05 according to the 

Benjamini–Hochberg procedure). 
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Results 

Social Communication Deficits in SynI Mice 

SynI KO pups separated from their mothers and siblings emitted significantly 

less calls and for shorter times than their WT littermates, even if both genotypes 

showed a peak of emission at pnd 8 (Fig. 1A, D). Moreover, an overall 

genotype effect was also found in USV characteristics showing a decrease in 

peak frequency and peak amplitude (Supplementary Fig. S1A, B). However, 

no major alterations were found in the production of USVs by call categories 

(Supplementary Fig. S2A), or in motor development, somatic growth and body 

temperature (data not shown). In line with neonatal USVs, a robust deficit in 

USVs emission rate was detected in adult SynI KO mice during courtship. 

Analysis of the social investigation (total amount of sniffing responses) and 

social communication in adult SynI mice interacting with an estrus female 

revealed that KO mice spent less time and less frequently investigated the 

C57BL/6J female partner than WT mice (Fig. 2A, D), and, similarly, vocalized 

less (Fig. 2G). Moreover, the USVs emitted by KO animals were characterized 

by a shorter duration and a decreased peak frequency (Supplementary Fig. 

S3A, D). Despite KO mice emitted a very low number of vocalizations in this 

social context, their vocal repertoire was still intact as compared to WT 

(Supplementary Fig. S4A, D). 

Complete ASD-like Phenotype in SynII Mice 

SynII mice exhibited by far the most robust ASD-like phenotype. During the 

maternal separation test, the total number of vocalizations varied across 

genotype, and in particular after pnd 6, KO pups rapidly decreased their calling 

rate (Fig. 1B). A main effect of genotype was also found in the total calling 

time albeit not in a gene-dosage dependent manner. Indeed, post hoc 

comparisons revealed that KO pups vocalized less than HET but their calling 

time was comparable to WT mice (P < 0.05) (Fig. 1E). Moreover, USV data 

were characterized by an overall genotype effect in mean duration 

(Supplementary Fig. S1C), while no differences were found in peak amplitude 

and peak frequency (data not shown). No genotype differences were observed 

in the SynII vocal repertoire (Supplementary Fig. S2B), suggesting that, as for 

SynI, the observed alterations did not affect qualitative characteristics of the 

vocalizations. 

Interestingly, several deviations from normative motor development were 

also observed in SynII KO pups during the first 12 pnds. In particular, SynII 

KO pups spent more time to right their body than WT and HET at pnd 6 as 

confirmed by post hoc analyses (Fig. 3A). We did not find genotype differences 

in somatic growth or body temperature (data not shown), while, when we 

measured spontaneous behavior, an overall genotype effect was found for 

pivoting frequency and circling frequency and duration (Fig. 3B, D). 

Male–female social interaction test in adulthood confirmed the presence of 

ASD-like behaviors in SynII KO mice. Male KO mice interacting with a 

receptive female displayed reduced levels of social sniffing behavior associated 

with a complete lack of social communication (Fig. 2B, E, H and 

Supplementary Movie). A main effect of genotype was also observed for the 

mean duration of USVs, with SynII KO mice vocalizing with 

shorter calls than WT and HET mice (Supplementary Fig. S3B). The 

classification of the vocalizations into distinct categories allowed the detection 

of limited vocal repertoire in adult KO males as compared to WT and HET 

littermates (Fig. 2J and Supplementary Fig. S4B, E). KO mice emitted a low 

number of complex, 2-components, upward, and frequency steps calls, and 

limited their vocalizations to short calls (54%). 

Interestingly, during this test, a main effect of genotype was found for 

grooming frequency and duration (Fig. 2K). Adult KO mice performed self-

grooming more frequently and for longer time than WT and HET mice, 

confirming previous reports of increased repetitive behaviors in this mouse line 

(Greco et al. 2013). 

Absence of Autistic-like Traits in SynIII Mice 

No genotype differences were observed in SynIII mutants for all parameters 

analyzed during maternal separation test (Fig. 1C, F and Supplementary Fig. 

S2C), including somatic growth and body temperature (data not shown), as 

well as adult social interaction (Fig. 2C, F, I and Supplementary Figs S3C and 

4C, F). 

Largely Typical Brain Volume and Morphometry in SynI, SynII, 

and SynIII KO Mice 

Whole-brain VBM of GM did not reveal any focal or generalized inter-strain 

differences for each of the 3 genotypes (Z > 1.6, cluster correction P = 0.05). In 

keeping with this, the 3dimensional volumetric assessment of cortical and 

subcortical structures did not reveal any significant intergroup differences 

(Supplementary Fig. S5). These results argue against a contribution of major 

GM neuroanatomical alterations to the observed behavioral phenotypes. 

Synapsin II KO Mice Show Abnormal Functional Connectivity 

Because SynII KO mice showed the most severe ASD-like phenotype, and 

given the established observation of network disruption in autism (Liska and 

Gozzi 2016) we decided to perform a functional connectivity analysis on these 

mice. Specifically, to identify macroscale functional substrates involved in the 

behavioral alterations of SynII KO, we mapped local and long-range 

 

Figure 1. Vocalizations emitted by pups of the 3 mutant lines SynI, SynII, and SynIII in response to a 3-min maternal separation. (A–C) Number of vocalizations on postnatal days (pnd) 4 through 12. 

Total number of vocalizations varied across genotypes in SynI [genotype effect: F1,30 = 4.561, P = 0.041] and SynII pups [genotype effect: F2,70 = 3.424, P = 0.038]. No genotype differences were found 

for SynIII pups. (D–F) Total time spent to vocalize indicated as total calling time (total number of vocalizations × mean duration). Data pooled from all ages considered. A main effect of genotype was 

found in total calling time in SynI [genotype effect: F1,30 = 4.060, P = 0.05] and SynII mouse pups [F2,70 = 4.153, P = 0.01]. No genotype differences were found for SynIII pups. For all graphs data are 

expressed as means ± SEM *P < 0.05. SynI: N = 15 WT and 17 KO; SynII: N = 21 WT, 40 HET and 12 KO; SynIII: N = 16 WT, 32 HET and 23 KO. 
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connectivity in these mutants using rsfMRI as previously described (Liska et 

al. 2015). No significant genotype-dependent effects in global connectivity 

strength were observed. However, local (short range, <0.6mm) connectivity 

mapping revealed bilateral foci of decreased local connectivity in auditory and 

somatosensory cortices and intermediate hippocampus in SynII KO mice as 

compared to WT littermates (Fig. 4A). Interestingly, local connectivity in 

auditory areas and intermediate hippocampus were significantly correlated with 

USV calls impairment in individual subjects (Fig. 4B). Inter-hemispheric 

connectivity between the auditory cortex and its homotopic contralateral 

regions was also significantly reduced (Supplementary Fig. S6). No 

impairments in inter-hemispheric connectivity were observed within other 

cortical regions (Supplementary Fig. S7). Seed-based mapping of auditory 

regions also revealed decreased connectivity between these areas and 

prefrontal and cingulate afferents in SynII mutants (Fig. 5), suggesting the 

presence of long-range fronto-parietal desynchronization in these mice. 

Rescue of Epilepsy in SynII KO Mice does not Affect ASD-like 

Phenotypes 

SynII KO mice are characterized by a sharp decrease in asynchronous GABA 

release and tonic inhibition in the hippocampus, and correction of tonic 

inhibition with the extrasynaptic GABAA receptor agonist THIP rescues their 

epileptic phenotype 

and 10 KO; SynIII: N = 9 WT, 13 HET, 9 KO. 

(Medrihan et al. 2013, 2015). To investigate if the abnormal inhibitory 

neurotransmission causing epilepsy in SynII KO mice is also responsible for 

the observed ASD-like behaviors, we evaluated whether treatment with THIP 

was also able to ameliorate the behavioral deficits identified during a male–

female social interaction test. Interestingly, the analysis of social investigation, 

number of vocalizations and self-grooming did not detect a significant effect of 

THIP treatment (Fig. 6A–C). The inability of THIP to revert the social behavior 

and communication deficits of SynII KO mice, while rescuing their epileptic 

 

Figure 2. Adult male–female social interaction test in SynI, SynII, and SynIII male mice. (A–C) Number of sniffing events performed by male mice in the different body areas of a sexually receptive 

C57BL/6 J female. SynI KO and SynII KO mice sniffed the C57BL/6 J female partner less frequently than WT mice (and HET mice in the SynII mutant line) [genotype effect in SynI: F1,30 = 8.66, P = 

0.006; genotype effect in SynII: F2,39 = 3.71, P = 0.03], as confirmed by post hoc comparisons. (D–F) Duration of sniffing behavior. SynI KO and SynII KO mice sniffed the C57BL/6 J female partner for 

shorter time than WT mice (and HET mice in the SynII mutant line) [genotype effect in SynI: F1,30 = 8.34, P = 0.007; genotype effect in SynII: F2,39 = 4.60, P = 0.02], as confirmed by post hoc comparisons. 

(G–I) Mean number of USVs emitted by male mice in this context. SynI KO mice emitted a lower number of vocalizations when compared to WT mice [F1,30 = 43.44, P < 0.001], while SynII KO male 

mice displayed an almost total absence of vocalizations with respect to their WT and HET littermates [genotype effect: F2,3 = 33.56, P < 0.001]. (J) Pie graphs indicate the vocal repertoire of SynII mice. 

The values represent the percentages of the different call categories within each genotype. The bar plot represents the probability of producing calls from each of the 10 categories of USV (proportion of 

each call category within the total calls for the subject). SynII KO emitted a completely different vocal repertoire probably due to their low calling rate. Category initials correspond to: Cx=complex, Tc = 

2-component, Up = upward, Dw = downward, Ch = chevron, Sh = short, Cp = composite, Fs = frequency steps, Fl = flat, Un=unstructured. (K) Frequency and duration of self-grooming behavior performed 

by SynII adult male mice during the male–female social interaction test. SynII KO mice performed self-grooming more frequently and for longer times than WT and HET mice [frequency: F2,39 = 12.27, 

P < 0.001; duration: F2,39 = 7.95, P < 0.001]. Data are expressed as means ± SEM. *P < 0.05; **P < 0.005; ***P < 0.001. SynI: N = 15 WT and 17 KO; SynII: N = 11 WT, 21 HET 
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phenotype, suggests distinct patho-mechanisms for epilepsy and autism 

phenotypes in these mice. 

Discussion 

ASD frequently occurs together with epilepsy, suggesting common etiology 

and pathogenic mechanisms (Jeste and Tuchman 2015). An array of mutations 

in SYN1 and SYN2 genes have been recently associated with both disorders in 

humans (Cesca et al. 2010; Fornasiero et al. 2010; Fassio et al. 2011; Corradi 

et al. 2014). The mechanisms by which deletion of SYN1 and SYN2 leads to 

epilepsy propensity has been recently clarified in Syn mutant mice and found 

to involve specific impairments of phasic and tonic GABAergic transmission, 

resulting in an excitation/inhibition imbalance at synapses and an increased 

excitability of excitatory neurons (Gitler et al. 2004; Baldelli et al. 2007; 

Chiappalone et al. 2009; Farisello et al. 2013; Medrihan et al. 2013, 2015). Syn 

mutant mice also display alterations in social behavior (Dyck et al. 2012; Greco 

et al. 2013), but the pathogenic mechanisms that link SYN mutations to ASD, 

as well as the emergence of the core symptoms of ASD, have not been clarified 

yet. 

Social Deficits in SynI and a Complete ASD-like Phenotype in 

SynII KO Mice 

Previous behavioral characterization of SynI, II, and III mice revealed that 

SynII mutants exhibit the most pronounced set of ASD-like alteration (Greco 

et al. 2013). In this study, we carried out a detailed investigation of the socio-

communicative deficits in these mice, the first ASD core symptom. To this aim, 

we investigated neonatal and adult vocal, and social repertoire in the 3 Syn 

mutant mouse lines. Our results show largely distinct phenotypes in the 3 

mutant lines, with the most severe ASDlike phenotype in SynII KO mice. 

SynI KO mice showed social communication and interaction deficits both 

in postnatal and adult phases. This social deficit was not associated with 

genotype differences in the use of specific call categories (vocal repertoire), 

suggesting that the impairment in SynI is limited to the calling rate. Overall, 

the lack of Syn1 mainly affects social communication throughout the lifespan. 

SynII KO pups emitted a low number of vocalizations after pnd 6, and 

showed several deviations from normative motor development during the first 

12 pnds. The delayed maturation of the motor behavior is in line with the 

transient delay in sensory-motor development shown by other animal models 

of ASD such as Mecp2-null, NL3, and Reeler mice (Picker et al. 2006; 

Chadman et al. 2008; De Filippis et al. 2010; Romano et al. 2013). The early 

motor abnormalities found in KO pups are particularly intriguing in view of the 

subtle alterations in infantile reflexes (such as body righting or head tilting) and 

general movements described in infants later diagnosed for autism (Teitelbaum 

et al. 2004; Phagava et al. 2008; Esposito et al. 2011). In adulthood, male SynII 

KO mice displayed low levels of social sniffing behavior together with a 

complete lack of vocal communication while interacting with a receptive 

female, showing a most severe deficit respect to SynI mice. These alterations 

are unlikely to be due to olfactory impairments, as previous research revealed 

conserved olfactory reactivity in these mice (Greco et al. 2013). Interestingly, 

during this test, SynII KO mice displayed also high levels of self-grooming 

 

Figure 3. Spontaneous behaviors and righting reflex in SynII mouse pups during the first 12 pnd. Frequency and duration of behavioral patterns showed by SynII pups during 3 min of maternal separation: 

(A) Righting reflex latencies measured after the recording sessions. Post hoc comparisons indicated that SynII KO spent more time to right their body than SynII WT and HET at pnd 6 [F2,210 = 2.436; P < 

0.05]. (B) A main effect of genotype was found for pivoting frequency [F2,70 = 3.19; P < 0.05]. (C, D) Circling frequency and duration. Analysis for both parameters reported a significant main effect of 

genotype [frequency: F2,70 = 3.50; P < 0.05 and duration: F2,70 = 

3.33; P < 0.05]. For all graphs data are expressed as mean ± SEM, *P < 0.05. N = 21 WT, 40 HET and 12 KO. 
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behavior, corroborating the presence of repetitive behaviors in this mutant line 

(Greco et al. 2013), and confirming the presence of a full ASD-like phenotype 

in this mutant line. 

By contrast, SynIII KO mice did not display epilepsy or ASDlike 

behaviors. This findings have 3 possible mechanistic implications: 1) Syn 

isoforms exert distinct functional roles in brain development and function; 2) 

only “adult” Syn isoforms (i.e., SynI and SynII) are necessary for the correct 

formation, maintenance and plasticity of synapses that contribute to short- and 

long-range synaptic connectivity within and across brain regions; and 3) as 

SynIII is expressed earlier than SynI and SynII during brain development and 

is downregulated afterwards, the data identify a window of vulnerability for 

ASD in the perinatal period of synapse formation and rearrangement, when 

most of synaptic genes start to be potently expressed. 

The ASD-like Phenotype of SynII KO is Correlated with an 

Impaired Functional Connectivity 

MRI studies have reported structural and connectivity brain alterations in ASD 

and epileptic patients. We therefore tested whether an altered 

structural/functional connectivity underlies the unusual behavioral patterns of 

Syn mice. The absence of major brain structure alterations observed in our MRI 

studies in either mutant strain rules out a role of these genes in shaping 

macroscale brain anatomical organization. However, the presence of reduced 

functional connectivity in auditory regions and long-range hypoconnectivity 

between this region and cingulate prefrontal areas in SynII KO mice, was 

significantly correlated with the USV phenotype. 

This observation is consistent with a large body of evidence pointing at an 

altered functional connectivity in ASD (Ecker and Murphy 2014), and 

corroborates functional imaging data obtained in other mouse models of ASD, 

in which a similar hypoconnectivity has been recently described (Dodero et al. 

2013; Sforazzini et al. 2016; Liska et al. 2017). The observation of an 

association between reduced parietal connectivity and impaired social 

communications supports the neurobiological relevance of these findings, and 

suggest that loss-of-function SYN2 mutations can predispose to 

neurodevelopmental disorders and ASD through regional dysregulation of 

local and longrange functional network coupling. 

The Epileptic and ASD-like Phenotypes of SynII KO Mice do not 

Share the Same Mechanism 

Given the significant comorbidity of epilepsy and ASD, it has been suggested 

that common molecular alterations, 

 

Figure 4. SynII KO mice show reduced local functional connectivity. (A) Functional connectivity mapping revealed a bilateral decrease in rsfMRI local connectivity in primary auditory and somatosensory 

cortices as well as in hippocampal regions of SynII KO mice compared to control littermates (t < −2.3, pc = 0.001). These effects were also quantified in VOIs, confirming the presence of significantly 

reduced local connectivity in these regions. Focal reduction in local rsfMRI connectivity was also found in the left amygdala and pirifrom cortex of SynII mice. (B) Local rsfMRI connectivity in the 

auditory cortex and hippocampus were associated with lower number of USVs, suggesting a possible involvement of these brain regions in the emergence of the ASD-related behavior in SynII mice. *P 

< 0.05, **P < 0.01. Amy, amygdala; Aud, auditory cortex; HPC, hippocampus; Pir, piriform cortex; S1, somatosensory cortex. 
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Figure 5. SynII KO mice show reduced fronto-temporal functional connectivity. Representative 

coronal slices depicting rsfMRI correlation maps (t > |2.3|, pc = 0.001) with respect to bilateral 

auditory seed regions (black dots) in WT (top), and SynII KO mice (middle), plus genotype-

dependent difference related to this connectivity patterns (bottom). Note the presence of decreased 

connectivity between auditory the prefrontal/anterior cingulate cortex observed in SynII KO mice. 

Slices have been arranged in a caudalrostral manner (left to right, and top to bottom) and red 

labeling indicates seed location. Aud1, primary auditory cortex; Cg, cingulate cortex; PFC, 

prefrontal cortex. 

impinging on the synapse, may promote both pathological states. Given the 

strong ASD-like phenotype observed in epilepsia-prone SynII KO mice, we 

tested whether a treatment, that previously proved effective in fully rescuing 

the epileptic phenotype in these mice (Medrihan et al. 2015) and in a mouse 

model of fragile X syndrome (Olmos-Serrano et al. 2011), could also 

ameliorate the ASD-like phenotype. Importantly, we found that the treatment 

did not improve the social deficits and repetitive behaviors in SynII KO mice. 

This finding suggests that alterations in GABA-mediated tonic inhibition 

exhibited by this mutant line are not entirely responsible for the observed ASD-

like behavioral deficits. This negative result implies that, while epilepsy may 

be the direct consequence of an excitatory/inhibitor imbalance, ASD-like 

symptoms are more likely to depend on abnormal functional connectivity and 

impaired adaptation to external stimuli. More broadly, this finding suggests that 

epilepsy and ASD follow distinct pathogenic pathways in spite of their largely 

shared genetic bases. The finding is also consistent with the observation that 

anti-epileptic drug treatments trying to correct the excitation/ inhibition 

imbalance only marginally ameliorate the core symptoms of ASD (Hirota et al. 

2014). 

 

Figure 6. Effects of the extrasynaptic GABAA receptor agonist THIP in SynII KO mice during a 

male–female social interaction test. Behavior and vocalizations emitted by WT and SynII KO male 

mice pretreated for 7 days with either vehicle or THIP while interacting with a receptive C57/BL6J 

female. (A) Mean duration of social investigation. (B) Mean number of USVs. (C) Total duration 

of self-grooming behavior. Analysis of the 3 parameters did not detect a significant effect of THIP. 

On the contrary, the genotype effect was maintained for all parameters [social investigation: F1.43 

= 4.026, P = 0.05; number of USVs: F1.43 = 49.503, P < 0.0001, self-grooming duration: F1.43 = 

3.983, P = 0.05]. Data are expressed as mean ± SEM. *P < 0.05; ***P < 

0.0001. N = 11 WT-vehicle, 11 WT-THIP; 12KO-vehicle; 12K-THIP. 

Conclusions 

Prior human and animal studies suggest that SYN genes represent a possible 

common genetic basis for ASD and epilepsy. Our behavioral characterizations 

in SynI and SynII KO mice support the view that these genes are involved in 

the expression of ASD-like behavioral traits, with Syn2 playing a crucial role 

in the establishment of both symptoms through a possible derangement of 

cortical connectivity, and identify these mutant lines as useful experimental 

models to address the pathogenesis of ASD and test new therapeutic strategies. 

https://doi.org/10.5281/zenodo.19096957
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