
                                                                

Da inviare a: Società Italiana di Farmacologia – e-mail: sif.soci@segr.it; sifcese@comm2000.it  

MODELLO PER INVIO RELAZIONE DI METÀ E FINE PERIODO 
 
 

NOME E COGNOME: Stefano Musardo 
 
UNIVERSITÀ: Università di Ginevra 
 
DIPARTIMENTO (in caso di borsa per soggiorno all’estero specificare l’ente presso cui si è svolta 

la ricerca): Department of Basic Neuroscience – University of Geneve 

TUTOR (in caso di borsa per soggiorno all’estero specificare il tutor dell’ente presso cui si è 

svolta la ricerca): Prof. Camilla Bellone 

TIPOLOGIA DI BORSA RICEVUTA: SIF-MSD Italia 
 
TIPOLOGIA DI RELAZIONE (es.: metà periodo o finale): relazione finale 
 
TITOLO DELLA RELAZIONE: mGluR1 signalling and synapses maturation onto DA neurons of the 
VTA: role in ASDs 
 
 

 

BACKGROUND 

 

Autism spectrum disorders (ASDs) constitute a heterogeneous group of neurodevelopmental 

conditions diagnosed by social impairments, repetitive/stereotyped behaviors and communication 

deficits1,2. Although several studies have suggested a role for the reward system in ASDs, a better 

understanding of synaptic function in the neuronal circuits controlling social behavior and how such 

circuits are affected in ASDs are required. Reward system originates in the ventral tegmental area 

(VTA) where Dopamine (DA) neurons project to the Nucleus Accumbens and the Prefrontal Cortex. 

Excitatory inputs onto DA neurons of the VTA play a critical role in modulating the activity of DA 

neurons and the consequent release in target areas. A necessary condition for any type of synaptic 

plasticity is the appropriate composition and function of neuronal circuits and synapses. Although 

many of the events that contribute to synaptic formation are prenatal, after birth the brain enters 

a period of high plasticity and remodeling during which experiences can contribute to shape brain 

function. Excitatory transmission plays a critical role in synaptic refinement, in the formation of 

neuronal circuits and can also induce persistent alterations in behaviors during this early 

developmental period, termed the critical period. The host lab has previously shown that in the 

mesolimbic system the glutamatergic transmission onto DA neurons of the VTA undergoes changes 

                                                 
1 Volkmar, F. R., et al. Autism and autism spectrum disorders: diagnostic issues for the coming decade. J. Child Psychol. 

Psych. 50, 108–115 (2009). 
2 Landa, R. J. Diagnosis of autism spectrum disorders in the first 3 years of life. Nat. Clin. Pract. Neurol. 4, 138–147 (2008). 
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within the first three postnatal weeks3. In particular, the activation of metabotropic Glutamate 

Receptor 1 (mGluR1) during the initial postnatal weeks is necessary to promote the exchange of 

GluA2-lacking to GluA2-containing AMPA receptors and to support the proper maturation of the 

glutamatergic transmission onto DA neurons in the VTA. The layout of the glutamatergic synapses 

is orchestrated by different scaffolding proteins and among them, SHANK3 has been related with 

genetic form of ASDs4. SHANK3 is a synaptic protein that can interact both with ionotropic and 

matabotropic glutamate receptors through different domains5. The postnatal downregulation of 

SHANK3 in the VTA impairs the maturation of excitatory synapses onto DA neurons, changing the 

AMPA-NMDA ratio and AMPA subunit composition by occluding the exchange of GluA2-lacking to 

GluA2-containing AMPA receptors. It has been demonstrated that the pharmacological activation 

of mGluR1 on DA neurons promotes the switch from GluA2-lacking to GluA2-containg AMAPRs, and 

the host lab has recently showed that the administration of positive allosteric modulator of mGluR1 

(PAM-mGluR1) during the critical period (P5-P20) normalizes the maturation deficit induced by 

SHANK3 insufficiency6. These results strongly suggest that mGluR1 activation in VTA DA neurons 

during the early postnatal period has an essential determinant of postnatal development, which 

may be deficient in certain forms of ASDs. 

For the first part of the project I tested whether the activation of mGluR1 in the juvenile period (P24-

P40) could rescue the alteration of the maturation of excitatory synapses onto SHANK3 

downregulated DA neurons, as it did when is injected during critical period. 

 

Another important aspect of ASDs is the social interaction. People on the spectrum have difficulty 

establishing and maintaining relationships. They do not respond to many of the non-verbal forms of 

communication that many of us take for granted, like facial expressions, physical gestures and eye 

contact. They are often unable to understand and express their needs just as they are unable to 

interpret and understand the needs of others. This impairs their ability to share interests and 

activities with other people. 

Social interactions are described as a dynamic sequence of actions between two or more individuals 

who modify their behaviour as consequence of the interaction. Social interactions between two 

individuals can evoke a positive sense of well-being and can be highly rewarding. The intensity of 

the need for social reward is defined as social motivation and, like other motivated behaviors, is 

influenced by both unlearned internal drives and by previously learned experiences. In this 

framework, unfamiliar individuals can attract our attention and increase the drive to approach and 

explore them, while short periods of social isolation lead to a “social hunger,” which in turn 

promotes social interaction seeking. Both novelty and short periods of social isolation may therefore 

contribute to promote optimal social functioning. Three gross components of social interactions can 

                                                 
3 Bellone C et al. In utero exposure to cocaine delays postnatal synaptic maturation of glutamatergic transmission in the 

VTA. Nat Neurosci. 2011 Oct 2;14(11):1439-46. 
4 Gauthier, J. et al. Novel de novo SHANK3 mutation in autistic patients. Am. J. Med. Genet. B. Neuropsychiatr. 

Genet. 150B, 421–424 (2009) 
5 Naisbitt, S. et al. Shank, a novel family of postsynaptic density proteins that binds to the NMDA receptor/PSD-95/GKAP 

complex and cortactin. Neuron 23, 569–582 (1999). 
6 Bariselli et al. SHANK3 controls maturation of social reward circuits in the VTA. Nature Neuroscience 19, 926–934 

(2016) 
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be identified in mice and precisely examined with distinct paradigms: (1) objects with social 

importance capture our attention, (2) social interactions are reinforcing and (3) social interactions 

are influenced by the desire to maintain and enhance relationships7. Social interactions, as complex 

behaviors, are subserved by an extended network of brain regions ranging from primary sensory 

areas, regions involved in the response to emotionally relevant stimuli and circuits dedicated to 

executive functions.  

Several studies have shown that glutamatergic synapses onto VTA DA neurons undergo experience-

dependent plasticity (Ungless et al., 2001; Bellone and Luscher 2006; Chen et al., 2008). 

In a Pavlovian conditioning task using a natural reward, the cue-reward association was found to 

increase the strength of excitatory inputs onto VTA DA neurons (Stuber 2008). In this study, 

interfering with synaptic plasticity in the VTA blocked cue-reward learning, providing evidence for a 

causal link between this synaptic plasticity and associative learning. More recently it has been shown 

that social isolation in rats during a critical period of development enhances long-term potentiation 

of NMDAR-mediated transmission in the VTA. Interestingly social isolation also changes the 

extinction of amphetamine-associated contextual memory, suggesting that NMDA plasticity in the 

VTA may represent a neuronal substrate for increased addiction vulnerability (Whitaker, Degoulet, 

Morikawa 2013). 

In the second part of the project I hypothesize that social isolation represent negative reinforcers, 

that serve to increase social motivation by inducing specific forms of synaptic plasticity in defined 

sub-populations of VTA DA neurons. The general objective of the second part is to understand the 

neural circuit and synaptic elements that contribute to social motivation. 

 

 

  

METHODS 

 

Animals 

 

The study was conducted with wild-type C57Bl/6j (WT) male mice housed in groups or isolated, 

under a normal light–dark cycle. All the physiology and behaviour experiments were performed 

during the light cycle. All the procedures performed at the UNIGE compiled with the Swiss National 

Institutional Guidelines on Animal experimentation and were approved by the Swiss Cantonal 

Veterinary Office Committee for Animal Experimentation. 

 

Virus injections 

 

Injections of purified AAV-shShank3, AAV-scrShank3 were performed in mice from P2 to P5. 

Anesthesia was induced and maintained with a mixture of oxygen and isoflurane, the animals were 

then placed on the stereotaxic frame and a single injection was made over the VTA using these 

                                                 
7 Chevallier et al. The social motivation theory of autism. Trends Cogn Sci . 2012 April ; 16(4): 231–239 
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stereotaxic coordinates: ML 0.15 mm, AP 0.1 mm, DV −3.8 mm from lambda. The virus was injected 

with graduated pipettes at the rate of 100 nl/min for a total volume of 50 nL. 

 

Electrophysiology 

 

Horizontal midbrain slices 200–250 μm thick containing VTA were prepared following the 

experimental injection protocols described in the text. Slices were kept in artificial cerebrospinal 

fluid containing 119 mM NaCl, 2.5 mM KCl, 1.3 mM MgCl2, 2.5 mM CaCl2, 1.0 mM NaH2PO4, 26.2 

mM NaHCO3 and 11 mM glucose, bubbled with 95% O2 and 5% CO2. Whole-cell voltage-clamp 

recording techniques were used (30–32 °C, 2–3 ml min−1, submerged slices) to measure the holding 

currents and synaptic responses of VTA neurons, with recordings made medially to the medial 

terminal nucleus of the accessory optic tract (MT).  Recordings were performed from WT animals 

and from uninfected, shShank3-infected and scrShank3-infected cells (identified by the expression 

of the green reporter protein). The PAM-mGluR1 was administered systemically (4 mg per kg, 

intraperitoneal injections) once daily starting from P24 until 24 h before ex vivo electrophysiological 

recordings performed between P40 and P60. 

 

Free social interaction test 

 

After weaning C57BL6/J mice were isolated or group housed for 7 days and then free social 

interaction test was carried out. Briefly, each mouse was placed in a new cage in the presence of 

unfamiliar mouse for 15 minutes. The time spent sniffing the social stimulus was assessed and then 

used to determine the social interaction. 

 

Social Conditioned Place Preference test 

  

After weaning C57BL6/J mice were isolated or group housed for 7 days and then social conditioned 

place preference (sCPP) test was carried out. Briefly, each mouse was placed in the sCPP apparatus 

that consist in two different chambers connected by a corridor. The mice were left to freely explore 

the apparatus for 30 minutes (Pre-test). The next day and for four consecutive days, mice were 

subjected to two different trials of conditioning: in the morning, the animals were placed in the 

chamber paired with the social stimulus for 30 minutes, while in the afternoon were placed in the 

other chamber paired with isolation experience for 30 minutes. The sixth day mice were tested for 

place preference. For all the experiment mice were tracked using Anymaze software. Place 

preference score was calculated as the ratio between the time spent in the chamber paired with 

the social experience and the total time of exploring. 

  

Immunohistochemestry 

 

Mice were killed and transcardially perfused with PBS 1× followed by 4% paraformaldehyde 

prepared in PBS 1×. The brain was removed and left for overnight postfixation at 4 °C. Horizontal 
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VTA slices were cut at 50 µm and washed three times in PBS 1× before incubation in the blocking 

solution containing 0.3% Triton X-100 and 1% goat serum. The slices were incubated with rabbit 

anti-cFos (Synaptic System, 1:5000) at 4 °C overnight and then washed three times in PBS 1× and 

incubated for 2 h at room temperature with secondary antibodies, goat anti-rabbit IgG-Alexa 488 

(Abcam, 1:500; ab175471). Finally, the slices were washed three times in PBS 1× before being 

mounted onto microscope slides with Abcam DAPI mounting medium (Abcam, ab104139). Images 

were acquired with an LSM-710 confocal microscope and semi-automatic counting cells was 

performed using ImageJ software. 

 

RESULTS 

 

Positive Allosteric Modulation of mGluR1 

 

Whole cell in vitro patch clamp recordings from shShank3- or scrShank3-infected DA cells were 

performed and excitatory postsynaptic currents (EPSCs) pharmacologically isolated. As show in 

figure 1, putative DA neurons infected with shShank3 exhibited a higher AMPA-to-NMDA ratio 

(AMPA/NMDA) compared to non-infected neurons. 

To analyse the AMPAR subunit composition, AMPAR-mediated EPSCs were pharmacologically 

isolated and the rectification index (RI) was calculated as the slope of the line between current 

measured at negative and reversal potentials divided by the corresponding slope measured at 

positive potentials8. As expected, an increase in RI was observed in shShank3-infected putative DA 

neurons compared to uninfected putative DA cells. On the contrary, the administration of PAM (Ro) 

after the closure of the critical period (P24-P40) was not able to rescue the RI and or AMP/NMDA 

ratio. 

 
 

Figure 1: Ro treatment doesn’t rescue synaptic alteration induced by shSHANK3. (a) experiment schematic. (b) and (c) quantification 

respectively of AMPA-NMDA ratio and rectification index. (d) example traces of rectification index. 

                                                 
8 Bellone, C. & Lüscher, C. Cocaine triggered AMPA receptor redistribution is reversed in vivo by mGluR-dependent 

long-term depression. Nat. Neurosci. 9, 636–641 (2006). 
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Post-weaning social isolation affects social behaviour 

 

Social isolation refers to the absence of relationships with others (De Jong Gierveld et al., 2006). 

Although chronic exposure to social isolation has negative impact on the physical and mental health 

(Cacioppo et al., 2006), acute periods of social isolation increase social motivation both in human 

and in rodents (Baumeister and Leary 1995; Panksepp and Beatty 1980). 

After weaning, mice were isolated or grouped housed for 7 days and then free social interaction test 

was carried out. As shown in figure 2, the isolated mice show an increase of the social interaction 

compared with grouped mice. 

 

 
Figure 2: Acute social isolation induces an increase of social interaction. (a) experiment schematic. (b) quantification of sniffing time. 

Seven days after social isolation, mice were conditioned for 4 days to associate one context with 

isolation and a second context with exposure to social stimulus. Mice were then tested on day 6 to 

freely explore both contexts (in the absence of stimulus) and a preference score calculated. As 

shown in figure 3, isolated mice showed a greater preference for the social compartment compared 

to the grouped one. These experiments indicate that acute isolation promotes a context-social 

stimulus association (sCPP). 

 

 
 

Figure 3: (a) Experimental design of social conditioned place preference. After 7 days of isolation or group housed, CS-US pairing 

were repeated for 4 days (30 min each) and then place preference was evaluated. (b,c) Time spent in Isolation and Social chamber 

during Pre-test. As shown, there is no preference for a specific chamber for both experimental groups. (d,e) Time spent in Social 

chamber during the Pre- and Post-test. After conditioning both experimental groups spent more time in the social chamber. (f) Score 

preference for social paired chamber (S/(S+I)) during the Pre- and Post-test. Considering this index, only the isolated mice develop a 

preference for the social chamber (2-way ANOVA, Bonferroni post-hoc test). 

 

 

mailto:sif.soci@segr.it
mailto:sifcese@comm2000.it


                                                                

Da inviare a: Società Italiana di Farmacologia – e-mail: sif.soci@segr.it; sifcese@comm2000.it  

Social isolation induces synaptic plasticity onto VTA-dopamine neurons 
 
Whole cell in vitro patch clamp recordings from grouped or isolated mice were performed and 

excitatory postsynaptic currents (EPSCs) pharmacologically isolated. As show in figure 4 (a), putative 

DA neurons from isolated mice exhibited a slight but not significant higher AMPA-to-NMDA ratio 

(AMPA/NMDA) compared to grouped mice. 

To analyse the AMPAR subunit composition, AMPAR-mediated EPSCs were pharmacologically 

isolated and the rectification index (RI) was calculated as the slope of the line between current 

measured at negative and reversal potentials divided by the corresponding slope measured at 

positive potentials. As shown in figure 4 (b) the isolation induces an increase of the rectification 

index. No alterations were observed in the paired-pulse ratio suggesting that social isolation induces 

changes at post- and not at pre-synaptic compartment (figure 4 c). 

 

 
Figure 4: (a) Top: example traces of AMPA/NMDA ratio calculated as the ratio of the chord conductance at +40mV before and after 

the inhibition of the NMDA receptors with AP5. Bottom: bar graph of the AMPA/NMDA ratio from putative VTA dopamine neurons 

after isolation or in group housed mice. (b) Top: example traces of rectification index calculated as the ratio between the chords 

conductance at negative (-60mV) and positive (+40mV). Bottom: bar graph of rectification index measured from putative VTA 

dopamine neurons after isolation or in group housed mice. In the isolated mice, there is an increase of the GluA2-lacking AMPA 

receptors at the synapse. (c) Top: example traces of paired-pulse ratio (PPR), which is the ratio of the amplitude of the second response 

to that of the first, calculated at negative potential (-60mV). Bottom: bar graph of PPR measured from putative VTA dopamine neurons 

after isolation or in group housed mice, shown that there is no difference in the probability of vesicular release at the synapse. 

 

Social isolation modulates c-FOS expression in the vBNST 

 

To identify regions upstream of the VTA involved in social isolation, I performed an immunostaining 

for c-Fos to reveal brain regions projecting to VTA that change their activity in response to social 

isolation. As shown in figure 5, Bed Nucleus Stria Terminalis (BNST) significantly changes its activity 

7 days after social isolation. 
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Figure 5: After 7 days of isolation or group housed control, mice were transcardially perfused with 4% PFA. Left: confocal images of 

bed nucleus of stria terminalis (BNST) stained with c-Fos antibody. Right: bar graph of cell density measured as the ratio between the 

number of positive cells and the selected area. 

 

CONLUSION 

 

The obtained data indicate that PAM treatment after the closure of the critical period, does not 

rescue the synaptic deficits induced by the postnatal downregulation of SHANK3 in the VTA.  

The activation of mGluR1 during the postnatal development drives synaptic maturation by 

exchanging GluA2-lacking for GluA2-containg AMPARs, and this is necessary for DA neuron function 

in adulthood. The strong association between SHANK3 expression and mGluR1 activation in the 

critical period highlight the importance of mGluR1 signalling pathway that serve to guarantee the 

synapse functionality. As reported, SHANK3 deficiency can alterate the synaptic maturation and 

boosting mGluR1 signalling during the critical period can drives the exchange of immature for 

mature receptors on VTA DA neurons6. Here I reported that the activation of mGluR1 after the 

critical period has not the same effects suggesting that mGluR1 signalling pathway acts in a specific 

time window ensuring the synapse maturation. Different developmental transcriptional programs 

and pathways can be activated during the postnatal maturation and the downregulation of SHANK3 

differently affects these mechanisms. The identification of the transcriptional pathways during the 

postnatal maturation in DA neurons of the VTA will be necessary to understand the crosstalk 

between mGluR1-SHANK3 and AMPARs.  

Diminished social interest is one of the earliest and most persistent symptoms of autism. The social 

motivation model suggests that early impairments in the brain’s reward circuitry in children with 

autism reduce their motivation for social experiences. This lessens their experience with social 

interactions and the attention they pay to social information, setting in motion developmental 

processes that ultimately deprive them of adequate social learning opportunities. This, in turn, 

further disrupts brain and behavioral development. Social isolation could represent a negative 

reinforcer that acts as driving force to increase social motivation by inducing specific forms of 

synaptic plasticity in defined sub-populations of VTA DA neurons. Moreover, we found that BNST 

could be involved in the modulation of VTA-dopamine neurons plasticity, since isolation induces a 

decrease of its activity. BNST is made up of different cell types including GABAergic and 

glutamatergic projecting neurons (Ju and Swanson 1989) and has been implicated in fear and 

anxiety-like behaviours (Walker and Davis 1997). Notably, BNST sends glutamatergic and GABAergic 

projections to the VTA and these terminals synapse preferentially onto VTA GABAergic neurons 

(Jennings et al., 2013). Activation of BNST glutamatergic terminals in the VTA is aversive and 
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anxiogenic while the activation of BNST GABAergic inputs in the VTA produces rewarding and 

anxiolytic phenotypes (Jenning et al., 2013). I predict that following social isolation, glutamatergic 

terminals onto VTA GABA neurons are inhibited. Consequently, VTA DA neurons will be disinhibited 

and social interaction favored. Further studies are necessary to dissect the link between BNST and 

synaptic adaptation in VTA dopamine neurons. 

Several lines of evidence have revealed that social orienting, social seeking and liking and social 

maintaining are all aspects of social behavior that are impaired in psychiatric disorders such as 

Autism and Schizophrenia. Thus, it is of fundamental importance to understand the neurobiological 

mechanisms and the circuits underlying social behaviors in order to understand the nature of social 

dysfunctions and possibly find therapeutic interventions.  
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