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Abstract (English) 

Autism Spectrum disorder (ASD) is a neurodevelopmental condition which is heterogenous in 

both genetic etiology and clinical presentation, which affects approximately 1 in 100 children 

worldwide. However, the neural basis of ASD remains unknown. Despite the diversity of 

symptoms, there are two core clinical features (social communication deficits and repetitive 

behaviours) which are commonly exhibited across the spectrum.  Both of these behaviours overlap 

with functions of the striatum, which is the major input structure of the basal ganglia and receives 

excitatory glutamatergic input and modulatory dopaminergic (DAergic) input. Dopamine (DA) 

circuit dysregulation is hypothesized to play a role in the behavioural symptoms of ASD, and 

current evidence from genetic animal models and human neuroimaging studies supports this 

hypothesis. Interestingly, research has also shown that neuronal processes during development, 

such as synapse assembly and synaptic transmission, are disrupted in ASD. Additionally, DA 

synaptogenesis in normal development is currently poorly understood.  Altogether, these insights 

highlight the importance of understanding how DA circuits develop and how this development is 

altered in ASD. The goal of this thesis is to uncover DA circuit development using intersectional 

genetics, and to investigate how DA circuit development may be altered in SHANK3b mutant 

mice, which is a mouse model of ASD. SHANK3b are expected to show a deficit in social 

behaviour, which was demonstrated in this thesis using a modified 3-chamber sociability test. To 

study circuit development, RC::FPSiT mice are crossed with mice that express Cre and Flp 

recombinases in midbrain DAergic neurons specifically, which results in the expression of 

synaptophysin GFP (Syn-GFP) at the release sites of neurotransmitters on these neurons. Putative 

DA release sites in the striatum can thus be visualized in the developing striatum using 

immunohistochemistry and confocal microscopy. The striatum at specific timepoints (P0, P14, 
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P21) has been stained and imaged for comparative analysis in normal development. In SHANK3b 

mutant mice, fluorescence intensity analysis of DAergic and glutamatergic release sites has been 

conducted for timepoints P0 and P14. The results show that release sites on the projections of 

midbrain DAergic neurons in the striatum arrange in a patch-and-matrix pattern in early 

development (P0), which becomes more diffuse by P14 and almost completely diffuse by P21. 

From P0 to P14, DAergic innervation of the striatum spreads ventrolaterally to dorsomedially, and 

the nucleus accumbens (NAc) becomes more clearly defined by DAergic innervation by P14. In 

SHANK3b mutant mice, no significant differences were found in fluorescence intensity of 

DAergic or glutamatergic projections in the striatum compared to control mice. In conclusion, 

there does not appear to be a significant difference in the structural aspect of striatal DAergic 

circuit development in SHANK3b mutant mice, but these results do not give information about 

possible alterations to DAergic activity in SHANK3b mutant mice, which is the future direction 

of this research.  
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Abstract (French) 

Le trouble du spectre de l’autisme (TSA) est une affection neurodéveloppementale hétérogène, à 

la fois en termes d'étiologie génétique et de présentation clinique, qui touche environ 1 enfant sur 

100 dans le monde. Cependant, la base neurale des TSA reste inconnue. Malgré la diversité des 

symptômes, il existe deux caractéristiques cliniques fondamentales (déficits de communication 

sociale et comportements répétitifs) qui sont couramment présentées dans tout le spectre.  Ces 

deux comportements se chevauchent avec les fonctions du striatum, qui est la principale structure 

d'entrée des ganglions de la base et reçoit une innervation glutamatergique excitatrice et 

dopaminergique modulatrice (DAergique). On suppose que la dysrégulation du circuit de la 

dopamine (DA) joue un rôle dans les symptômes comportementaux des TSA, et les preuves 

actuelles provenant de modèles animaux transgéniques et d'études de neuro-imagerie humaine 

soutiennent cette hypothèse. Fait intéressant, la recherche a également montré que les processus 

neuronaux au cours du développement, tels que l'assemblage des synapses et la transmission 

synaptique, sont perturbés dans les TSA. De plus, la synaptogenèse de la DA dans le 

développement normal n’est pas complètement caractérisée.  Dans l'ensemble, ces informations 

soulignent l'importance de comprendre le développement des circuits DAergiques et si celui-ci est 

affecté dans les TSA. Le but de cette thèse est de découvrir le développement du circuit DA en 

utilisant la génétique intersectionnelle, et d'étudier comment le développement du circuit DA peut 

être modifié chez les souris mutantes SHANK3b, qui est un modèle murin de TSA. On s'attend à 

ce que SHANK3b présente un déficit de comportement social, ce qui a été démontré dans cette 

thèse à l'aide d'un test de sociabilité modifié à 3 chambres. Pour étudier le développement des 

circuits, les souris RC::FPSiT sont croisées avec des souris qui expriment les recombinases Cre et 

Flp dans les neurones DAergiques du mésencéphale spécifiquement, ce qui entraîne l'expression 
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de la synaptophysine GFP (Syn-GFP) aux sites de libération des neurotransmetteurs sur ces 

neurones. Les sites putatifs de libération de DA dans le striatum peuvent ainsi être visualisés dans 

le striatum en développement à l'aide de l'immunohistochimie et de la microscopie confocale pour 

quatre âge précise (P0, P14, P21). Chez les souris mutantes SHANK3b, une analyse de l'intensité 

de fluorescence des sites de libération DAergique et glutamatergique a été menée pour les points 

temporels P0 et P14. Les résultats montrent que les sites de libération DAergiques dans le striatum 

innervent principalement le striosomeau début du développement postnatal (P0), puis innerve la 

matrice vers P14 et couvre presque complètement le striatum par P21. De P0 à P14, l'innervation 

DAergique du striatum se propage ventrolatéralement à dorsomédialement, et le noyau accumbens 

(NAc) devient plus clairement défini par l'innervation DAergique par P14. Chez les souris 

mutantes SHANK3b, aucune différence significative n'a été observée dans l'intensité de 

fluorescence des projections DAergiques ou glutamatergiques dans le striatum par rapport aux 

souris témoins. En conclusion, il ne semble pas y avoir de différence significative dans l'aspect 

structurel du développement du circuit DAergique striatal chez les souris mutantes SHANK3b, 

mais ces résultats ne donnent pas d'informations sur les altérations possibles de l'activité 

DAergique chez les souris mutantes SHANK3b, ce qui est l'orientation future de cette recherche. 

 

  



7 

 

Acknowledgements 

 Thank you to Dr. Jean-Francois Poulin for your unwavering support throughout this 

project. You are a dedicated researcher whose excitement about scientific discovery is contagious. 

Thank you for always pushing me to reach my fullest potential. Your mentorship over these past 

3 years is invaluable and has shaped me into a better researcher. 

 Thank you to my committee members Dr. Yang Zhou and Dr. Jean-Francois Cloutier for 

your support, and to Dr. Philippe Seguela for kindly sharing your lab space with us.  

A big thank you to Lucia Guerra for assisting with data collection for this project, including 

colony management, genotyping, brain slicing, slide mounting, just to name a few of the tasks with 

which your help was much appreciated. Thank you also to Valentine Greffion for your help with 

experimental planning and tissue collection, and for being great to work with. Thank you to 

Cameron Oram for your help with analyzing the behavioural data and for all your helpful advice 

and passionate discussions about neuroscience. Thank you to Kelvin Tian and George Sung for 

helping with lab work, and for being a fun bunch. Lastly, thank you to Cyril Bolduc for being a 

strong and focused presence in the lab, and for asking the tough questions! 

 I would also like to thank people outside of the Poulin Lab who helped over the course of 

my degree. Thank you to Kevin Lançon for all your help with fiber photometry. Thank you to the 

animal care staff at the MNI for always being available to help, especially Jessica, Fernando, and 

Eliana. Thank you GSAN for the fun stuff, and thank you Cédric Audy for all of your support. 

 Finally, thank you to my parents (Mommers and Babs!) for always believing in me. 

“Our greatest weakness lies in giving up. The most certain way to succeed is always to try just 

one more time.” – Thomas A. Edison  



8 

 

List of Figures 

Figure 1. Schematic demonstrating the three phases of the 3-chamber sociability test designed to 

assess social preference, as described in Rein et al. (2020) .......................................................... 25 

Figure 2. Timeline summarizing major milestones of DA circuit development in the striatum 

during late prenatal and early postnatal growth. ........................................................................... 27 

Figure 3. Schematic demonstrating the fluorescence intensity analysis plan. .............................. 31 

Figure 4. Results from the 3-chamber sociability test, showing that SHANK3b wildtype mice 

display a social preference whereas SHANK3b mutant mice do not. .......................................... 34 

Figure 5. Reporter mouse strain used to target neurotransmitter release sites on midbrain 

DAergic neurons. .......................................................................................................................... 35 

Figure 6. Representative images of the striatum at P0, P14, and P21 of Dat-Cre/Th-Flp/FPSiT 

mice, taken using confocal microscopy. ....................................................................................... 37 

Figure 7. Fluorescence intensity analysis of DAergic and glutamatergic innervation of the 

dorsomedial aspect of the dorsal striatum (DStr) at P0 and P14 .................................................. 38 

Figure 8. Fluorescence intensity analysis of DAergic and glutamatergic innervation of four 

locations within the NAc at P14 ................................................................................................... 40 

Figure 9. Fluorescence intensity analysis of DAergic and glutamatergic innervation in patches 

and matrix of the striatum across three rostral-caudal levels (L1-L3) at P0 and four rostral-caudal 

levels (L1-L4) at P14. ................................................................................................................... 42 

Figure 10. Fluorescence intensity analysis of DAergic and glutamatergic innervation in patches 

and matrix of the striatum across three rostral caudal levels (L1-L3) at P0 in Dat-Cre/Th-

Flp/FPSiT mice compared to Dat-Cre/Th-Flp/FPSiT/SHANK3b mutant mice. .......................... 44 

Figure 11. Fluorescence intensity analysis of DAergic and glutamatergic innervation in patches 

and matrix of the striatum across four rostral caudal levels (L1-L4) at P14 in Dat-Cre/Th-

Flp/FPSiT mice compared to Dat-Cre/Th-Flp/FPSiT/SHANK3b mutant mice ........................... 45 

Figure 12. Fluorescence intensity analysis of DAergic and glutamatergic innervation in four 

locations within the NAc at P14 in Dat-Cre/Th-Flp/FPSiT mice compared to Dat-Cre/Th-

Flp/FPSiT/SHANK3b mutant mice .............................................................................................. 46 

  



9 

 

List of Abbreviations 

AAV – Adeno-associated virus 

AI – Artificial intelligence 

ANOVA – Analysis of variance 

ASD – Autism spectrum disorder 

D1R – Dopamine 1 receptor 

D2R – Dopamine 2 receptor 

DA – Dopamine 

DAergic - Dopaminergic 

DAPI – 4’,6-diamidino-2-phenylindole 

DAT – Dopamine transporter 

DStr – Dorsal striatum 

FPSiT – frt loxP synaptophysin ires-Cre 

tdTomato (mouse line for synaptophysin-

GFP expression) 

GABA – Gamma-aminobutyric acid 

L-DOPA – L-dihydroxyphenylalanine 

MOR – Mu-opioid receptor 

MSN – Medium spiny neuron 

NAc – Nucleus accumbens 

NIS – Nikon Imaging Software 

OCT – Optimal cutting temperature 

compound 

P0 – Postnatal day zero (day of birth) 

PBS – Phosphate-buffered saline 

PFA – Paraformaldehyde 

RIM1 – Regulating synaptic membrane 

exocytosis 1 

ROI – Region of interest 

SHANK3 – Steroid receptor coactivator 

(SRC) homology domain 3 (SH3) and 

multiple ankyrin repeat domains 3 

SNc – Substantia nigra pars compacta 

Syn-GFP – Synaptophysin-linked green 

fluorescent protein 

TH – Tyrosine hydroxylase 

VGLUT2 – Vesicular glutamate transporter 

2 

VMAT2 – Vesicular monoamine transporter 

2 

VStr – Ventral striatum 

VTA – Ventral tegmental area 

 

 

 

 

 

 

 

 



10 

 

Contribution of Authors 

Sarah A. Martin (S.M.) performed all behaviour testing, performed all 

immunofluorescence experiments, took and analyzed all images, and ran all statistical analyses, 

unless otherwise stated. The following individuals contributed to this project: Dr. Jean-Francois 

Poulin, Lucia Guerra, Valentine Greffion, George Sung, Kelvin Tian, Cameron Oram. 

Immunofluorescence and image analysis 

JF.P. generated and validated Th-2A-Flpo mice and designed the project. S.M., L.G., and 

V.G. performed colony management, and S.M., L.G., V.G., K.T., and G.S. performed genotyping. 

L.G. set up breedings to generate Dat-Cre/Th-Flp/FPSiT mice. S.M., V.G., and L.G. developed 

the breeding scheme and set up breedings to generate Dat-Cre/Th-Flp/FPSiT/SHANK3b mutant 

mice. S.M. and V.G. euthanized mice and processed tissue. S.M., V.G., and L.G. performed brain 

slicing. S.M. performed immunofluorescence, and S.M., L.G., G.S., and K.T. performed slide 

mounting after immunofluorescence. S.M. and JF.P. developed the image analysis plan. S.M. took 

images, performed image analysis, performed statistical testing, and created all figures, except 

Figure 5A and 5B which were created by V.G.  

SHANK3b mutant mice behavioural testing 

S.M., L.G., and V.G. performed colony management, and S.M., L.G., V.G., K.T., and G.S. 

performed genotyping. S.M., L.G., and V.G. set up breedings to generate SHANK3b mutant mice 

for behavioural experiments. S.M. and L.G. performed animal habituation prior to testing, and 

S.M. performed behavioural testing. C.O. trained DeepLabCut AI and wrote MATLAB code to 

analyze behaviour videos. S.M. analyzed videos, performed statistical analysis, and created 

figures.  



11 

 

Introduction 

 Abnormal formation of dopamine (DA) circuits is hypothesized to underlie symptoms of 

autism spectrum disorder (ASD). However, DA synaptogenesis is poorly understood in normal 

development. Establishing how DA circuits are formed in development and how these circuits are 

affected in a mouse model of ASD will be critical to understand the symptoms of ASD. The aim 

of this study is to investigate the development of DAergic circuits in the striatum, specifically 

focusing on putative release sites of neurotransmitters from DAergic neurons, using an 

intersectional genetic mouse model that allows labeling of synaptic vesicles with green fluorescent 

protein (GFP). The development of glutamatergic circuits in the striatum has also been examined 

using immunofluorescence targeting of vesicular glutamate transporter 2 (VGLUT2). Three areas 

of the striatum have been analyzed: the dorsomedial striatum, the nucleus accumbens (NAc), and 

the patch-and-matrix structure of DAergic innervation in the striatum. The fluorescence intensity 

was analyzed in these areas in both normal mice and SHANK3b mutant mice, which is a mouse 

model of ASD, during early postnatal development. Additionally, SHANK3b mutant mice have 

been tested using a sociability assay to demonstrate the ASD-like behavioural phenotype seen in 

this mouse model.  
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Literature Review 

The striatum: an overview 

The striatum is a cluster of neurons acting as a major input structure of the basal ganglia, 

which plays a critical role in motor and reward systems (Cox & Witten, 2019). In rodents, the 

striatum can be subdivided into at least two areas based on function and connectivity: the dorsal 

striatum (DStr) and the ventral striatum (VStr). The DStr is usually known for its role in initiating 

and controlling bodily movement. The VStr, which contains the nucleus accumbens (NAc) and 

the olfactory tubercle, plays a role in motivation and reward. The NAc is often further divided into 

the NAc core and the NAc shell, each with different connectivity and functional roles (Mingote et 

al., 2019; Salgado & Kaplitt, 2015). 

The main neurons of the striatum are the medium spiny neurons (MSNs), named “spiny” 

due to the presence of dendritic spines. These neurons release gamma-aminobutyric acid (GABA), 

and thus function as inhibitory (GABAergic) neurons. Most MSNs express either dopamine 1 

receptor (D1R) or dopamine 2 receptor (D2R), with a smaller population recently found to express 

both D1 and D2 receptors (Bonnavion et al., 2023). The striatum also contains cholinergic and 

GABAergic interneurons which regulate MSN firing (Kandel et al., 2013). A subtype of 

GABAergic striatal interneurons expresses tyrosine hydroxylase (TH), which is an enzyme 

involved in the synthesis of several different neurotransmitters including dopamine (DA). 

However, these interneurons are not considered dopaminergic (DAergic) neurons because they do 

not express the other enzymes required to synthesize DA, nor the membrane transporters required 

to release it (Weihe et al., 2006; Xenias et al., 2015). 

MSNs receive two types of input: excitatory input and modulatory input. Excitatory 

(glutamatergic) input to MSNs is received from the cortex and thalamus. MSNs in the NAc also 
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receive input from the amygdala, hypothalamus, and hippocampus (Modi & Sahin, 2019). 

Modulatory (DAergic) input to MSNs is received from DA neurons in the substantia nigra pars 

compact (SNc) and the ventral tegmental area (VTA) in the midbrain. MSNs send projections back 

into the midbrain, forming a feedback loop. DAergic neurons in the VTA preferentially project to 

the VStr (Chuhma et al., 2017). This is called the mesolimbic pathway, and is classically thought 

to play an important role in reward prediction error (Schultz, 2017). Current evidence also supports 

the involvement of the mesolimbic pathway in social behaviour (Gunaydin et al., 2014). 

MSNs are not distributed homogenously within the striatum. Instead, MSNs are distributed 

in a patch-like pattern, where “patches” are referred to as striosomes and the surrounding area is 

referred to as the matrix (Märtin et al., 2019). MSNs within striosomes express mu-opioid receptor 

(MOR), and MSNs within the matrix express calbindin (Brimblecombe & Cragg, 2016). DAergic 

innervation of the striosomes and matrix is heterogenous: in the DStr, striosomes are innervated 

by neurons of the SNc (ventral), and the surrounding matrix is innervated by the VTA and the SNc 

(dorsal) (Jimenez-Castellanos & Graybiel, 1987). In the VStr, the distribution of MSNs also forms 

distinct patches, though their connectivity differs compared to the DStr. MSNs in striosomes of 

the VStr innervate DAergic neurons in the VTA, similar to how MSNs in striosomes of the DStr 

innervate DAergic neurons in the SNc (Watabe-Uchida et al., 2012). In summary, the striatum is 

a large input structure of the brain with massive excitatory and modulatory input, and cells within 

the striatum are segregated based on protein expression and connectivity. 

DA synthesis and release 

 Modulation of striatal activity is facilitated by DA, and the synthesis of DA is well 

characterized. DA synthesis occurs in the cytosol of DAergic neurons. First, L-tyrosine is 

converted into L-dihydroxyphenylalanine (L-DOPA) via tyrosine hydroxylase (TH), and L-DOPA 
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is quickly converted to DA via DOPA decarboxylase (Ayano, 2016). DA is taken up into synaptic 

vesicles via vesicular monoamine transporter 2 (VMAT2), and synaptic vesicles localize to active 

zones along the axon, ready to be released (Kandel et al., 2013). Synaptophysin is a synaptic 

vesicle protein which is expressed widely in neurons, including DAergic neurons (Bai & Strong, 

2014). Since synaptophysin localizes at release sites, the presence of synaptophysin can be used 

to quantify release sites in the brain (Valtorta et al., 2004). After release, dopamine transporters 

(DAT) on the pre-synaptic neuron remove excess DA from the extracellular space, so that it can 

be stored and released again (Best et al., 2009).  

Expression of TH has classically been considered a marker for DAergic neurons; however, 

TH expression is not specific to DAergic neurons because TH is involved in the synthesis of two 

other catecholaminergic neurotransmitters, which are norepinephrine and epinephrine (Kandel et 

al., 2013). Additionally, a subset of GABAergic striatal and cortical interneurons express TH but 

do not synthesize DA, and some neurons (termed nonexocytotic catecholaminergic Th neurons) 

express TH and even synthesize DA but do not release DA (Weihe et al., 2006). The combination 

of both TH expression and DAT expression serves as a more specific marker for DAergic neurons 

which release DA (Kramer et al., 2021; Poulin et al., 2018), especially with the known limitations 

of current transgenic driver lines such as Th-Cre (Lammel et al., 2015).  

DA axons form en-passant boutons, or varicosities, along the axon in a pattern sometimes 

called “beads on a string” due to its appearance (Liu et al., 2018). Traditionally, it is believed that 

DAergic neurons exert their influence in the brain using non-synaptic transmission, meaning that 

DA travels through extracellular space to activate distant targets instead of travelling across a 

synaptic cleft to a nearby post-synaptic cell (Vizi et al., 2010). However, recent evidence supports 

the idea that DA release only occurs at active zone-like areas on varicosities along the axon, 
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suggesting that DAergic neurons send signals via synaptic transmission rather than non-synaptic 

(Liu & Kaeser, 2019). 

Development of the striatum 

The development of the striatum has been thoroughly investigated (Knowles et al., 2021). 

MSN generation occurs mainly from E10.5 to birth (E19.5) in mice, though some MSNs are 

generated in early postnatal development (Wright et al., 2013). The birthdate of MSNs is a factor 

in determining their target location within the striatum. MSNs with an earlier birthdate are located 

in the caudal striatum (preferentially within striosomes) whereas MSNs with a later birth date are 

located in the rostral striatum (preferentially within the matrix) (Matsushima & Graybiel, 2020). 

Striatal interneurons are also organized heterogeneously between striosomes and matrix, including 

some interneurons which sit at the border between striosomes and matrix, and may serve as a 

bridge to modulate activity in both areas (Brimblecombe & Cragg, 2016). Synaptogenesis occurs 

postnatally, in which neurons create wide systems of circuits, and these circuits are later refined, 

or pruned, in which the number of synaptic connections is reduced (Kandel et al., 2013). Pruning 

occurs during a critical period in development, and problems during the pruning stage are 

implicated in several neurodevelopmental disorders including autism spectrum disorder (ASD) 

(Neniskyte & Gross, 2017; Tang et al., 2014).  

MSN and dopaminergic circuit development 

Previous research has investigated the development of DAergic circuits in the striatum 

using immunochemistry techniques to target DA and TH in rodent brains at different 

developmental timepoints (Antonopoulos et al., 2002; Fentress et al., 1981; Voorn et al., 1988). 

DAergic neurons send projections to the striatum by E17 in rats, and DAergic innervation of the 
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rostral striatum shows a ventrolateral to dorsomedial gradient, whereas DAergic innervation of the 

caudal striatum follows a ventromedial to dorsomedial and lateral gradient (Voorn et al., 1988). 

By E19 in rats, patches of DAergic innervation start to become visible in the dorsolateral striatum, 

and these patches start to appear medially into post-natal development (Voorn et al., 1988). This 

“patch and matrix” pattern of DAergic innervation persists through the first two to three weeks of 

life, and by P21, patches of DA innervation are no longer detectable with DA staining 

(Antonopoulos et al., 2002). Varicosities first appear on DAergic axons postnatally and then 

quickly increase in number until reaching near adult levels by about three weeks of age (Voorn et 

al., 1988). DA circuit development is not limited to perinatal timepoints, as research has shown 

that DA circuits continue to develop and mature throughout adolescence and into adulthood 

(Reynolds & Flores, 2021).  

DA release in the striatum does not begin until about P6 to P10, after which it increases to 

a steady rate until P18, and this increase of DA release in the striatum coincides with the formation 

of MSN spines which is reported to occur between P11 and P20 in rats (Kim et al., 2002; 

Lieberman et al., 2018; Tepper & Trent, 1993). As the spines of MSNs form, the number of 

synapses from DAergic axons to MSN spines increases, which suggests that DA circuit maturation 

in the striatum is an active process related to the development of MSNs (Antonopoulos et al., 

2002). Indeed, research has shown that DA is required for the normal development of MSNs from 

an immature, hyperexcitable state to a mature, lower excitability state (Lieberman et al., 2018). 

This demonstrates the importance DA in striatal development, particularly regarding the 

development of MSNs. 

In sum, the pattern of DAergic circuit development in the striatum has been elucidated 

using TH and DA immunolabeling, but the distribution of release sites on striatal DAergic 
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projections during development has not been characterized. Additionally, research has shown that 

DA is important for the proper development of MSNs, which suggests that improper MSN 

development may be related to aberrant DA release within the first few weeks of life. 

Glutamate co-transmission 

 DAergic neurons in the midbrain are not homogenous. Rather, several subtypes of DA 

neurons exist, and they can be grouped into categories according to their particular transcriptomic 

signature (Poulin et al., 2020). Some DA neurons express the gene Slc17a6 which encodes for 

vesicular glutamate transporter 2 (VGLUT2), which is responsible for the uptake of L-glutamate 

into synaptic vesicles. These VGLUT2+ DA neurons therefore release both DA and glutamate. 

Glutamatergic co-release from DAergic neurons was first discovered in the late 1990s (Sulzer et 

al., 1998) and has since been studied in more depth.  VGLUT2+ DA neurons are mainly located 

in the VTA, and account for 10-30% of the DA neurons in this area (Eskenazi et al., 2021). 

VGLUT2+ DA neurons of the VTA project mainly to the medial shell of the NAc (Poulin et al., 

2018). Interestingly, nearly all midbrain DAergic neurons express VGLUT2 during pre-natal 

development (Kouwenhoven et al., 2020). This suggests a possible role of glutamate co-

transmission in the proper development of DAergic circuits, although it is not clear at which point 

during development glutamate is released in the striatum by DAergic neurons. Conditional knock-

out (KO) of Vglut2 in midbrain DAergic neurons during embryonic development reduces 

reinnervation in the striatum after a lesion elicited by a neurotoxin (Kouwenhoven et al., 2020) 

which supports the idea that VGLUT2 is important for neural growth and plasticity. The role of 

glutamate co-transmission in DAergic neurons is an ongoing area of research. 

It is still unclear whether DA and glutamate are released from the same or separate sites on 

the DA neuron axon, although in vivo and in vitro evidence suggest that DA and glutamate release 
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sites are mostly segregated (Fortin et al., 2019; Zhang et al., 2015). Interestingly, Fortin et al. 

(2019) also showed in vitro that the segregation of DA and glutamate release sites is regulated by 

contact with MSNs in the striatum, and the expression of VGLUT2 is also regulated by MSNs in 

the dorsal striatum. This finding has implications regarding the normal development of DAergic 

circuits, and the importance of proper contact with target cells in how these circuits develop. 

Autism Spectrum Disorder 

 ASD is a neurodevelopmental disorder characterized by two core symptoms, which are 

repetitive motor behaviour and deficits in social interaction and communication (American 

Psychiatric Association, 2013). The behavioural features of ASD emerge through development 

(Ozonoff et al., 2010) which strongly indicates that the root of ASD is a difference in how the 

brain develops in ASD versus neurotypical children. The symptoms of ASD persist throughout the 

lives of those affected. It is commonly reported that the ratio of boys to girls with ASD in the 

United States is 4.3 to 1 (Maenner et al., 2020). However, this ratio has been debated: some sources 

indicate the true sex difference is lower at 2:1 or 3:1 with males still showing a higher prevalence 

compared to females (Halladay et al., 2015). 

Alterations to neural organization have been reported in ASD. Port-mortem analysis of the 

striatum in young patients diagnosed with ASD has revealed that the distinction between patch 

and matrix components is less segregated compared to control brains (Kuo & Liu, 2020). 

Differences in brain volume between ASD and neurotypical children have also been investigated 

(Sparks et al., 2002). Several studies have found an increase in the volume of the striatum in 

patients with ASD, particularly the caudate nucleus (a structure of the dorsal striatum) (Hollander 

et al., 2005; Langen et al., 2009). Some recent research has found that the volume of the ventral 

striatum is decreased in children with ASD, and that this difference is correlated with the severity 
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of their deficits in social communication (Baribeau et al., 2019). The results of these neuroimaging 

studies provide some interesting insight into the brain regions involved in ASD, however, these 

studies are only correlational. More specific insight on differences in the brain between ASD and 

neurotypical individuals may be gleaned by investigating neural circuits. 

Dopamine and social behaviour in ASD 

The DA hypothesis of ASD posits that the dysregulation of DA circuits may play a role in 

the behavioural symptoms of ASD (Pavǎl, 2017). This hypothesis rests on the established role of 

the striatum (which receives strong DAergic innervation from the midbrain) in motor control and 

social behaviour, the two main behavioural domains affected by ASD. Dysregulation of the 

mesolimbic pathway, for example, could alter the value assigned to social stimuli, which is 

typically high enough to encourage an individual to seek and engage in social interaction. 

Individuals with an altered valence to social stimuli might develop deficits in social 

communication due to a disinterest in engaging in social behaviour during childhood, when these 

skills are typically learned. 

In patients with ASD, neural activity during social tasks is altered. Activity in the striatum 

which would typically by elicited by social stimuli is reduced in young patients with ASD, and 

this was found in multiple studies using functional magnetic resonance imaging (fMRI) (Kohls et 

al., 2013; Scott-Van Zeeland et al., 2010; Zürcher et al., 2021). In mice, activity of DAergic 

neurons in the mesolimbic circuit has been shown to play a role in social behaviour (Dai et al., 

2022; Gunaydin et al., 2014) but whether the activity of the mesolimbic circuit is altered in ASD 

during social behaviour remains unknown.  
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SHANK3 and ASD 

ASD is highly heritable, and nearly 1000 genes have been associated with the disorder 

(Arpi & Simpson, 2022). Many of the genes linked with ASD contribute to brain development and 

synaptic function (Quesnel-Vallières et al., 2018). One such gene is Shank3. Disruption of the 

Shank3 gene in humans results in Phelan-McDermid syndrome, and one of the symptoms of this 

syndrome is ASD (Phelan & McDermid, 2012). Shank3 encodes for the scaffolding protein 

SHANK3 located at the post-synaptic side of glutamatergic synapses (Boeckers, 2006). The 

SHANK3 protein contains a PDZ domain, which is implicated in the assembly of the post-synaptic 

density (PSD) scaffold complex, as well as multiple ankyrin repeats, which mediate protein-

protein interactions (Peça et al., 2011). Expression of Shank3 at P14 in mice is highest in the 

striatum compared to other brain structures (Zhao et al., 2017) and continues to be highly expressed 

in the striatum in adulthood (Peça et al., 2011). Shank3 is also expressed on DAergic neurons in 

the midbrain (Bariselli et al., 2016) 

Peça et al. (2011) generated a Shank3 mutant strain of mice (SHANK3b mutant mice) by 

replacing the section of the Shank3 gene that encodes the PDZ domain with a neo cassette, 

resulting in a complete knockout of two isoforms of the SHANK3 protein family (alpha and beta) 

as well as a reduction of the gamma isoform. This mutation produces ASD-like symptoms, such 

as repetitive grooming and social behaviour deficits, as well as decreased spine density on MSNs 

in the DStr (Peça et al., 2011). This mouse model has since been used in multiple studies to 

investigate cellular and behavioural disruptions related to Shank3 mutation (Balaan et al., 2019; 

Bukatova et al., 2021; Peixoto et al., 2019) ASD-like symptoms are also observed in non-human 

primates with mutation of Shank3 (Zhou et al., 2019). Thus, Shank3 mutant animals can be used 

to investigate the neural basis of ASD-related symptoms.  
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SHANK3 and the mesolimbic pathway 

Since SHANK3 is a post-synaptic protein at glutamatergic synapses, Vglut2+ DA neurons 

of the VTA are of special interest in the study of Shank3 mutation for two reasons. First, Vglut2+ 

DA neurons form the pre-synaptic side of glutamatergic synapses in the VStr (Mingote et al., 

2019). Second, Vglut2+ DA neurons form the post-synaptic side of glutamatergic synapses in the 

VTA (Bariselli et al., 2016). 

In the VStr, Vglut2+ DA neurons form glutamatergic synapses onto MSNs and cholinergic 

interneurons. Research suggests that glutamatergic activation from Vglut2+ DA neurons is 

stronger on cholinergic interneurons than MSNs (Mingote et al., 2019). The proposed function of 

cholinergic interneurons in this local circuit is to modulate the firing of DAergic neurons onto 

MSNs (Mingote et al., 2019). Mutation of Shank3 may affect synapses between Vglut2+ DA 

neurons and cholinergic interneurons, thereby affecting the release of DA onto MSNs. This would 

ultimately alter how DAergic circuits modulate the firing of MSNs in the VStr and could play a 

role in behavioural deficits associated with this region of the striatum, such as social behaviour 

deficits.  

In the VTA, downregulation of SHANK3 during early postnatal development negatively 

affects excitatory synapse maturation on DA neurons, resulting in decreased burst activity and a 

social behaviour deficit (Bariselli et al., 2016). In the same study, the authors found that 

optogenetic activation of DA neurons in the VTA of SHANK3-downregulated mice was sufficient 

in rescuing the social behaviour deficit (Bariselli et al., 2016). These findings highlight the role of 

SHANK3 in proper development and functioning of the DAergic mesolimbic circuit. 

Additionally, striatal neurons regulate the segregation of DAergic and glutamatergic 

release sites on Vglut2+ DA neurons through synaptic contact (Fortin et al., 2019). Shank3 
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mutation alters striatal synapses, thus improper synaptic contact may alter how DAergic and 

glutamatergic release sites are segregated. This could in turn affect the proper development and 

function of Vglut2+ DAergic neurons. The relationship between Shank3 mutation and DAergic 

circuit development, particularly regarding DA neuron subtypes, is yet to be fully elucidated.  

Objectives of the current study 

This study aims to investigate the development of DAergic circuits, and how this 

development may be altered in SHANK3b mutant mice, a mouse model of ASD. To achieve this 

goal, a reporter mouse has been used to visualize putative release sites of DA on striatal DAergic 

projections at early postnatal timepoints (P0 and P14). The distribution of VGLUT2 in the striatum 

during postnatal development is also investigated, in both normal mice and SHANK3b mutant 

mice. 
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Methods 

Mouse strains, breeding schemes, and colony management 

The use of animals in this project adheres to the guidelines published by the Canadian 

Council of Animal Care, and all operating procedures were approved by the Montreal Neurological 

Institute Animal Care Committee. Mice were housed at constant temperature and humidity on a 

12-hour light-dark cycle with ad libitum access to food and water. Behavioural testing was 

performed during the light portion of the cycle between 8:00am and 6:00pm.  C57BL/6 mice were 

obtained from Charles River Laboratories and bred in-house with Dat-ires-Cre (Bäckman et al., 

2006) and Th-2A-Flpo mice (Poulin et al., 2018), then crossed to generate Dat-Cre/Th-Flp mice. 

RC::FPSiT mice were originally obtained from The Jackson Laboratory (JAX stock #030206; 

Niederkofler et al., 2016) and bred in-house with Dat-ires-Cre/Th-2A-Flpo mice to generate Dat-

Cre/Th-Flp/FPSiT mice.  

SHANK3b mutant mice were obtained from The Jackson Laboratory (JAX stock #017688; 

Peça et al., 2011) and used in two separate breeding schemes to generate experimental mice for 

this project. First, SHANK3b mutant mice were bred in-house with Dat-ires-Cre mice to generate 

Dat-Cre/SHANK3b mutant mice. Second, Th-Flp/FPSiT animals generated from the previously 

mentioned Dat-Cre/Th-Flp/FPSiT breeding were bred with SHANK3b mutant mice to generate 

Th-Flp/FPSiT/SHANK3b mutant mice. Lastly, Dat-Cre/SHANK3b mutant mice were crossed 

with Th-Flp/FPSiT/SHANK3b mutant mice to generate Dat-Cre/Th-Flp/FPSiT/SHANK3b mutant 

mice. 

Behavioural testing and analysis 

To test sociability, the three-chamber sociability test was used (Rein et al., 2020) (Figure 

1). The control mice used were Dat-Cre/SHANK3b WT (n = 5; 3 males, 2 females) and 
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experimental mice were Dat-Cre/SHANK3b mutant (n = 7; 4 males, 3 females), hereafter referred 

to as WT and SHANK3b mutant respectively. These mice underwent invasive surgery 6 weeks 

before testing (stereotaxic injection of an adeno-associated virus and fiber optic implantation) and 

were connected to a fiber optic cable for the duration of the test. The purpose of this was to measure 

DAergic activity in the NAc during social behaviour via fiber photometry. However, the fiber 

photometry data was insufficient for inclusion in the current study. As such, only the results of the 

behaviour analysis will be reported. 

Designated stranger mice (unfamiliar to the test mouse) were sex-matched and age-

matched to test mice within 2 weeks of age at most. Each day for the 3 days preceding the test, 

stranger mice were placed in chambers for 20 minutes to allow habituation to the test environment. 

Similarly, test mice were habituated to the testing box without chambers each day for 30 minutes 

(the fiber optic implant was attached to an overhanging patch cable for the duration of habituation). 

On the day of the test, all mice (test mice and stranger mice) were acclimated to the behaviour 

testing room for at least 1 hour in their home cages. At the start of the test, the test mouse (after 

being attached to the overhanging patch cable) was placed in the test box with chambers placed on 

opposite sides of the box, and the mouse was allowed to explore freely for 10 minutes (Phase 1) 

while the investigator waited in a separate room. The session was performed in the dark and was 

video recorded using an infrared camera. At the end of Phase 1, the lights were turned on and the 

mouse was moved to a nearby cage with a small amount of home bedding while the testing box 

and chambers were cleaned with 75% ethanol to remove animal scents. The test box was dried 

completely with paper towels, then two clean sheets of paper towel were used to create two paper 

balls, placed in the centre of each of the chambers within the test box. The mouse was placed in 

the test box and allowed to explore freely for another 10 minutes, in the dark and video recorded 
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in infrared while the investigator was absent (Phase 2). The mouse was then moved back to the 

same nearby cage as after Phase 1 and the test box and chambers cleaned again with 75% ethanol, 

and paper balls discarded. The designated stranger mouse was placed in one of the empty 

chambers, while an unfamiliar object (either a jumbo blue LEGO brick or a metal clamp of similar 

size and shape) was placed in the other empty chamber, and the test mouse was reintroduced to 

the test box to explore freely for another 10 minutes in the dark with infrared video recording while 

the investigator was absent (Phase 3). At the conclusion of the test, all mice were returned to their 

respective home cages and the test box, chambers, and items were cleaned with 75% ethanol. 

 

Figure 1. Schematic demonstrating the three phases of the 3-chamber sociability test designed to 

assess social preference, as described in Rein et al. (2020). Created with BioRender.com. 
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DeepLabCut artificial intelligence (AI) (Mathis et al., 2018) was trained to recognize the 

nose position of the test mouse, and then used to measure the duration of time that the test mouse 

spends interacting with each chamber (i.e. when the nose of the test mouse is within the perimeter 

of the chamber) in each phase of the test. The proportion of time spent interacting with each 

chamber was calculated by dividing the duration of interaction time by the total duration of the 

mouse exploring the test box, then subjected to two-way ANOVA followed by post-hoc 

Bonferroni tests using GraphPad Prism 9.4.1. Traces of mouse travel in the test box were generated 

using DeepLabCut and custom script in MATLAB. Sexes were combined for analysis in the 

current study to achieve an acceptable number of mice for each group (WT and SHANK3b 

mutant). 

Tissue processing and immunofluorescence 

Whole brains of Dat-Cre/Th-Flp/FPSiT mice have been collected at specific timepoints 

(P0, P14, P21). Timepoints were selected based on developmental milestones that occur in the 

striatum and DAergic system during early post-natal development (Figure 2). Brains of Dat-

Cre/Th-Flp/FPSiT/SHANK3b mice have been collected at P0 and P14 to be compared to Dat-

Cre/Th-Flp/FPSiT mice (n = 4 for each of P0 and P14; 3 males and 1 female in each group, except 

for Dat-Cre/Th-Flp/FPSiT at P0 in which all 4 mice are male). Sex of mice at P0 were determined 

using the method described in Wolterink-Donselaar et al. (2009). 
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Figure 2. Timeline summarizing major milestones of DA circuit development in the striatum 

during late prenatal and early postnatal growth. Created with BioRender.com. 

 

Tissue processing and immunofluorescence procedure for P0 mice: Mice were anesthetized 

using ice to induce hypothermia, then decapitated to allow the brain to be collected. The brain was 

immediately placed in ice-cold 4% paraformaldehyde (PFA) and refrigerated at 4 degrees Celsius 

overnight, and then dehydrated in a 30% sucrose solution at 4 degrees Celsius until the brain has 

sunk in the solution (48-72 hours). The brain was then removed from 30% sucrose and frozen in 

optimal cutting temperature compound (OCT) at -80 degrees Celsius, then sliced on a cryostat in 

25um sections. Slices were immediately mounted on slides and stored in a sealed slide box at -80 

degrees Celsius until use. 

All P0 mice in this study were stained simultaneously. To perform immunofluorescence, 

slides were thawed at room temperature for at least 30 minutes and then placed in an upright slide 

holder and washed with 1X PBS for 10 minutes, followed by 4% PFA for 20 minutes, and then 2 

more washes of 5 minutes each in 1X PBS. Slides were then placed flat in a slide box and sections 

are incubated in blocking solution (1X PBS + 0.3% Triton-X + 5% normal donkey serum) for 1 

hour at room temperature. Blocking solution was then removed from slides and sections were then 

incubated in primary antibody solution containing anti-GFP (chicken, 1:2000 dilution, Abcam 

#ab13970), anti-TH (sheep, 1:500 dilution, Pel-Freez #P60101), and anti-VGLUT2 (rabbit, 1:1000 
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dilution, Synaptic Systems #135402), overnight at 4 degrees Celsius. After overnight incubation, 

slides were moved to upright slide holder and washed 4 times for 5 minutes each time with 1X 

PBS + 0.05% Tween-20 before being placed flat and incubated with secondary antibody solution 

containing donkey anti-chicken Alexa 488 (1:250 dilution, Jackson Immuno #703-545-155), anti-

sheep Alexa 568 (1:250 dilution, Invitrogen #A21099), and anti-rabbit Alexa 647 (1:250 dilution, 

Invitrogen #A31573) for 2 hours at room temperature. After secondary antibody incubation, slides 

were returned to upright slide holder and washed 4 times for 5 minutes each time with 1X PBS + 

0.05% Tween-20 followed by a 5 minute wash with 1X PBS. Slides were then coverslipped 

immediately with mounting media containing DAPI (Abcam #ab104139-100ML), sealed with 

clear nail polish, and laid flat to dry overnight before moving to a slide box and stored at 4 degrees 

Celsius until imaged. 

Tissue processing and immunofluorescence procedure for P14 and P21 mice: Brains were 

collected following whole animal intracardiac perfusion with 25mL 1X PBS followed by 75mL 

4% PFA (both chilled on ice), after which the brain was fixed overnight in 4% PFA at 4 degrees 

Celsius and then dehydrated in a 30% sucrose solution at 4 degrees Celsius until the brain has sunk 

in the solution (48-72 hours). The brain was then frozen at -80 degrees Celsius and sliced on a 

microtome at 25um. After slicing, brain slices were stored free-floating in cryoprotectant solution 

at -20 degrees Celsius until use.  

All P14 mice in this study were stained simultaneously. Additionally, all the following 

immunofluorescence steps (before slide mounting) were performed on a stir plate at room 

temperature unless otherwise stated. Brain sections were removed from cryoprotectant solution 

and washed 3 times for 10 minutes each time in 1X phosphate-buffered saline (PBS). Then, 

sections were incubated in blocking solution (PBS 1X + 0.3% Triton-x + 5% normal donkey 
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serum) for 30 minutes. After incubating in blocking solution, sections were incubated in primary 

antibody containing anti-GFP (chicken, 1:2000 dilution, Abcam #ab13970), anti-TH (sheep, 1:500 

dilution, Pel-Freez #P60101), and anti-VGLUT2 (rabbit, 1:1000 dilution, Synaptic Systems 

#135402) overnight on a stir plate at 4 degrees Celsius. After overnight incubation, sections were 

washed in 1X PBS + 0.05% Tween-20 4 times for 5 minutes each time, then incubated for 2 hours 

in secondary antibody solution containing anti-chicken Alexa 488 (1:250 dilution, Jackson 

Immuno #703-545-155), anti-sheep Alexa 568 (1:250 dilution, Invitrogen #A21099), and anti-

rabbit Alexa 647 (1:250 dilution, Invitrogen #A31573), followed by 3 washes of 5 minutes each 

in 1X PBS + 0.05% Tween-20 and one final wash of 5 minutes in 1X PBS. Sections were then 

mounted on slides in 1X PBS immediately or within 48 hours (sections that were not mounted 

immediately were stored in 1X PBS at 4 degrees Celsius until mounted). Slides were then 

coverslipped using either gelvatol or mounting media with DAPI (Abcam #ab104139-100ML), 

then sealed with clear nail polish before being placed flat and left to dry at room temperature 

overnight, then stored at 4 degrees Celsius in a slide box until microscope images were taken. 

Image acquisition and analysis 

Fluorescence intensity has been analyzed in pre-determined areas of the striatum of control 

and SHANK3b mutant mice (Figure 3A). Four regions of the striatum along the rostral-caudal 

gradient have been selected for analysis, beginning rostrally before the corpus callosum crosses 

into both hemispheres, and ending caudally at the tail of the striatum. These four levels of the 

striatum have been denoted as L1, L2, L3, and L4 (Figure 3B). L4 was not analyzed in P0 due to 

inconsistent tissue quality. 

To analyze fluorescence intensity, low-magnification confocal images (4x magnification) 

have been taken using a Nikon Ti2 confocal microscope. Using NIS Elements analysis software, 
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square-shaped regions of interest (ROIs) were manually placed on these images and the mean 

fluorescence intensity within each ROI was measured. For dorsomedial striatum, matrix, and NAc 

lateral shell, ventral shell and core, a square ROI of equal size and placement within the structure 

was used across all animals. For patches and the dorsomedial shell of the NAc, a custom ROI was 

manually traced around the structure. 

The values for mean fluorescence intensity within each ROI were exported to GraphPad 

Prism 9.4.1 software for statistical analysis. Fluorescence intensity of the corpus callosum in each 

image was used to correct all measurements against background fluorescence. For analysis of the 

dorsomedial striatum at P0 and P14, one sample t-tests were used to determine whether the mean 

intensity of each channel is statistically different from zero. For analysis of the NAc at P14, two-

way ANOVA with post-hoc Tukey tests were used for each channel separately (Syn-GFP, TH, 

and VGLUT2). For analysis of patch and matrix at P0 and P14 across rostral-caudal levels L1 to 

L4, the anticipated statistical test was a repeated measures one-way ANOVA with post-hoc 

Tukey’s tests. However, some values were missing due to poor tissue quality or absence of an 

appropriate slice, and datasets with missing values cannot be analyzed using a repeated measures 

ANOVA. Instead, the data was analyzed by fitting a mixed model to the data in GraphPad Prism. 

The results of a mixed model analysis can be interpreted similarly to a repeated measures ANOVA 

(GraphPad Software, Inc.). Post-hoc Bonferroni’s tests were run to compare the difference in 

fluorescence intensity between patches and matrix for each level of the striatum. Due to low 

availability of mice, sexes were combined for analysis to achieve an acceptable number of subjects 

per group (Dat-Cre/Th-Flp/FPSiT and Dat-Cre/Th-Flp/FPSiT/SHANK3b mutant). 
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Figure 3. Schematic demonstrating the fluorescence intensity analysis plan. (A) Pre-determined 

areas of the striatum selected for fluorescence intensity analysis. (B) Striatum at different rostral-

caudal levels (denoted L1 through L4), highlighted in blue. Placement of ROI for dorsomedial 

striatum indicated by black square, and placement of ROIs for different areas of the nucleus 

accumbens (NAc) indicated by purple squares in L2. Patches and matrix were analyzed across L1-

L3 for P0 and L1-L4 for P14, represented by blue squares. Adapted from Paxinos & Franklin 

(2001). 
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Results 

SHANK3b mutant mice demonstrate a deficit in social behaviour in the modified 3-chamber 

sociability test 

It is important to validate the behavioural phenotype of SHANK3b mutant mice in the lab 

to ensure that the mice we are using for this study show traits of ASD as expected. To do this, a 

modified version of the 3-chamber sociability test has been used (Rein et al., 2020). In the 3-

chamber sociability test, the test mouse is simultaneously presented with two stimuli in chambers 

on opposite sides of the testing box: a social stimulus (stranger mouse) and a non-social stimulus 

(a novel object). The mouse is allowed to freely explore the testing box and two chambers. A 

typical wildtype (WT) mouse is expected to prefer to spend time with the social stimulus versus 

the non-social stimulus, whereas a mouse exhibiting a social behaviour deficit is not expected to 

prefer the social stimulus over the non-social stimulus. The modified version of this test includes 

two phases (Phase 1 and Phase 2) before the introduction of the social stimulus, to habituate the 

animal to the presence of chambers in the test box (Phase 1) and to the presence of identical novel 

objects within the chambers (Phase 2).  

The results from Phase 1 of the 3-chamber sociability test show that there were no 

significant interaction effects between chamber (left versus right) and mouse genotype (WT versus 

SHANK3b mutant) on the proportion of time spent interacting with each chamber (Figure 4A, 

WT: n = 4; SHANK3b mutant: n = 5, F1,14 = 0.8, P > 0.3, two-way ANOVA, non-significant 

interaction effect). Main effects analysis shows no significant effect of left versus right chamber 

on proportion of time spent interacting with a chamber (Figure 4A, WT: n = 4; SHANK3b mutant: 

n = 5, F1,14 = 0.7, P > 0.4, two-way ANOVA, non-significant effect of chamber). Overall, these 

results show that WT and SHANK3b mutant mice do not spend more time interacting with either 

the right or left chamber when both are empty. 
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The results from Phase 2 show no significant interaction effects between chamber and 

mouse genotype (Figure 4B, WT: n = 5; SHANK3b mutant: n = 7, F1,20 = 0.7, P > 0.4, two-way 

ANOVA, non-significant interaction effect). Main effects analysis of left versus right chamber 

shows no significant effect of left versus right chamber on the proportion of time spent interacting 

with a chamber (Figure 4B, WT: n = 5; SHANK3b mutant: n = 7, F1,20 = 1.0, P > 0.3, two-way 

ANOVA, non-significant effect of chamber). These results show that WT and SHANK3b mutant 

mice do not prefer interacting with either the right or left chamber when both contain identical 

novel objects. 

The results from Phase 3 show a significant interaction effect between chamber and mouse 

genotype (Figure 4C, WT: n = 5; SHANK3b mutant: n = 7, F1,20 = 7.0, P < 0.02, two-way ANOVA, 

significant interaction effect). Post-hoc Bonferroni’s tests show that WT mice spend a higher 

proportion of time interacting with the social stimulus (Stranger) compared to the novel object 

(Figure 4C, adjusted p-value < 0.001) whereas SHANK3b mutant mice do not spend a higher 

proportion of time interacting with the social stimulus compared to the object (Figure 4C, adjusted 

p-value > 0.9). This demonstrates that SHANK3b mutant mice are less interested in a social 

stimulus versus a non-social stimulus compared to wildtype mice, reflective of what was 

previously reported in this and other mouse models of ASD (Balaan et al., 2019; Peça et al., 2011; 

Rein et al., 2020). 
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Figure 4. Results from the 3-chamber sociability test, showing that SHANK3b wildtype mice 

display a social preference whereas SHANK3b mutant mice do not. Phase 1-3 of the test are 

represented by rows A-C respectively. Representative motion trace of a test mouse during each 

phase is shown for both a SHANK3b wildtype and a SHANK3b mutant mouse. Data represent 

proportion of time (%) spent interacting with each chamber over the duration of each test phase, 

presented as mean +/- SEM. *** p < 0.001, ns, no significant difference. Circles denote males, 

triangles denote females. 

 

 

Investigating the development of DA circuits in an intersectional genetic mouse model 

The development of DA circuits can be visualized using intersectional genetics with a 

reporter mouse strain (RC::FPSiT). To visualize DAergic projections, RC::FPSiT mice have been 

crossed with Dat-Cre and Th-Flpo mice, such that the presence of both Cre and Flp recombinases 

in RC::FPSiT mice results in the expression of the fusion protein eGFP linked to synaptophysin 

(Syn-GFP) (Figure 5A). Synaptophysin is located on synaptic vesicles which typically localize to 

the active zones of the pre-synaptic terminals and varicosities where neurotransmitters are released 
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(Figure 5B). Thus, this intersectional genetic method allows us to specifically target midbrain DA 

neurons that express both Dat and Th, and visualize neurotransmitter release sites using 

immunofluorescence with confocal microscopy (Figure 5C).  

 

Figure 5. Reporter mouse strain used to target neurotransmitter release sites on midbrain DAergic 

neurons. (A) Schematic demonstrating the transgenic mouse line Dat-Cre/Th-Flp/FPSiT. 

Expression of both Cre and Flp recombinases in RC::FPSIT mice results in the expression of Syn-

GFP. (B) Syn-GFP allows the visualization of presynaptic neurotransmitter vesicles at axon 

terminals and en passant boutons (varicosities) along the axon of DAergic neurons. (C) Confocal 

image of DAergic neurites in the midbrain of a Dat-Cre/Th-Flp/FPSiT mouse (P21), stained for 

GFP (green) and Th (red) using immunofluorescence. Pop-out image shows clusters of Syn-GFP 

are clearly visible within varicosities, marked by orange arrow. (A) and (B) created by Valentine 

Greffion with BioRender.com. 

 

Development of DAergic and glutamatergic innervation in the striatum at P0, P14, and P21 

To investigate the development of DAergic and glutamatergic innervation of the striatum 

through postnatal development, triple immunofluorescence was performed on sections of Dat-

Cre/Th-Flp/FPSiT mouse striatum at P0, P14, and P21, staining for Syn-GFP (to enhance 

endogenous fluorescence), TH, and VGLUT2.  
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At P0, Syn-GFP is densely present in patches in the striatum and less dense in the 

surrounding matrix, and at P14 these patches continue to be visible though they are less visually 

distinguishable from the surrounding matrix (Figure 6, green arrows). Both TH and VGLUT2 are 

present in patches at P0, but by P14, VGLUT2 is no longer densely present in patches and instead 

appears to be denser in the surrounding matrix (Figure 6, blue arrows). Notably, the expression 

pattern of Syn-GFP and TH is not identical, demonstrating the power of this intersectional genetic 

technique to better visualize release sites on DAergic projections compared to visualizing all Th-

positive neural projections. For example, there is dense Th expression ventromedially to the 

striatum, and this area does not appear to have significant Syn-GFP expression (Figure 6, red 

arrows). At P0, the ventral striatum is underdeveloped – the landmark structures of the NAc (core 

and shell) are not clearly defined by DAergic or glutamatergic innervation at this timepoint. At 

P14, the ventral striatum is well defined by DAergic and glutamatergic innervation – the core and 

shell of the NAc are visible and resembles the shape and innervation pattern of the NAc in 

adulthood, and VGLUT2 is densely present in the medial shell of the NAc (Figure 6, white dotted 

outline). Finally, the dorsomedial aspect of the striatum at P0 almost completely lacks DAergic 

and glutamatergic innervation, whereas at P14, DAergic and glutamatergic innervation is present 

in the dorsomedial striatum (Figure 6, white asterisk).  

Overall, this series of images demonstrates the pattern of development of the striatum 

postnatally from birth to 3 weeks of age. In the following sections, fluorescence intensity of three 

areas of the striatum will be analyzed: the dorsomedial striatum, the NAc, and the patch and matrix 

pattern. 
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Figure 6. Representative images of the striatum at P0, P14, and P21 of Dat-Cre/Th-Flp/FPSiT 

mice, taken using confocal microscopy. Syn-GFP in green, TH in red, and VGLUT2 in blue. 

Patches of Syn-GFP in the striatum are visible at P0 and P14 (green arrows). TH is denser in these 

patches compared to surrounding matrix at P0 and P14, whereas VGLUT2 is only denser in patches 

at P0 (blue arrows). Expression of TH, but not Syn-GFP, is visible in an area ventromedial to the 

striatum at P0 (red arrows). The NAc is not visually defined by DAergic or glutamatergic 

innervation at P0, but by P14 the NAc is visually defined, with dense glutamatergic innervation of 

the medial shell (white dotted outlines). The dorsomedial shell is not innervated by DAergic or 

glutamatergic projections at P0, whereas by P14 innervation is apparent (white asterisks). 

 

The dorsomedial striatum receives DAergic and glutamatergic innervation after P0 

At P0, one sample t-tests have revealed that the fluorescence intensity of Syn-GFP, TH, 

and VGLUT2 is not significantly different from background fluorescence intensity (Syn-GFP, p > 
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0.9; TH, p > 0.7; VGLUT2, p > 0.5; one sample t-tests, n = 3 for all groups) (Figure 7). This 

demonstrates the absence of DAergic and glutamatergic innervation in the dorsomedial striatum 

at birth. At P14, one sample t-tests show that the level of fluorescence intensity in the dorsomedial 

striatum is greater than background in all three channels (Syn-GFP, p < 0.02; TH, p < 0.03; 

VGLUT2, p < 0.5; one sample t-tests, n = 4 for all groups) (Figure 7). This demonstrates that 

DAergic and glutamatergic innervation of the dorsomedial striatum takes place postnatally. 

 

Figure 7. Fluorescence intensity analysis of DAergic and glutamatergic innervation of the 

dorsomedial aspect of the dorsal striatum (DStr) at P0 and P14. Confocal images of the striatum 

were taken after immunofluorescence staining of GFP, TH, and VGLUT2. White squares represent 

ROI used to measure mean fluorescence intensity within the dorsomedial striatum at P0 and P14. 

Fluorescence intensity has been normalized to background fluorescence of the tissue. The results 

of fluorescence intensity analysis demonstrate that DAergic and glutamatergic innervation of the 

dorsomedial striatum increases postnatally. Data represented as mean +/- SEM. Circles denote 

males, triangles denote females. 
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DAergic and glutamatergic innervation of the NAc at P14 varies between the core and shell 

 To investigate how the NAc is innervated at P14, four locations within the NAc were 

selected for fluorescence intensity analysis: the core, the lateral shell, the ventral shell, and the 

dorsomedial shell (Figure 8).  

Fluorescence intensity of Syn-GFP is significantly different between at least three locations 

in the NAc (Figure 8, n = 4, F(2.694, 8.081) = 12.0, P < 0.003, repeated measures one-way 

ANOVA). Post-hoc Tukey’s tests revealed that the fluorescence intensity of Syn-GFP is 

significantly lower in the NAc dorsomedial shell compared to both the lateral shell (adjusted p-

value < 0.05) and the core (adjusted p-value < 0.04).  

Fluorescence intensity of TH and VGLUT2 are not statistically different across NAc 

locations based on ANOVA testing (Figure 8, n=4 for all groups, TH: F(1.268, 3.804) = 4.7, P > 

0.09; VGLUT2: F(1.017, 3.050) = 5.6, P > 0.09, repeated measures one-way ANOVA). However, 

post-hoc Tukey’s tests revealed that the fluorescence intensity of TH is significantly lower in the 

NAc dorsomedial shell compared to the NAc core (adjusted p-value < 0.002), which matches the 

pattern of Syn-GFP fluorescence intensity. Post-hoc Tukey’s tests did not find any significant 

differences in VGLUT2 fluorescence intensity across the NAc, though there appears to be a trend 

for greater density of VGLUT2 in the NAc dorsomedial shell compared to the rest of the NAc 

(Figure 8). 

Altogether, these results demonstrate that DAergic innervation of the NAc is denser in the 

core of the NAc compared to the dorsomedial shell, and a non-significant trend in the data suggests 

that the opposite pattern is seen in glutamatergic innervation. 
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Figure 8. Fluorescence intensity analysis of DAergic and glutamatergic innervation of four 

locations within the NAc at P14. Confocal images of the NAc were taken after 

immunofluorescence staining of GFP, TH, and VGLUT2. The perimeter of the NAc core is traced 

with a white dotted outline, and text labels are placed in corresponding locations of the lateral 

shell, ventral shell, and dorsomedial shell. Fluorescence intensity has been normalized to 

background fluorescence of the tissue. Data represented as mean +/- SEM. * p < 0.05, ** p < 0.01. 

Circles denote males, triangles denote females. 

 

DAergic innervation of the striatum at P0 and P14 is denser in patches compared to matrix, 

whereas glutamatergic innervation is denser in patches at P0 and not at P14 

To study the patch-and-matrix organization of DAergic and glutamatergic innervation in 

the striatum in early postnatal development, four rostral-caudal levels were selected for analysis 

(L1-L4) (Figure 3). L1-L3 was analyzed at P0, and L1-L4 was analyzed at P14 (Figure 9). L4 was 

not analyzed at P0 due to inconsistent tissue quality. 

There is a significant difference in fluorescence intensity of Syn-GFP between patches and 

matrix of the striatum at P0 (F(1,3) = 32.6, P < 0.02, mixed-effects analysis). Post-hoc Bonferroni 

tests reveal that, in rostral-caudal levels L1 and L2, the fluorescence intensity of Syn-GFP is 

greater in patches compared to matrix (Figure 9, L1: n = 4, adjusted p-value < 0.02; L2: n = 4, 

adjusted p-value < 0.05). This difference is not statistically significant in L3 (Figure 9, L3: n = 3, 
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adjusted p-value > 0.2). This same pattern is also seen in fluorescence intensity of TH. There is a 

significant difference in TH fluorescence intensity between patches and matrix (F(1,3) = 24.7, P 

< 0.02, mixed-effects analysis). More specifically, TH fluorescence intensity is greater in patches 

compared to matrix in L1 and L2 but not in L3 (Figure 9, L1: n = 4, adjusted p-value < 0.05; L2: 

n = 4, adjusted p-value < 0.05; L3: n = 3, adjusted p-value > 0.2). The fluorescence intensity of 

VGLUT2 is significantly different between patches and matrix (F(1,3) = 26.0, P < 0.02, mixed-

effects analysis) and post-hoc Bonferroni tests reveal that VGLUT2 fluorescence is greater in 

patches compared to matrix at L1 with statistical significance (Figure 9, L1: n = 4, adjusted p-

value < 0.04) and a trend can be seen for greater VGLUT2 fluorescence intensity in patches at L2, 

though not statistically significant (Figure 9, L2: n = 4, adjusted p-value < 0.06). Altogether, these 

results demonstrate that DAergic innervation (including the presence of release sites) is greatest in 

patches of the striatum at P0, more prominently in the rostral areas of the striatum, and that 

glutamatergic innervation is also present in these patches in the rostral striatum. 

At P14, the fluorescence intensity of Syn-GFP is significantly different in patches versus 

matrix (F(1,3) = 112.5, P < 0.002, mixed-effects analysis) and post-hoc Bonferroni tests reveal 

that Syn-GFP fluorescence intensity is greater in patches compared to matrix in all levels of the 

striatum except for L1 (Figure 9, L1: n = 3, adjusted p-value > 0.1; L2: n = 4, adjusted p-value < 

0.02; L3: n = 4, adjusted p-value < 0.04; L4: n = 4, adjusted p-value < 0.003). This pattern is also 

seen in TH fluorescence intensity, which is significantly different in patches versus matrix (F(1,3) 

= 80.5, P < 0.003, mixed-effects analysis). More specifically, TH fluorescence intensity is greater 

in patches compared to matrix for all levels of the striatum except for L1 (Figure 9, L1: n = 3, 

adjusted p-value > 0.6; L2: n = 4, adjusted p-value < 0.0006; L3: n = 4, adjusted p-value < 0.04; 

L4: n = 4, adjusted p-value < 0.02). The fluorescence intensity of VGLUT2 is not statistically 
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different between patches and matrix across all levels of the striatum (F(1,3) = 4.4, P > 0.1, mixed-

effects analysis). Overall, these results demonstrate that patches of DAergic innervation are 

conserved at P14, though glutamatergic innervation in the striatum at this timepoint is no longer 

concentrated within patches. 

 

Figure 9. Fluorescence intensity analysis of DAergic and glutamatergic innervation in patches and 

matrix of the striatum across three rostral-caudal levels (L1-L3) at P0 and four rostral-caudal levels 

(L1-L4) at P14. DAergic innervation in the striatum is denser in patches compared to matrix at P0 

and P14, whereas glutamatergic innervation is only denser in patches of the rostral striatum at P0. 

Fluorescence intensity has been normalized to background fluorescence of the tissue. Data 

represented as mean +/- SEM. * p < 0.05, ** p < 0.01, ns, not significant. Circles denote males, 

triangles denote females. 

 

No significant difference in pattern of DAergic or glutamatergic innervation in the striatum at P0 

or P14 in SHANK3b mutant mice 

To investigate whether structural DAergic or glutamatergic circuit development is altered 

in a mouse model of ASD, Dat-Cre/Th-Flp/FPSiT mice were crossed with SHANK3b mutant mice 

to generate Dat-Cre/Th-Flp/FPSiT/SHANK3b mutant mice, then the same triple 

immunofluorescence procedure (staining for Syn-GFP, TH, and VGLUT2) was performed on 
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striatal sections from these mice at P0 and P14. Fluorescence intensity analysis was then performed 

to compare striatal development in SHANK3b mutant mice with wildtype controls.  

At P0, no significant differences were found in Syn-GFP fluorescence intensity between 

patches or matrix of the striatum in Dat-Cre/Th-Flp/FPSiT mice compared to Dat-Cre/Th-

Flp/FPSiT/SHANK3b mutant mice across all levels (Patches: F(1,6) = 0.1, P > 0.7, mixed-effects 

analysis, non-significant effect of genotype; Matrix: F(1,6) = 1.6, P > 0.2, mixed-effects analysis, 

non-significant effect of genotype). Similarly, no significant differences were found in TH or 

VGLUT2 fluorescence intensity between patches or matrix of the striatum in Dat-Cre/Th-

Flp/FPSiT mice compared to Dat-Cre/Th-Flp/FPSiT/SHANK3b mutant mice across all levels 

(Patches TH: F(1,6) = 0.1, P > 0.7; Matrix TH: F(1,6) = 0.4, P > 0.5; Patches VGLUT2: F(1,6) = 

0.3, P > 0.6; Matrix VGLUT2: F(1,6) = 0.1, P > 0.7; mixed-effects analysis, non-significant effect 

of genotype).  
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Figure 10. Fluorescence intensity analysis of DAergic and glutamatergic innervation in patches 

and matrix of the striatum across three rostral caudal levels (L1-L3) at P0 in Dat-Cre/Th-Flp/FPSiT 

mice compared to Dat-Cre/Th-Flp/FPSiT/SHANK3b mutant mice. DAergic and glutamatergic 

innervation in the striatum of SHANK3b mutant mice does not significantly differ from control. 

Fluorescence intensity has been normalized to background fluorescence of the tissue. Data 

represented as mean +/- SEM. ns, not significant. Circles denote males, triangles denote females. 

 

 At P14, no significant differences were found in Syn-GFP fluorescence intensity between 

patches or matrix of the striatum in Dat-Cre/Th-Flp/FPSiT mice compared to Dat-Cre/Th-

Flp/FPSiT/SHANK3b mutant mice across all levels (Patches: F(1,6) = 0.3, P > 0.6, mixed-effects 

analysis, non-significant effect of genotype; Matrix: F(1,6) = 1.6, P > 0.2, mixed-effects analysis, 

non-significant effect of genotype). Similarly, no significant differences were found in TH or 

VGLUT2 fluorescence intensity between patches or matrix of the striatum in Dat-Cre/Th-

Flp/FPSiT mice compared to Dat-Cre/Th-Flp/FPSiT/SHANK3b mutant mice across all levels 

(Patches TH: F(1,6) = 0.9, P > 0.3; Matrix TH: F(1,6) = 0.006, P > 0.9; Patches VGLUT2: F(1,6) 

= 0.6, P > 0.4; Matrix VGLUT2: F(1,6) = 0.02, P > 0.8; mixed-effects analysis, non-significant 

effect of genotype). 
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Figure 11. Fluorescence intensity analysis of DAergic and glutamatergic innervation in patches 

and matrix of the striatum across four rostral caudal levels (L1-L4) at P14 in Dat-Cre/Th-

Flp/FPSiT mice compared to Dat-Cre/Th-Flp/FPSiT/SHANK3b mutant mice. DAergic and 

glutamatergic innervation in the striatum of SHANK3b mutant mice does not significantly differ 

from control. Fluorescence intensity has been normalized to background fluorescence of the tissue. 

Data represented as mean +/- SEM. ns, not significant. Circles denote males, triangles denote 

females. 

 

 Fluorescence intensity of Syn-GFP, TH, and VGLUT2 has been analyzed and compared 

across the different areas of the NAc (Figure 12). There are no significant differences in 

fluorescence intensity of Syn-GFP across the structures of the NAc in Dat-Cre/Th-Flp/FPSiT mice 

compared to Dat-Cre/Th-Flp/FPSiT/SHANK3b mutant mice (F(1,6) = 2.2, P > 0.1, two-way 

ANOVA, non-significant effect of genotype). Similarly, no significant differences were found in 

fluorescence intensity of TH or VGLUT2 across the NAc in Dat-Cre/Th-Flp/FPSiT mice 

compared to Dat-Cre/Th-Flp/FPSiT/SHANK3b mutant mice (TH: F(1,6) = 0.5, P > 0.5; VGLUT2: 

F(1,6) = 0.7, P > 0.4; two-way ANOVA, non-significant effect of genotype). 
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Figure 12. Fluorescence intensity analysis of DAergic and glutamatergic innervation in four 

locations within the NAc at P14 in Dat-Cre/Th-Flp/FPSiT mice compared to Dat-Cre/Th-

Flp/FPSiT/SHANK3b mutant mice. DAergic and glutamatergic innervation of the NAc at P14 in 

SHANK3b mutant mice does not significantly differ from control. Fluorescence intensity has been 

normalized to background fluorescence of the tissue. Data represented as mean +/- SEM. ns, not 

significant. Circles denote males, triangles denote females. 

 

Overall, these results demonstrate that the structural development of DAergic and 

glutamatergic circuits into the striatum during early postnatal development is very similar between 

wildtype and SHANK3b mutant mice. 
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Discussion 

 The aim of this project was to establish the pattern of development of DAergic and 

glutamatergic circuits in the striatum of mice and to investigate whether this development is altered 

in a mouse model of ASD. The results show that, in typical neurodevelopment, putative release 

sites of neurotransmitters on DAergic projections in the striatum concentrate in patches at birth 

and through the first two weeks of life, and then become more diffusely spread in the striatum by 

three weeks of life. Glutamatergic innervation spreads outside of patches sooner than DAergic 

innervation, by two weeks of age. DAergic and glutamatergic innervation of the striatum develops 

ventrolaterally to dorsomedially from birth to two weeks of age, as evidenced by the delayed 

innervation of the dorsomedial striatum. Additionally, the core and shell of the NAc become 

defined by DAergic and glutamatergic innervation by two weeks of age. DAergic innervation of 

the NAc is higher in the core compared to the dorsomedial shell at P14, opposite to a non-

significant trend seen in glutamatergic innervation. In SHANK3b mutant mice, the results of 

behavioural testing show that SHANK3b mutant mice demonstrate a reduction in social behaviour 

compared to control mice, which is an ASD-like symptom of this strain. Analysis of the striatum 

in SHANK3b mutant mice has shown no significant differences in DAergic or glutamatergic 

striatal circuit development between SHANK3b mutant mice and control mice in early postnatal 

development, though the future directions of this research aim to investigate whether there are 

specific structural or functional differences in DAergic circuits in SHANK3b mutant mice. 

A common technique for axonal tracing in mice is to inject an adeno-associated virus 

(AAV) into the brain region of interest via stereotaxic surgery, then wait several weeks for 

maximal virus expression before euthanizing and examining the brain (Nectow & Nestler, 2020). 

The use of RC::FPSiT mice in this study allows the labelling of DAergic neural projections without 
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the need to perform an AAV injection. This is an advantage because AAV injection relies on 

accurate and reproducible virus targeting, which is time-consuming and can be difficult especially 

in very young animals. By contrast, early postnatal RC::FPSiT mice can be euthanized and 

examined without any prior procedure. 

This study relies on the use of synaptophysin to identify release sites of neurotransmitters 

from DAergic projections, based on the knowledge that synaptophysin is a synaptic vesicle protein 

and synaptic vesicles typically localize to active zones where neurotransmitters are released 

(Valtorta et al., 2004). However, two important notes must be made here. First, it is important to 

note that DA release in the striatum first occurs between P6 and P10 (Kim et al., 2002) and DA 

release was not measured in this study. Thus, the results discussed for circuit development at P0 

are limited to the structural capacity for neurotransmitter release in developing DAergic neurons. 

As such, the results demonstrate that putative release sites of neurotransmitters on DAergic 

projections are present at least 6 days before DA release is expected to first occur. This is supported 

by previous research which has shown that VMAT2, a presynaptic protein located on synaptic 

vesicles which is required for DA transmission, is detectable in the striatum by P1 in rats (Leroux-

Nicollet et al., 1990). Second, it has been found that roughly 30% of DA varicosities contain the 

necessary active zone proteins for neurotransmitter release, such as regulating synaptic membrane 

exocytosis 1 (RIM1) (Liu et al., 2018). Since the current study did not confirm whether RIM1 was 

present at release sites, the results discussed here pertain only to putative release sites of 

neurotransmitters in the striatum. Further research should be conducted to elucidate whether the 

distribution of active release sites differs from the results reported presently. 

Additionally, several subtypes of DA neurons exist which co-transmit neurotransmitters 

other than DA (Poulin et al., 2020). Since Syn-GFP localizes to all neurotransmitter release sites 
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on DAergic neurons regardless of which neurotransmitter is released at a particular site, then Syn-

GFP in this study indicates the presence of putative release sites, but not strictly DA release sites, 

on DAergic projections. 

DAergic and glutamatergic innervation of the striatum develops in a patch-and-matrix pattern 

 Previous literature has used TH or DA immunolabeling to visualize early post-natal 

DAergic circuit development in the striatum (Antonopoulos et al., 2002; Fentress et al., 1981; 

Voorn et al., 1988). The results of the current study agree with previous research which has also 

demonstrated that DAergic innervation into patches of the striatum is denser than innervation into 

the matrix during early postnatal development. However, previous literature did not specifically 

visualize putative release sites on DAergic projections. As such, this study adds to the current body 

of knowledge by demonstrating that the distribution of release sites on DAergic projections is 

highly concentrated in patches. This has implications for where neurotransmitter release from DA 

neurons might first occur in the striatum.  

 Conflicting evidence has been presented on whether DA release is greater in patches or 

matrix of the striatum in adulthood (Brimblecombe & Cragg, 2016). Research in rats has shown 

that the distribution of DAergic projections in the striatum is denser in patches, suggesting greater 

DA transmission (Matsuda et al., 2009) whereas research in humans has shown via 

immunolabeling that the concentration of TH is denser in the matrix of the caudate and putamen 

(the human equivalent of the rodent striatum) (Morigaki & Goto, 2016). Although the results of 

the current study focus on patches in development and not adulthood, it is informative to know 

that release sites on DAergic neurons remain concentrated in patches after dopamine release has 

begun, which suggests that neurotransmitter release from DA neurons might be higher in patches 

during development in mice.  
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 Another finding of the current study is that VGLUT2 is concentrated in patches at P0. It 

has been shown previously that VGLUT2 is densely present in patches of the DStr at P0, and then 

becomes slightly more dense in the matrix after P10 (Nakamura et al., 2005), which supports the 

findings of the current study. In embryonic development (E11.5), nearly all DAergic midbrain 

neurons express VGLUT2, but by E14.5, expression of VGLUT2 is no longer detectable in lateral 

regions of the mesencephalon (embryonic midbrain), which indicates that downregulation of 

VGLUT2 expression in DAergic neurons outside of the VTA occurs before birth (Kouwenhoven 

et al., 2020). In embryonic development of mice, midbrain DAergic neurons from the SNc and 

VTA send nonspecific projections into both the DStr and VStr, but by birth, the pathways from 

the SNc to the DStr and the VTA to the VStr have differentiated into separate pathways via axonal 

pruning (Hu et al., 2004). Taken together, these studies indicate that the source of VGLUT2 in 

patches of the striatum is not from DAergic neurons; rather, this is likely glutamatergic innervation 

from the thalamus, which innervates the striatum in adulthood (Fujiyama et al., 2004). 

DAergic and glutamatergic innervation of the striatum spreads dorsomedially  

 It was found that the dorsomedial striatum does not receive DAergic and glutamatergic 

innervation at P0, whereas at P14, the dorsomedial striatum does receive DAergic and 

glutamatergic innervation. This implies that DAergic and glutamatergic innervation of the striatum 

spreads dorsomedially during postnatal development. This finding is supported by previous 

research which demonstrated that DAergic innervation into the striatum follows a ventrolateral to 

dorsomedial gradient in rats (Voorn et al., 1988), and demonstrates that this same pattern is found 

in mice. 
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The NAc receives differential innervation from DAergic and glutamatergic afferents 

 Innervation of the NAc at P14 showed that DAergic innervation was the least dense in the 

dorsomedial shell of the NAc, and glutamatergic innervation showed the opposite pattern. Previous 

research has shown that VGLUT2+ DA neurons of the VTA project exclusively to the medial shell 

of the NAc in adulthood (Poulin et al., 2018). Furthermore, VGLUT2+ DA neurons are the only 

midbrain DAergic neurons that send projections to the dorsomedial shell of the NAc, while other 

DA neurons project to the DStr and other areas of the NAc (Mingote et al., 2019). Axonal pruning 

during embryonic development results in the separation of SNc to DStr and VTA to VStr pathways 

(Hu et al., 2004). This information taken together with the results of the current study suggests that 

the distribution of DAergic release sites in the dorsomedial striatum at P14 are exclusively from 

VGLUT2+ DAergic neurons from the VTA. 

SHANK3b mutant mice do not demonstrate a social preference in the modified 3-chamber 

sociability test 

To validate the phenotype of the ASD model (SHANK3b mutant), the 3-chamber 

sociability test was used. The format of the 3-chamber sociability test varies between studies, 

which may be a contributing factor in the variability of results reported in the literature regarding 

social deficits in mouse models of ASD (Bukatova et al., 2021). The optimized version of this test 

for use with mouse models of ASD (Rein et al., 2020) aims to reduce this variability by including 

an additional phase where the mouse is familiarized with the presence of objects (paper towel 

balls) within the chambers before being given the choice to investigate a novel object versus a 

social target. The results of the 3-chamber sociability test shows that SHANK3b mutant mice do 

not prefer to interact with a social stimulus compared to a non-social stimulus, which is expected 

based on previous research (Balaan et al., 2019; Peça et al., 2011) and suggests they may 
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experience less feelings of reward in response to social behaviour. This would result in lower social 

motivation, thus reducing the time spent interacting with the social target compared to control 

mice. 

DAergic and glutamatergic circuit development does not significantly differ between SHANK3b 

mutant mice and control mice 

This study did not find significant differences in striatal DAergic or glutamatergic circuit 

development at P0 or P14 between SHANK3b mutant mice and control mice. These results can 

inform us about the general spatial distribution of DAergic projections and release sites but do not 

provide more specific information such as the identity of release sites, the release properties of 

these sites, or the broader functional properties of these neurons during development in SHANK3b 

mutant mice. There may be subtype-specific differences in DAergic neural circuits in SHANK3b 

mutant mice which were not detected in this study. For example, in VGLUT2+ DA neurons, it is 

possible that glutamate release sites are particularly affected in SHANK3b mutant mice, even 

though the overall development of these neurons does not appear different from control. It has 

been reported that MSNs regulate the segregation of DAergic and glutamatergic release sites on 

VGLUT2+ DA neurons (Fortin et al., 2019). It is possible, then, that the mutation of Shank3 

disrupts this effect, rendering MSNs ineffective in properly segregating release sites on DAergic 

neurons. Further research is required to determine whether there are release site-specific changes 

in the DAergic circuits of SHANK3b mutant mice. 

Recent research has shown that patches of the striatum occupy a larger area in adulthood 

in a SHANK3 mutant mouse (exon 11 deletion) compared to SHANK3 wildtype mice, which may 

play a role in overgrooming (Ferhat et al., 2023). SHANK3b mutant mice are also known to 

overgroom (Peca et al., 2012). It would be interesting to analyze striosome size in SHANK3b 
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mutant mice to determine whether these results are supported across different SHANK3 mutant 

models. Additionally, Ferhat et al. (2023) did not analyze patch size in early development. It is 

possible, then, that the area of DAergic and glutamatergic innervation in the striatum during 

development is larger in SHANK3b mutant mice compared to wildtype mice, despite the finding 

that the density of these projections is not significantly altered. 

Limitations 

 This study has several limitations which must be discussed. For the 3-chamber sociability 

test, littermates were not exclusively used as controls, and the sample sizes for both the control 

and experimental groups were lower than what is typically required for sufficient statistical power 

(Silverman et al., 2010). Additionally, mixed sexes were used in both groups, and some ASD 

models (such as SHANK3 +/ΔC mice, in which the Shank3 gene mutation results in deletion of 

the C-terminal region of the SHANK3 protein) display a sex-specific behavioural phenotype in the 

3-chamber sociability assay (Rein et al., 2020). Another important caveat to the behavioural testing 

reported here is that the mice had undergone an invasive procedure including placement of a 

chronic intracranial implant prior to being used for behavioural testing. This likely caused 

additional stress in these mice, which may have exacerbated the behavioural phenotype in 

SHANK3b mutant mice. Despite these limitations, the results of the 3-chamber sociability test 

reported here are supported by previous research using this mouse model, and other SHANK3-

deficient mouse models (Balaan et al., 2019; Peça et al., 2011; Rein et al., 2020). 

 In the fluorescence analysis of the NAc in Dat-Cre/Th-Flp/FPSiT mice, we observed a 

significant variability in the VGLUT2 data for the dorsomedial shell of the NAc (Figure 8). It is 

possible that this is the reason why a statistical difference was not found between the fluorescence 

intensity of the dorsomedial shell and the other regions of the NAc. Due to the small sample size, 
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the statistical power wasn’t high enough to confirm the trend seen in the data. The same limitation 

(small sample size) applies to both the Dat-Cre/Th-Flp/FPSiT and Dat-Cre/Th-

Flp/FPSiT/SHANK3b mutant groups used for fluorescence analysis in this study.  

Future directions 

 Future directions include a functional analysis of the activity of the mesolimbic DA 

pathway during social interaction in SHANK3b mutant mice. To date, no publication has 

investigated in vivo DA activity in the mesolimbic pathway during social interaction in mouse 

models of ASD. This will be a highly informative study to elucidate how social stimuli is encoded 

in the DAergic reward pathway of the brain in a mouse model of ASD. Our lab is currently working 

on this project using fiber photometry to measure population activity of DAergic projections from 

the VTA to the medial shell of the NAc via in vivo calcium signaling using a stereotaxic virus 

injection (AAV-CAG-FLEX-jGCaMP8f) in Dat-Cre and Dat-Cre/SHANK3b mice. Our 

hypothesis is that there is reduced activity in the mesolimbic pathway in Dat-Cre/SHANK3b 

mutant mice during social interaction, reflecting less feelings of reward from social interaction as 

postulated in the DA hypothesis of ASD (Pavǎl, 2017). The results obtained from this experiment 

will provide strong correlational evidence of DA circuit involvement in social interaction.  

Additionally, it would be informative to look at the functional aspect of VGLUT2+ DA 

neurons specifically. As mentioned, the VTA is made up of mostly VGLUT2+ DA neurons which 

predominantly project to the medial shell of the NAc, forming part of the mesolimbic pathway 

which is thought to be involved in social behaviour (Gunaydin et al., 2014; Poulin et al., 2020).  

To investigate this, we are currently using VGLUT2-Cre/Dat-Flp mice with two adeno-associated 

viruses injected into the VTA (one that is Cre-OFF Flp-ON to target non-VGLUT2-expressing 

DAergic neurons, and the other that is Cre-ON Flp-ON to target specifically VGLUT2+ DA 
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neurons) combined with dual-channel fiber photometry such that the activity of both VGLUT2+ 

and VGLUT2- DA neurons can be recorded simultaneously during a social behaviour task. An 

interesting avenue to pursue would be to use optogenetics to selectively activate or inhibit the 

VGLUT2+ DA neurons of the VTA and investigate changes in social behaviour – we expect that 

social behaviour will be increased when VGLUT2+ DA neurons are activated, and reduced when 

VGLUT2+ DA neurons are inhibited. If our hypotheses are correct, the results of this experiment 

will provide strong support for the role of VGLUT2+ DA neurons in social behaviour, which can 

inform future research on how this specific subtype may be altered in ASD. 
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Conclusions 

 This study aimed to characterize the early postnatal development of striatal DAergic and 

glutamatergic circuits in mice, with a focus on the distribution of release sites on DAergic 

projections, and to compare how this development may be altered in a mouse model of ASD. These 

aims were achieved using an intersectional genetic model (Dat-Cre/Th-Flp/FPSiT) which allows 

visualization of release sites on DAergic neurons in the striatum through expression of Syn-GFP, 

and SHANK3b mutant mice which is a mouse model of ASD. Triple immunofluorescence (Syn-

GFP, TH, VGLUT2) was used to investigate the pattern of circuit development at birth (P0) and 

at two weeks of age (P14) in wildtype versus SHANK3b mutant mice. The results of this study 

demonstrate the patch-and-matrix pattern of DAergic circuit development in the striatum, which 

is supported by previous literature, and adds new evidence for the presence of neurotransmitter 

release sites on DAergic projections within patches, which suggests that neurotransmitter release 

from DAergic neurons in the striatum may be higher in patches compared to the matrix in early 

postnatal development. Innervation of the dorsomedial striatum occurs postnatally, which suggests 

that DAergic and glutamatergic innervation begins ventrolaterally in the striatum and spreads 

dorsomedially as the striatum develops. Additionally, the NAc becomes defined by DAergic and 

glutamatergic innervation by two weeks of age, and the dorsomedial shell of the NAc is innervated 

by VGLUT2+ DA neurons by this timepoint. SHANK3b mutant mice demonstrate non-social 

preference as evidenced by the 3-chamber sociability test, which supports the behavioural 

phenotype of this mouse model.  The density of DAergic and glutamatergic innervation of the 

striatum at birth and two weeks of age does not significantly differ between SHANK3b mutant 

mice and wildtype controls. Future directions are recommended to fully elucidate the role of DA 

circuit development and function in ASD.  
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