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ABSTRACT 
 

Individuals with autism spectrum disorders (ASD) are impaired not only in social 

behaviors but also in higher-order sensory (such as olfaction) processes that influence cognitive 

abilities and behaviours. Neurexin-1 (Nrxn1) expression controls NEUREXIN-1 (NRXN1) levels, a 

presynaptic cell adhesion protein that binds postsynaptic ligands, and controls the balance of 

excitatory and inhibitory transmission, a commonly altered mechanism in autism. Here we 

asked the question of whether olfactory learning ability correlates with dopamine (DA) 

signalling in the olfactory system and memory strength in Nrxn1 deficient mice. Male and 

female Nrxn1+/- and WT (Nrxn1+/+; C57BL/6J) mice at 90-130 days of age were conditioned to dig 

in an odour pot to receive a sugar reward over 8 trials in a 1-day Pavlovian conditioning 

protocol. Short- and long-term memory was tested, then DA transporter (DAT) and DA receptor 

1 and 2 (DRD1, DRD2) gene expression was measured in the olfactory bulb, olfactory tubercle, 

and hippocampus of conditioned and unconditioned mice. The Pavlovian conditioned mice 

showed more digging in the odour pot than naïve mice during learning and memory trials, 

indicating digging behaviour reflects olfactory learning and memory. Olfactory bulb DRD1 and 

hippocampus DAT and DRD2 expression was lower in the 7-day than the 24-hour memory test, 

while olfactory tubercle DAT relative expression was higher in the 7-day than the 24-hour test, 

indicating region-specific gene expression was dependent on when the memory test was 

performed. Sugar consumption was positively correlated with DRD2 expression in the olfactory 

bulb and olfactory tubercle but negatively correlated with DRD2 expression in the hippocampus 

of conditioned mice. Overall, olfactory learning and memory was not impaired in the Nrxn1+/- 

mice in the 1-day Pavlovian conditioning odour paradigm. Interestingly, however, the region-

specific changes in DA receptor expression appeared to be associated with DA activity in 

response to sugar consumption, odour presentation, and episodic olfactory memories, which 

needs further study. 
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CHAPTER 1: INTRODUCTION 

1.1 Autism Spectrum Disorder 

Autism Spectrum Disorder (ASD) is one of the most common neurodevelopmental disorders, 

affecting approximately 1% of children world-wide (Baird et al., 2006). This life-long disorder 

predominately affects males, with a reported male: female ratio ranging from 1.33:1 to 15.7:1 

(Autism and Developmental Disabilities Monitoring Network Surveillance Year 2008 Principal 

Investigators & Centers for Disease Control and Prevention, 2012; Fombonne, 2009), and is 

commonly co-morbid with intellectual disability and/or major psychosis, including schizophrenia 

(Chien et al., 2021; Matson & Shoemaker, 2009; Mpaka et al., 2016). The Diagnostic and 

Statistical Manual of Mental Disorders, 5th Edition, Text-Revised Edition (DSM-5-TR) defines ASD 

as including several areas of persistent deficits in social communication and interaction as well 

as restricted repetitive behaviours and interests (APA, 2022). Individuals with ASD also show 

impaired higher-order sensory (such as olfaction) and cognitive processes, in which sensory 

processing dysfunctions influence some cognitive abilities and behaviors (Dawson et al., 2002; 

Ebrahimi-Fakhari & Sahin, 2015; Luo et al., 2018). Clinical presentation and underlying 

pathophysiology of ASD is highly heterogeneous, posing a complex challenge for diagnosis and 

therapeutic treatments (Jeste & Geschwind, 2014). 

ASD has a strong genetic component, with heritability estimates ranging from 50% – 90% 

(Nordenbæk et al., 2014; Sandin et al., 2014; Sandin et al., 2017). In some rare cases, 

spontaneous (i.e., de novo mutations) mutations have also been identified that were not 

inherited from the parents (Miles, 2011). However, a majority (70%) of ASD cases are idiopathic 
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with an unknown genetic cause (Devlin & Scherer, 2012), leading to the suggestion that gene x 

environment interactions may play a role in the etiology of ASD (Cheroni et al., 2020). 

Nonetheless, whole exome sequencing has shown that ~5% of cases are caused by single gene 

mutations (De Rubeis et al., 2014) and ~10% of cases are caused by copy number variations 

(CNV) that disrupt normal gene expression and function in ASD (Abrahams & Geschwind, 2008; 

Rosenfeld et al., 2010). 

An imbalance between excitatory and inhibitory synaptic transmission is a hallmark of ASD 

(Gao & Penzes, 2015) and genetic analyses strongly implicate three biological pathways: 

chromatin remodeling, transcriptional regulation, and synaptic function (De Rubeis et al., 2014; 

Devlin & Scherer, 2012). Indeed, many of the ASD risk genes identified so far encode for pre- 

and post-synaptic cell adhesion proteins including SHANK (Durand et al., 2007), CNTNAP 

(Alarcón et al., 2008; Bakkaloglu et al., 2008), neuroligin (NLGN) (Jamain et al., 2003), and NRXN 

(Kim et al., 2008), which form transsynaptic complexes critical for maintaining the balance 

between excitatory and inhibitory transmission (E/I balance) between neurons. Recent studies 

on the neural basis of ASD have focused on the association between altered dopamine (DA) 

neuron connectivity and olfactory dysfunction as an early indicator of cognitive impairment 

(Mandic-Maravic et al., 2022).  

A variety of mouse models of ASD have been used to help characterize the observable 

characteristics (phenotypes) associated with candidate ASD risk genes, including learning and 

memory impairments (Southwick et al., 2011). For example, mice with mutations in Shank3, 

Cntnap2, and Tsc1 show deficits in visual spatial mapping and fear conditioning paradigms (Moy 

et al., 2007), while Black and Tan Brachyury T+Itpr3tf/J (BTBR) mice show deficits in reversal 
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learning (Moy et al., 2007). Furthermore, mice carrying Nrxn1 gene disruptions show 

electrophysiological and behavioral changes consistent with cognitive impairments (Etherton et 

al., 2009) and demonstrate an essential role for NRXNs in DA neuron synaptic transmission and 

autism-related phenotypes (Ducrot et al., 2021). 

Together, these findings raise the question of whether olfactory learning ability correlates 

with DA signalling in the olfactory system and odour memory strength in a mouse model of ASD. 

In the present study we used a Pavlovian conditioned odour task in which male and female 

Nrxn1 knockdown mice received a single day of odourous conditioned stimuli presentations and 

were then tested for memory 24 hours and 7 days later and analyzed for DA receptor expression 

in the olfactory system. 

1.2 Olfactory System 

The olfactory system is responsible for the important functions of odour discrimination, 

odour detection, and olfactory memory. Olfaction is essential in humans for exploratory 

behaviors, appetite regulation, and social interactions (Fine & Riera, 2019; Sarafoleanu et al., 

2009), while rodents rely heavily on their sense of smell for avoiding predators, locating food, 

finding mates, and establishing social hierarchies (Takahashi, 2014; Wesson, 2013). Olfaction is 

the primary sensory system for rodents, enabling them to learn olfactory-stimulus reward 

associations better than associations with auditory or visual stimuli (Nigrosh et al., 1975). This 

makes olfactory stimuli a meaningful sensory modality to employ when investigating cognitive 

functions in rodents, such as short- and long-term odour memory. 
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Odours are detected by odourant receptors on olfactory sensory neurons of the olfactory 

epithelium (OE). Each olfactory sensory neuron in the OE expresses a single olfactory receptor 

out of the approximately 1000 possible odourant receptor genes in the mouse genome (Buck & 

Axel, 1991), and projects directly to a single glomerulus in the olfactory bulb expressing the 

same olfactory receptor (Mombaerts, 2006; Treloar et al., 2002). Glomeruli are present on the 

surface of the olfactory bulb and are innervated by inhibitory interneurons as well as excitatory 

projection neurons: mitral and tufted cells, located in the mitral cell layer and the external 

plexiform layer, respectively (Figure 1B). Mitral and tufted cells synapse with granule cells 

located in the granule cell layer, where projections to higher-order areas of the brain including 

the piriform cortex and the olfactory tubercle (OT) can occur (Shipley & Ennis, 1996). The 

olfactory cortex, where complex olfactory signals are processed, is composed of brain regions 

that receive synaptic inputs from OB projection neurons including the piriform cortex, olfactory 

tubercle, cortical amygdala, anterior olfactory nucleus, and the entorhinal cortex (Figure 1A) 

(Neville & Haberly, 2004).  
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Figure 1. Mouse olfactory system. (A) Schematic of basic mouse olfactory circuits. Olfactory 
sensory neurons present in the olfactory epithelium (OE) project to main olfactory bulb (MOB) 
which then sends projections to the anterior olfactory nucleus (AON), olfactory tubercle (OT), 
piriform cortex (PIR), and the lateral entorhinal cortex (LEC). The PIR also projects to the LEC, 
and the LEC projects to the hippocampus (HIPP). (B) Main olfactory bulb basic neural circuit. 
Olfactory nerve cells run in the olfactory nerve layer (ONL) before projecting to the glomeruli in 
the glomerular layer (GL). The somata of tufted cells are located in the external plexiform layer 
(EPL) with primary dendrites extending to a single glomerulus. The somata of mitral cells are 
present in the mitral cell layer (MCL) with primary dendrites projecting to a single glomerulus. 
Olfactory sensory neurons form axodendritic synapses with mitral, tufted, and periglomerular 
(PG) cells. Mitral and tufted secondary dendrites form dendrodendritic synapses with granule 
cells in the EPL. Somata of granule cells are found in the granule cell layer (GCL). Adapted from 
Imamura et al., 2020. Created with BioRender.com 
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The olfactory bulb plays a central role in processing olfactory information. The OB has a 

large population of DA neurons (Cave & Baker, 2009), which are crucial for refining odour 

resolution, decreasing odour noise, and increasing odour discrimination (Ennis et al., 2001; 

Wilson & Sullivan, 1995). D2 neurons are the most abundant DA receptor type found in the OB 

and are localized in the granular and glomerular layers (Coronas et al., 1997; Koster et al., 1999).  

The importance of the olfactory tubercle in odour-induced motivation-based behaviors has 

recently been identified (DiBenedictis et al., 2015; Murofushi et al., 2018; Yamaguchi, 2017). 

The OT is a part of the ventral striatum and the nucleus accumbens, two regions which both 

receive significant dopaminergic input from the ventral tegmental area (Ikemoto, 2007). The OT 

is also a component of the olfactory cortex, and thus receives inputs from the olfactory bulb as 

well as from other parts of the olfactory cortex (Zhang et al., 2017) as D1 and D2 neurons in the 

medial region of the OT are preferentially innervated by olfactory areas (Zhang et al., 2017). The 

OT is made up of three main neuron types: medium spiny neurons, dwarf cells, and granule 

cells. Spiny neurons in the OT express either DA receptor D1 or D2 (Yung et al., 1995), while 

dwarf cells express D1 and not D2, and granule cells weakly express D1 (Murata et al., 2015). 

There are distinct regions of the OT that respond differently to conditioned odour cues. Odour 

cues associated with a sugar reinforcement induce c-Fos expression in D1 neurons of the cortex-

like region of the anteromedial domain of the OT, while odour cues associated with aversive 

stimulus induce c-Fos expression in D2 neurons of anteromedial and lateral OT domains (Murata 

et al., 2015) (Figure 2). D1-type neurons in the olfactory tubercle have also been found to 

represent odour valence (i.e., how attractive or aversive an odour is to an animal) while D2-type 
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neurons have been found to be selective for odour identity rather than valence (Martiros et al., 

2022). 

 

Figure 2. Olfactory tubercle architecture outlining distinct domains that represent distinct odour 
motivated behaviors. Coronal section of OT. From Yamaguchi, 2017. 

 

While olfaction as a sensory modality is primarily shaped by bottom-up input originating 

from the olfactory bulb, top-down modulation also occurs through strong connections from 

higher cortical and limbic structures, such as the hippocampus (HIPP) (Aqrabawi et al., 2016; 

Martin et al., 2007). Unlike other sensory modalities, the olfactory system in mammals does not 

pass through the thalamus in order to reach cortical areas (Mouly & Sullivan, 2010). Instead, 

neurons from the olfactory bulb project directly to cortical structures, such as the amygdala and 

hippocampus, which are important in emotion and memory. More precisely, the olfactory bulb 
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and piriform cortex directly project to the lateral entorhinal cortex through the lateral olfactory 

tract, where the lateral entorhinal cortex then projects to the hippocampus (Figure 1A).  

Generally, long-term memory consolidation is thought to rely on bidirectional interactions 

between sensory and limbic regions. In fact, only two synapses separate the olfactory bulb from 

the dentate gyrus of the hippocampus (Vanderwolf, 1992) through the lateral perforant path 

and the lateral entorhinal cortex. The hippocampus has been shown to support odour-

discrimination learning, with involvement and cooperation between both the dorsal and ventral 

hippocampus during olfactory learning (Martin et al., 2007). Thus, investigating various regions 

of the olfactory system, including initial sensory processing areas such as the olfactory bulb and 

olfactory tubercle, while also considering a higher-level cortical area involved in olfactory 

memory, like the hippocampus, will provide a wide picture of how DA modulation differs at 

various brain regions throughout the olfactory pathway. 

Olfactory dysfunction is associated with disorders like schizophrenia (Moberg & Turetsky, 

2003), bipolar disorder (Hardy et al., 2012), Alzheimer’s disease, and Parkinson’s (Rahayel et al., 

2012). Interestingly, evidence also suggests that individuals with ASD may display impaired 

sensitivity to olfactory stimuli and impaired odour detection (Kumazaki et al., 2016; Xu et al., 

2020). Atypical responsiveness to olfactory stimuli and odor detection deficits have been 

identified as a strong predictor of social impairment in children with ASD (Kumazaki et al., 

2016), which makes investigating the olfactory function in mouse models of ASD an important 

avenue to define. 



9 
 

1.3 Dopamine Pathways 

The DA system is critical in central nervous system functions including motor control, sleep, 

reward, and cognition (Klein et al., 2019). DA plays a crucial role in the reinforcement and 

motivation of behavior and for establishing memories of cue-reward associations, such as 

during Pavlovian conditioning (Dalley et al., 2005). Recent studies have implicated reward-

processing deficits and altered DA mesolimbic circuitry in ASD patients (Dichter et al., 2012; 

Mandic-Maravic et al., 2022). DA is important in motor function, reward, and motivation, which 

are all affected in ASD; however, the neuropathology and etiology of such deficits remains 

unknown.  

Five DA receptors have been identified, each belonging to the G protein-coupled receptor 

family, which can be further classified into subgroups: the D1-like receptors (D1 and D5) and the 

D2-like receptors (D2-D4). Dopaminergic neurons primarily originate from midbrain structures 

including the substantia nigra pars compacta (SNc) and the ventral tegmental area (VTA) (Luo & 

Huang, 2016). The nigrostriatal pathway is composed of DA neurons projecting from the SNc to 

the dorsal striatum (Figure 3) and is involved in regulating voluntary movement (Moore & 

Bloom, 1978; Ungerstedt, 1971). The mesocorticolimbic pathway is composed of DA neurons 

projecting from the VTA to the nucleus accumbens, limbic systems, the olfactory tubercle, and 

the frontal cortex (Figure 3) (Moore & Bloom, 1978; Ungerstedt, 1971) and is involved in the 

regulation of reward, motivation, and memory, which can all be affected in autism (Bromberg-

Martin et al., 2010). 
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Figure 3. Simple diagram of mesocorticolimbic and nigrostriatal DA pathways. Midbrain DA 
neuron clusters in the substantia nigra pars compacta (SNc) project to the caudate/putamen 
(CPu). DA neuron clusters in ventral tegmental area (VTA) project to the nucleus accumbens 
(NAc), the olfactory tubercle (OT), and the prefrontal cortex (PFC). Adapted from Luo & Huang, 
2016. Created with BioRender.com 

 

The DA transporter (DAT) is a plasma membrane protein that is selectively expressed in 

dopaminergic neurons and regulates DA neurotransmission by transporting extracellular DA 

back into the intracellular space (Bu et al., 2021). It is well known that DA signaling is not limited 

to a single synaptic location, as DA receptors are predominantly extrasynaptic (Hersch et al., 

1995; Sesack et al., 1994; Yung et al., 1995). Thus, DA spills over from its initial release site into 

the extrasynaptic space, acting on receptors to modulate movement, learning, and motivation 

(Bu et al., 2021). Synaptic DA is tightly regulated by DAT, allowing for the fine-tuned phasic DA 

signaling needed for salience coding (Fiorillo et al., 2013) and reward prediction error signal 

coding (Bayer & Glimcher, 2005); both of which are required for reward processing, behavioral 

learning, and synaptic plasticity (Pessiglione et al., 2006; Schultz, 2016). In fact, deletion of the 

DAT gene results in high striatal concentrations of extracellular DA, decreased DA tissue levels 
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(Jones et al., 1998; Leo et al., 2018), and reduced levels of D1 and D2 receptors (Giros et al., 

1996). DAT KO mice also demonstrate impaired working memory (Savchenko et al., 2022), 

cognitive deficits in sensorimotor tasks (Leo et al., 2018), and deficits in olfactory discrimination 

(Tillerson et al., 2006). 

The DA receptor D1 (DRD1) is the most abundant DA receptor in the rodent and human 

brain, with broad expression throughout brain regions including the dorsal striatum, ventral 

striatum, olfactory bulb, cortex, thalamus, amygdala, hippocampus, hypothalamus, and the 

substantia nigra (Hall et al., 1994; Mansour et al., 1990; Mishra et al., 2018). D1 receptors 

function in processes including memory, attention, locomotion and impulse control while the 

DA receptor D2 (DRD2) is important for locomotion, sleep, memory, and learning (Mishra et al., 

2018). DRD2 is localized in the striatum, VTA, olfactory bulb, and the cerebral cortex (Mishra et 

al., 2018). D1 and D2 receptors have opposing functions. D1-like receptors activate adenylyl 

cyclase by coupling to Gαs subunits of G proteins which increases cAMP production and 

increases phosphorylation activity by protein kinase A (PKA) as a result (Figure 4). D2-like 

receptors have an opposite function, where they inhibit the adenylyl cyclase-cAMP-PKA 

pathway by coupling to Gαi subunits, thus reducing PKA activity (Figure 4) (Missale et al., 1998). 

D1-like and D2-like receptors are also capable of forming heteromeric complexes. D1-D2 

heterodimers couple with Gαq subunits to activated phospholipase C (PLC) (Figure 4). PLC 

activation results in production of diacylglylcerol (DAG) and inositol triphosphate (IP3). DAG then 

activates protein kinase C (PKC), while IP3 activation causes intracellular Ca2+ mobilization 

(Osinga et al., 2017). DA modulation plays an important role in controlling odour detection 

thresholds, discrimination, and odour learning. D1 and D2 receptors have opposing influences 
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on odour discrimination learning. For example, administration of the D2 receptor agonist 

quinpirole causes decreases in odour detection performance in rats, while administration of the 

D1 receptor agonist SKF 28393 results in enhanced odour detection in rats (Doty & Risser, 1989; 

Escanilla et al., 2009). 

 

Figure 4. Signalling networks regulated by DA through D1-like receptors, D2-like receptors, and 
D1-D2 heteromeric complexes. Adapted from Osinga et al., 2017. Created with Biorender.com 

 

A recent study has identified that Nrxn plays a role in DA neuron connectivity. While Nrxn 

deletion did not impair development or structure of DA neuron terminals, it did impair DA 

transmission via reduced DA reuptake, and decreased DA transporter levels (Ducrot et al., 

2021). Interestingly, Nrxn deletion resulted in increased GABA release from DA neurons. This 

exciting finding is the first direct evidence to support the role of Nrxns as regulators of DA 



13 
 

circuitry and DA-mediated functions. The role of dopaminergic dysfunction in ASD, and 

specifically related to Nrxn has not been deeply investigated. Similarly, the BTBR mouse model 

of ASD shows reduced D2-mediated neurotransmission (Squillace et al., 2014), but much more 

work is to be done on understanding dopaminergic dysfunction in various mouse models of 

ASD. 

1.4 Neurexin 

Effective neurotransmission requires alignment between presynaptic and postsynaptic cells, 

which is regulated by synaptic cell-adhesion molecules, such as NRXNs. NRXNs were originally 

discovered as receptors for α-latroxin; a toxin originating from the venom of black widow 

spiders, that binds presynaptic nerve terminals, resulting in neurotransmitter release 

(Ushkaryov et al., 1992). NRXNs along with their postsynaptic binding partners are among the 

most well-studied synaptic organization proteins. Through complex alternative splicing 

(Schreiner et al, 2014; Südhof, 2017) and interactions with diverse trans-synaptic binding 

partners, including neuroligins, leucine-rich repeat transmembrane neuronal proteins (LRRTMs), 

and dystroglycans (Siddiqui et al., 2010: Sugita et al., 2001), NRXNs are important contributors 

to synaptic organization. 

There are three Nrxn genes (Nrxn1, Nrxn2, Nrxn3) that are each highly conserved between 

species. Each Nrxn gene has three independent promotors, resulting in three protein isoforms: a 

larger NRXN-α protein, a NRXN-β protein (Ushkaryov et al., 1992), and a recently identified 

smaller NRXN-γ protein (Sterky et al., 2017). The NRXN-α isoform results in a protein containing 

an N-terminal signal peptide, six laminin/neurexin/sex-hormone binding globulin (LNS) domains, 
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followed by three epidermal growth factor (EGF)-like repeats, a carbohydrate-binding region, a 

transmembrane domain, and a short cytoplasmic section with a PDZ binding domain (Figure 5). 

The promoter for the NRXN-β isoform produces a protein containing the same sequence as the 

NRXN-α isoform, starting at the sixth LNS domain, and without the EGF-like repeats interspersed 

throughout (Figure 5). The NRXN-γ isoform consists of only the carbohydrate binding region, the 

transmembrane domain, and a C-terminal PDZ binding domain (Figure 5). Given the distinct 

structure of the NRXN isoforms, they each bind to neuroligins and LRRTMs with differential 

affinities and can have distinct functions (Boucard et al., 2005; Siddiqui et al., 2010). 

 

Figure 5. NRXN-α, NRXN-β, and NRXN-γ domain organization. The organization of the NRXN-α 
isoform contains N-terminal signal peptide, six laminin/neurexin/sex-hormone binding globulin 
(LNS) domains, three epidermal growth factor (EGF)-like repeats, a carbohydrate-binding region 
(stalk), a transmembrane domain, and a C-terminal PDZ binding domain. The NRXN-β isoform 
lacks EGF-like repeats interspersed throughout and contains one LNS domain, a carbohydrate-
binding region (stalk), a transmembrane domain, and a C-terminal PDZ binding domain. The 
NRXN-γ isoform consists of only the carbohydrate binding region (stalk), a transmembrane 
domain, and a C-terminal PDZ binding domain. Sites of alternative splice site insertions are 
identified (SS1-6). SS6* is not found in neurexin-2. Adapted from Tromp et al., 2021. Created 
with BioRender.com. 
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The neurexin family also undergoes extensive alternative splicing (Tabuchi & Südhof, 2002), 

producing over 1000 potential distinct NRXN isoforms (Ullrich et al., 1995), making the Nrxn 

gene a very complicated gene to study in both humans and animal models. Nrxn1 is highly 

associated with neurodevelopmental and neuropsychiatric disorders (Béna et al., 2013) and is 

the specific gene of focus for the current study. Nrxn1 is a high-risk gene for ASD, accounting for 

an estimated 0.4% of cases, making it an important candidate gene to further study in the 

context of ASD. Heterozygous exonic Nrxn1 deletions play a role in the pathology of 

neurodevelopmental disorders including ASD (Béna et al., 2013; Lowther et al., 2017); thus, fully 

understanding the function of NRXN is an important step in deepening our understanding of 

neurodevelopmental disorders, and the neuropathologies leading to such disorders. 

1.4.1 Neurexin Mouse Models 

Various Nrxn mouse models have been generated in order to further elucidate the 

function of neurexin in neuropathologies, physiological processes, and specific behaviors. The 

first Nrxn loss of function mouse models were generated by Missler et al. (2003), who produced 

a variety of Nrxn-α KO mice (single, double, and triple Nrxn1- α/Nrxn2-α/Nrxn3-α knockout 

mice) to determine the result of Nrxn-α loss of function mutations. However, the ablation of 

Nrxn-α resulted in significantly impaired survival. Double and triple KO mice were alive at birth, 

but most triple KO mice died on the first day and most double KO mice died within the first 

week (Missler et al., 2003). While triple Nrxn-α KO mice had marked impairments in synaptic 

transmission, the mice did not show a significant decrease in the number of excitatory synapses 

and only a moderate decrease in the number of inhibitory synapses (Missler et al., 2003). These 

findings support the concept that neurexins are not required for synapse formation, but play an 
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essential role in synaptic function, including Ca2+-dependent neurotransmitter release 

(Dudanova et al., 2007; Missler et al., 2003). 

Etherton et al. (2009) produced a Nrxn1-α homozygous KO mouse model 

(SV129/C57BL/6 hybrid background) which show reduced excitatory synaptic strength in the 

hippocampus, a brain region involved in learning and memory. Behaviorally, the Nrxn1-α KO 

mice had decreased prepulse inhibition, increases in grooming, nest-building impairments, and 

improvements in motor learning (Etherton et al., 2009). However, tasks involving social 

behaviors and spatial learning were normal in the Nrxn1-α KO mice (Etherton et al., 2009). In 

another study, heterozygous Nrxn1-α mice were shown to have impaired social memory 

(Dachtler et al., 2015). A conditional knockout of Nrxn-β in hippocampal CA1-regions showed 

impaired contextual fear memory (Anderson et al., 2015). Even with continued expression of 

Nrxn-α, the conditional knockout of Nrxn-β was found to greatly decrease neurotransmitter 

release in excitatory synapses of cultured cortical neurons (Anderson et al., 2015). These 

findings suggest that while both the Nrxn-α and -β isoforms are important individually, Nrxn-β 

knockout is sufficient to impair neurotransmitter release and effect behaviour. 

Nrxn3-α/β conditional KO mice generated by Aoto and colleagues (2015) demonstrated 

increased latency to find buried food compared to controls, supporting the importance of 

Nrxn3-α/β in inhibitory synaptic transmission in the olfactory bulb (Aoto et al., 2015). 

Additionally, Nrxn3-α/β was found to be essential for normal AMPA receptor levels in 

hippocampal excitatory synapses and for controlling inhibitory neurotransmitter release in 

olfactory bulb neurons (Aoto et al., 2015). A limitation of knockout models that affect both α 

and β isoforms of the Nrxn3 gene is the lethality of the knockout. Most Nrxn3-α/β conditional 
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KO mice died at birth (Aoto et al., 2015), making behavioural assays in adult mice difficult in this 

type of model. 

The Nrxn1-α/β/γ knockdown mouse model produced by Lu and colleagues (2023) is the 

Nrxn mouse model that is the focus of this study. Characterizing behaviour of Nrxn1-α/β/γ 

knockdown mice is a distinct contribution from previous behavioural studies using mice with 

Nrxn1 knockdowns that only affect the NRXN-α or NRXN-β isoform. As this is a newly developed 

Nrxn1 knockdown mouse model that affects all Nrxn1 isoforms, it is important that the 

behaviour of the strain is extensively investigated, to know of any potential cognitive deficits in 

a candidate mouse model of autism spectrum disorder, since this disorder is defined by its 

behavioural phenotype. 

Limited work has investigated the olfactory function and memory in Nrxn KO and 

knockdown models. One study that characterized a Nrxn1-α KO mouse model assessed the 

latency for mice to find buried food and found that there were no significant effects of 

genotype; however, female mice in general tended to take longer to find buried food (Grayton 

et al., 2013), indicating that there were no differences in olfactory processing between Nrxn1-α 

KO and WT mice. Interestingly, a Nlgn knockdown mouse model was found to have impaired 

olfactory function (Radyushkin et al., 2009). NLGN is one of the main binding partners of NRXN, 

making this finding relevant to our interest in NRXN. In a buried food task with only olfactory 

cues, Nlgn KO mice had significantly higher food-finding latencies than WT controls; however, in 

food-finding tests with visible food, the Nlgn KO mice performed identically to WT controls 

(Radyushkin et al., 2009). Additionally, Nrxn3 in mice has been shown to be essential for normal 

release probability of olfactory bulb inhibitory synapses (Aoto et al., 2015) and specifically, 
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Nrxn3-α has been found to play a crucial role in inhibitory synapses of dissociated OB cell 

cultures and the granule cell to mitral cell synapse in vivo (Trotter et al., 2023). Despite the 

important of Nrxn in the synapses involved in olfactory pathways, and evidence of potential 

olfactory disruptions in Nrxn and Nlgn KO mouse models, olfactory memory has not yet been 

assessed in the Nrxn1-α/β/γ +/- mouse model. The physiological and behavioural changes in Nrxn 

mouse models are summarized in Table 1.  

Table 1. Summary of behaviour and physiological changes in Nrxn mouse models 

Model Behaviour Observations Physiological Observations Source 

Triple Nrxn-α 
KO 

Most died on PD1 

Breathing difficulty 

↓: synaptic transmission 

Moderate ↓ in number of 
inhibitory synapses 

Normal: number of excitatory 
synapses 

Missler et al., 
2003 

Double Nrxn-α 
KO 

Most died within 1 week 

Breathing difficulty 

↓: Ca2+ currents, spontaneous 
neurotransmitter release, and 
synaptic transmission that 
correlate with number of 
deleted α Nrxns. 

Missler et al., 
2003 

Single Nrxn-α 
KO 

Single Nrxn3-α KO mice 
had impaired survival 

↓: Ca2+ currents, spontaneous 
neurotransmitter release, and 
synaptic transmission that 
correlate with number of 
deleted α Nrxns. 

Missler et al., 
2003 

Nrxn1-α KO ↓: Prepulse inhibition, 
nest-building 

↑: Grooming, motor 
learning 

Normal: spatial learning, 
social behaviour 

Impaired hippocampal 
excitatory synaptic strength 

Etherton et 
al., 2009 
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Model Behaviour Observations Physiological Observations Source 

Nrxn1-α KO ↓: social approach, social 
investigation, locomotion 
in novel environments 

↑: aggressive behaviour in 
male Nrxn1-α KO mice 

 Grayton et 
al., 2013 

Nrxn1-α HET ↓: social memory  Dachtler et 
al., 2015 

Nrxn2-α HET ↓: long-term object 
discrimination 

 Dachtler et 
al., 2015 

Triple Nrxn-β 
cKO 

↓: contextual fear 
memory 

 Anderson et 
al., 2015 

Nrxn3-α/β cKO Most mice died at birth 

↑: latency to find buried 
food 

↓: AMPA receptor input-
output relationship in the 
hippocampus 

↓: Olfactory bulb inhibitory 
synaptic transmission 

Aoto et al., 
2015 

 

1.5 Present Research 

NRXN molecules are crucial components of the molecular machinery that control synaptic 

transmission, stability, and allow neural networks to process signals involved in processes such 

as olfactory memory. Alterations in Nrxn expression can lead to impairments in neural networks 

that link olfactory processing (olfactory bulb and olfactory tubercle) to brain regions involved in 

regulating learning and memory (hippocampus). Such impairments have been implicated in ASD 

as well as other neurodevelopmental and neuropsychiatric disorders; however, the specific 

effects of Nrxn deficiency in the brain on the development of short- and long-term olfactory 
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memory remains rudimentary. The current research set out to establish a novel odour-

conditioning paradigm to investigate olfactory learning and memory in a Nrxn1+/- model of ASD, 

while also investigating the dopaminergic neural substrates of olfactory learning and memory, 

including DAT, DRD1, and DRD2, holding the potential for greater clinical relevance in disorders 

such as ASD. Thus, the current study will utilize olfactory learning to aid in clarifying the nature 

of olfactory processes impaired in autism spectrum disorder by determining if there are 

modulations in dopaminergic gene expression in the olfactory bulb, olfactory tubercle, and 

hippocampus of Nrxn1+/- and WT mice that have been trained in a Pavlovian odour conditioning 

paradigm. 

1.6 Main Objectives 

The main goal of this study was to characterize the region-specific expression and 

regulation of Nrxn1 in brain tissue and identify how it relates to mechanisms underlying odour 

memory in a mouse model of autism spectrum disorder. Overall, I was interested in 

understanding how Nrxn1 gene disruption renders changes in the olfactory system. 

 

The main objectives include:  

I. Measure olfactory learning and memory in Nrxn1+/- mice and WT controls utilizing a 

novel Pavlovian odour conditioning paradigm. 

II. Characterize DAT, DRD1, and DRD2 expression in the olfactory bulb, olfactory 

tubercle, and hippocampus tissue of male and female Nrxn1+/- and wildtype control 

mice after competition of olfactory memory tests. 



21 
 

III. Assess the relationship between DAT, DRD1, and DRD2 expression and performance 

in the Pavlovian odour conditioning paradigm.  
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CHAPTER 2: MATERIALS AND METHODS 

2.1 Subjects 

A total of 75 male and female Nrxn1+/- and Nrxn1+/+ (WT) control mice on a C57BL/6J 

background were included in the study. Mice used in this study were obtained from the in-

house breeding colony at Dalhousie, with original Nrxn1+/- and Nrxn1+/+ breeders provided by 

Anne Marie Craig (Centre for Brain Health and Department of Psychiatry, University of British 

Colombia). The original Nrxn1-/- knockout models were custom generated by The Jackson 

Laboratory. A 140bp deletion mutation, beginning in the intron upstream of Nrxn1 exon 22a, 

and terminating at the last residue of Nrxn1 exon 22a, was introduced using the CRISPR-Cas9 

system. Mouse embryos were injected with Cas9 mRNA, guide RNA against Nrxn1 exon 22, and 

donor ssDNA oligonucleotide with the targeted mutation (Lu et al., 2023). The 140bp deletion 

results in reduced expression of all three Nrxn1 isoforms. Mouse genotyping was performed via 

Polymerase Chain Reaction (PCR) and protein loss was confirmed with western blot (Lu, 2023). 

Nrxn1-/- mice were bred with Nrxn1+/+ mice to produce pups with a heterozygous Nrxn1+/- 

genotype.  

Pups were weaned at 21 days of age and housed in same-sex groups of 2-4 mice per 

cage prior to separation for testing. Mice were kept on a reversed 12:12 hour light/dark cycle 

and provided with food (LabDiet® Prolab® RHM 3500) and water ad libitum. Mice ranged from 

the age of 90-130 days at the start of testing. Mice were housed in transparent polyethylene 

cages (35 x 12 x 12 cm) containing pine chip bedding, Enviro-dri® nesting material, and a 

polyvinyl chloride tube for enrichment. Mice were ear punched and genotyped for Nrxn1 using 
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Polymerase Chain Reaction (PCR) by Dr. Chris Sinal (Department of Pharmacology, Dalhousie 

University) (Figure 6). All of the test procedures outlined were approved by the Dalhousie 

Committee on Animal Care (Protocol #19-073).  

 

Figure 6. Agarose gel electrophoresis of genotyping PCR product provided by Dr. Chris Sinal 
(Department of Pharmacology, Dalhousie University). Nrxn1+/- mice are denoted by (+/-). The 
lower band at 456bp indicates a Nrxn1 allele with the 142bp deletion. The upper band at 596bp 
represents the unaltered Nrxn1 allele. Forward primer sequence: 5’-GCA GCC TCA CAC AGT AGC 
TT-3’. Reverse primer sequence: 5’-GGC CTA AGG TAG CTC TCA CA-3’. 

2.2 Apparatus for Pavlovian Odour Conditioning Paradigm 

Mice were trained and tested in transparent polyethylene cages (35 x 12 x 12 cm) 

identical to their home cages, with an odour pot placed in the center of the front third of the 

cage, and a stainless-steel hopper covering the cage (Figure 7). To construct each odour pot, 

0.05 mL of pure lemon extract (Club House, McCormick Canada) was syringed onto a 55 mm 

filter paper using 1 mL syringe, and the filter paper was placed in the bottom of a plastic cup 
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(2.5 cm height and 6.3 cm diameter). A plastic petri dish lid (1.5 cm height and 5.3 cm diameter) 

with 12 small 1.5 mm holes was placed in the plastic cup, covering the filter paper (Figure 7A) 

The plastic petri dish lids acted as a barrier between the bedding and the odour filter paper. 

Pine chip bedding (Beta Chip, NEPCO) was placed on top of the petri dish lid to the level of the 

odour pot. If the odour stimulus was paired with sugar reinforcement, 8 grains of sugar (~ 8 mg 

each) were buried in the pine chips. 

 

Figure 7. Pavlovian odour conditioning apparatus design. (A) Diagram of odour pot design used 
in training and testing. (B) Front-facing view of the training/testing cage with an odour pot and a 
metal hopper covering the cage. (C) Side view of the training/testing cage with an odour pot 
and a metal hopper covering the cage. Created with BioRender.com. 
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2.3 Pavlovian Odour Conditioning Paradigm Procedures 

2.3.1 Training  

Methods were adapted from the Simple Pavlovian Conditioning Odour Paradigm 

developed by Schellinck et al. (2001) and researchers were blinded to genotype throughout the 

study. In the current adapted protocol, mice were trained over eight five-minute trials on one 

day. Mice were weighed daily during testing, and were food deprived 24-hours prior to training. 

Eight pieces of sugar (~ 8 mg each) were provided to mice in the conditioned group at the time 

of food deprivation in order reduce potential neophobia (Sweatt, 2010) during training. Mice 

were weighed in their housing rooms and brought into a novel training room where they 

immediately began training. Mice were divided into conditioned and unconditioned groups, 

where mice in the conditioned group received a sugar reward for digging in the odour pot, while 

mice in the unconditioned group were exposed to the odour pot with no reward. During 

training, mice were moved from their home cage to a training cage which commenced the five-

minute trial. During each trial, digging behaviour in the odour pot was observed and a 

Panasonic video camera (Panasonic HC-V180) was used to record behaviour for later scoring. 

After a trial was finished, mice were removed from the training cages and placed back in their 

home cages. Before the commencement of the next trial, the number of sugar grains consumed 

for mice in the conditioned group was counted and recorded, the odour pot was emptied, 

cleaned, a new filter paper with fresh lemon extract was added, and new sugar was buried in 

the pine chip bedding. Odour pots were also cleaned and refreshed after each trial for mice in 

the unconditioned group. Each inter-trial interval lasted between 5-10 minutes. This procedure 

was repeated for all eight five-minute training sessions. Mice in the 24-hour memory group 
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were maintained on food deprivation between the training day and the 24-hour test and were 

provided with LabDiet® Prolab® rodent chow (~3.5g each) such that they maintained 80-85% of 

their free feeding weight. Mice in the 7-day memory group were given free access to food after 

the completion of training but underwent another food deprivation period 24-hours prior to the 

7-day test. 

2.3.2 Memory Testing 

Both conditioned and unconditioned mice were tested in either a 24-hour or 7-day 

memory test following training. On the memory testing day, mice were tested in a different 

room than they were trained in, to avoid contextual memory clues. Mice were weighed prior to 

testing and immediately moved from their housing room to the testing room. The testing 

apparatus was identical to the testing setup, but the odour pot had no sugar in it. The memory 

tests lasted for 10 minutes, and behaviour was recorded for later scoring. 

Digging behaviour was later quantified from videos using the Behavioural Observation 

Research Interactive Software (BORIS) (Friard & Gamba, 2016). Digging was defined as a mouse 

moving the pine chip bedding with their paws or nose. The measures collected were the total 

digging duration(s), average digging duration(s), onset of digging(s), number of digging bouts, 

and the number of sugar grains consumed per trial. 

2.4 Tissue Collection and Sectioning 

Immediately after the 24-hour or 7-day memory test, mice in each respective group 

were sacrificed and tissues collected. Cages were covered with a lab coat to reduce visual 

stimuli and stress during transport and the mice were transported to a room where sacrifice 
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and perfusion would take place. The mice were restrained in dorsal recumbency and injected 

with 0.10 - 0.15mL of Euthanyl (Bimeda-MTC Animal Health Inc., Cambridge, ON, CA) 

intraperitoneally. Movement was monitored and the toe pinch reflex was checked to ensure a 

surgical anesthetic plane was reached. Mice were perfused with 10% PBS for 2 minutes until the 

blood ran clear. After decapitation and skull removal, the brain was carefully removed and 

placed in a 1.5mL microcentrifuge tube, and frozen on dry ice before being moved to a -80⁰C 

freezer for storage.  

From each brain, the olfactory bulb, olfactory tubercule, hypothalamus, prefrontal 

cortex, cerebellum, and hippocampus were sectioned and collected. Each brain region was 

subdivided into three sections and the tissue sections were weighed, labelled, and stored at -

80⁰C for future use. Only the olfactory bulb, olfactory tubercle, and hippocampus were used in 

the current study.  

2.5 RNA extraction  

RNA was extracted from the olfactory bulb, olfactory tubercle, and hippocampal sections 

of each mouse using the RNeasy® Plus Mini Kit (Cat. #74136, Qiagen, Valencia, CA, USA) and the 

RNeasy® Micro Kit (Cat. #74034, Qiagen, Valencia, CA, USA) as per the manufacturer’s protocol. 

The RNeasy Micro kit was used to extract RNA from half of the olfactory tubercle samples, as 

RNA yields from this brain region were particularly low (< 4 mg). Olfactory bulb and 

hippocampal samples were eluted in 50μL of RNase-free water while olfactory tubercle samples 

were eluted in 30μL of RNase-free water. The eluted RNA concentration and quality was 

immediately measured using a Take3 micro-volume plate with an Epoch Microplate 
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Spectrophotometer (Biotek Instruments, Inc., Winooski, VT, USA). 2μL of each sample was 

pipetted onto the Take3 micro-volume plate and 2μL of RNase-free water was used as a blank 

control. RNA purity was assessed using the 260/280 nm ratio, with a 260/280 nm ratio > 2.0 

indicating pure RNA. RNA samples were subsequently stored at -80⁰C until use. 

2.6 Complimentary DNA conversion  

RNA was reverse-transcribed into single-strand complimentary DNA (cDNA) using the 

C1000 Touch™ Thermal Cycler (Bio-Rad Laboratories, Inc., Hercules, CA, USA). cDNA synthesis 

was completed using the iScript™ Reverse Transcription Supermix for RT-qPCR (Cat. #1708841, 

Bio-Rad Laboratories, Inc., Hercules, CA, USA) or the iScript™ cDNA Synthesis Kit (Cat. 

#1708891, Bio-Rad Laboratories, Inc., Hercules, CA, USA). For each sample, a reaction volume of 

20μL was prepared in 200μL PCR strip tubes, following the respective manufacturer’s protocol. 

The RNA template volume varied per sample, with RNA input ranging from 650ng - 1μg total 

RNA template depending on the concentration of RNA extracted, to ensure sufficient sample for 

all required RT-qPCR plates. All reactions were run according to the temperature cycling 

protocol outlined in Table 2. In each cDNA conversion run, a no template control (NTC) and a no 

reverse-transcriptase control (NRT) were run following the same temperature cycling protocol in 

order to assess potential genomic DNA contamination within the reagents or the RNA template. 

After the cDNA conversion reaction was complete, 2μL of cDNA from each sample was pipetted 

into a 1.5μL microcentrifuge tube to generate pooled cDNA for each brain region of interest 

(olfactory bulb, olfactory tubercle, hippocampus). All cDNA was stored at -30⁰C until used.  
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Table 2. Reverse transcription temperature cycling protocol for the C1000 Touch™ Thermal 
Cycler (Bio-Rad Laboratories, Inc., Hercules, CA, USA) 

Step Time (minutes) Temperature (⁰C) 

Priming 5 25 

Reverse Transcription 20 46 

Reverse Transcriptase inactivation 1 95 

 

2.7 Reverse Transcription Quantitative Polymerase Chain Reaction (RT-qPCR) 

Each RT-qPCR primer set, including primers for four target genes; DAT, DRD1, DRD2, and 

Slc6a2 (norepinephrine transporter), and five reference genes: CycA, HPRT1, GAPDH, RN18S1, 

and RPL13A (Table 3), were first optimized and validated. A survey of the literature was 

completed to select candidate reference genes that have been shown to be stable in the brain 

regions of interest in mice and encompassed different functional classes (i.e., cellular 

metabolism, transcription, translation). To optimize each primer set, a representative sample of 

pooled cDNA was prepared to be run on a 96-well plate with a thermal gradient of annealing 

temperatures ranging between 55⁰C-65⁰C. Pooled cDNA samples were run in duplicate 

technical replicates for each annealing temperature, which varied by row on the CFX96 qPCR 

Instrument (Bio-Rad Laboratories, Inc., Hercules, CA, USA). For primer optimization, the 

temperature cycling protocol was the same as outlined in Table 4, except for the 55⁰C-65⁰C 

thermal gradient that occurred during the annealing step. Melt curve analysis was completed to 

ensure that only one product had been amplified. The optimal annealing temperatures were 

decided for each primer set based on a quantitative cycle (Cq) value that landed between 15-30, 
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clean and distinct melt peak profiles, and consistent Cq values between technical replicates. 

RPL13A had very low expression (Cq > 38) in all brain regions of interest across all tested 

annealing temperatures, and thus was removed from consideration as a reference gene 

candidate. Slc6a2 had very low expression in the hippocampus, with Cq values greater than 36 

and many wells without any amplification. As a result, Slc6a2 was removed from the list of 

target genes was not used for further quantification. The optimal annealing temperatures were 

found to be 57⁰C for Slc6a3 (DAT), 59⁰C for DRD1, and 61⁰C for DRD2, CycA, HPRT1, GAPDH, and 

RN18S1.  For each primer at the optimal annealing temperature, a melt curve with a single peak 

was produced, indicating annealing specificity and absence of primer dimers. 

Table 3. Primer sequences used in RT-qPCR reactions. 

Gene Forward Primer (5’-3’) Reverse Primer (5’-3’) 

Slc6a3 (DAT) CAC CTC CAT CAG AGT CGT GG GCA GAA CAA TGA CCA GCA CC 

Slc6a2 GCA CCT CCA TTC TGT TTG CGG T GCT CAC GAA CTT CCA ACA CAG C 

DRD1 AGA TGA CTC CGA AGG CAG CCT T  GCC ATG TAG GTT TTG CCT TGT GC 

DRD2 CGT GTC CTT CAC CAT CTC TTG C  TAG ACC AGC AGG GTG ACG ATG A 

CycA CAT CCT AAA GCA TAC AGG TCC TG TCC ATG GCT TCC ACAAT 

HPRT1 TTG GGC TTA CCT CAC TGC TTT C ATC GCT AAT CAC GAC GCT GG 

GAPDH GTT GTC TCC TGC GAC TTC A GGT GGT CCA GGG TTT CTT A 

RN18S1 CCT GGA TAC CGC AGC TAG GA GCG GCG CAA TAC GAA TGC CCC 

RPL13A ACA AGAAAA AGC GGA TGG TG TTC CGG TAA TGG ATC TTT GC 
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Table 4. RT-qPCR temperature cycling protocol. 

Step Time Temperature (⁰C) 

Activation 2 min 95 

Denaturation 5s 95 

Annealing/Extension 30s 57 for Slc6a3 (DAT) 

  59 for DRD1 

  61 for DRD2, CycA, and HPRT1 

Melt-curve 0.5s/increase in 1⁰C 65-95 

 

To determine the dynamic range of each reaction, a serial dilution of pooled cDNA was 

prepared by starting with an undiluted pooled cDNA sample and performing a tenfold serial 

dilution covering 5 logs of dynamic range. Standard curve RT-qPCR runs were run in duplicate, 

including appropriate controls (NT, NRT, and negative controls). Standard curves were utilized to 

calculate the PCR efficiency (E) of each primer pair using the following equation where m 

represents slope:  

𝐸 =  10[−
1
𝑚

] − 1 

Standard curves were considered acceptable if the PCR efficiency was between 90-110% and if 

the R2 was greater or equal to 0.98 (Figure 8). In cases where standard curves for a primer pair 

did not follow these guidelines, the runs were first repeated to ensure accuracy. If the standard 

curve values still were outside of the mentioned parameters after the repeated run, different 

primer pairs were selected for the chosen gene and the process was repeated.  
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Figure 8. PCR efficiencies of reference genes (CycA, HPRT1) and target genes (DRD1, DRD2, DAT). 

 
To determine the optimal reference genes, the stability of a series of candidate reference 

genes (CycA, GAPDH, HPRT1, and RN18S1) was assessed. Each candidate reference gene primer 

pair was run with a representative group of samples (4 samples per biological group). The 

stability of each gene was assessed using GeNorm and Normfinder. CycA and HPRT1 were found 

to be the most stably expressed across treatments and were selected as the optimal reference 

genes.  

For each RT-qPCR plate run using CycA, HPRT1, DRD1, or DRD2, master mix was made by 

adding 5μL of SsoAdvanced Universal SYBR® Green Supermix (Cat. #1725274), 0.5μL of 10μM 

forward primer, 0.5μL of 10μM reverse primer, 2μL of PCR-grade H2O. For each plate run with 

DAT, the master mix was made by adding 5μL of SsoAdvanced Universal SYBR® Green Supermix 

(Cat. #1725274), 0.5μL of BIORAD PrimePCR™ Template for SYBR® Green Assay: Slc6a3, Mouse 

(Cat. 10025637), and 2.5μL PCR-grade H2O. Each reaction in the 96-well plate had a total 
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volume of 10μL, including 8μL of Master Mix and 2μL of cDNA. All samples were run in duplicate 

technical replicates. When technical replicates varied by 0.3 Cq or more, the samples were run 

again in triplicate, and the mean of the two technical replicates within 0.2 Cq of each other 

were used for analysis. If repeated samples were not within 0.2 Cq of each other, they were 

removed from the analysis.  

RT-qPCR plates were organized by gene, so as many samples as possible were included in 

a single plate and one gene was targeted per plate. With a total of 65 samples for each brain 

region, a single gene run spanned across two 96-well plates, not including any repeats to be 

completed later. In order to make valid comparisons between samples spanning multiple plates, 

an interplate calibrator (IPC) was included on each plate, to adjust for run-to-run variation. The 

IPC was pooled cDNA from the respective brain region (olfactory bulb, olfactory tubercle, or 

hippocampus) and CycA was the target selected for the IPC. IPCs were included in every run and 

were run in triplicate.  

RT-qPCR plates were prepared on ice, with 8μL of Master Mix added to each well in the 

96-well plate first, followed by 2μL of cDNA. Each plate was run with a NT, NRT, and a negative 

control prepared in duplicate. For the control wells, Master Mix was added first, followed by 2μL 

of the respective control. After plates were fully loaded, the plates were sealed with Microseal® 

‘B’ Film Seals (Cat. #MSB1001), spun down with a VWR PCR plate centrifuge, and placed into the 

CFX96 qPCR Instrument (Bio-Rad Laboratories, Inc., Hercules, CA, USA) to be run according to 

the optimized temperature cycling protocol (Table 4).  

  Data was corrected for the variation between runs using the following equation:  
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𝐶𝑞𝑖
𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =  𝐶𝑞𝑖

𝑢𝑛𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 −  𝐶𝑞𝑖
𝐼𝑃𝐶 +  

1

𝑛𝑜. 𝑝𝑙𝑎𝑡𝑒𝑠
∑ 𝐶𝑞𝑖

𝐼𝑃𝐶

𝑛𝑜.𝑝𝑙𝑎𝑡𝑒𝑠

𝑖=1

 

For gene runs that spanned multiple plates, the 𝐶𝑞𝑖
𝐼𝑃𝐶 was subtracted from the 𝐶𝑞𝑖

𝑢𝑛𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 

and the average of the IPC Cq values (
1

𝑛𝑜.𝑝𝑙𝑎𝑡𝑒𝑠
∑ 𝐶𝑞𝑖

𝐼𝑃𝐶)𝑛𝑜.𝑝𝑙𝑎𝑡𝑒𝑠
𝑖=1  for a given gene and brain 

region was added. After correcting for run-to-run variation, the mean of the 𝐶𝑞𝑖
𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 

duplicate technical replicates were calculated for each sample.  

Relative gene expression was calculated using a modified Pfaffl equation (Hellemans et 

al., 2007; Vandesompele et al., 2002) since the original Pfaffl equation does not account for the 

use of multiple reference genes (Pfaffl, 2001). The 2-ΔΔCT method was not used because this 

approach heavily relies on the assumption of 100% PCR amplification efficiencies for all genes 

(Livak & Schmittgen, 2001).  

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑔𝑒𝑛𝑒 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 =
(𝐸𝐺𝑂𝐼)∆𝐶𝑞 𝐺𝑂𝐼

𝐺𝑒𝑜𝑀𝑒𝑎𝑛[(𝐸𝑅𝐸𝐹)∆𝐶𝑞 𝑅𝐸𝐹]
 

The ∆Cq for the gene of interest (GOI) was calculated by subtracting the mean Cqcorrected for each 

sample from the mean Cq of the calibrator (∆Cq = Calibrator Cq – Sample Cq). The calibrator 

selected was the group of unconditioned WT mice tested in the 24-hour memory test. A control 

average was calculated from the samples in this control group and then subtracted from the 

Cqcorrected of each sample. The final results are thus presented as relative to the control average 

Cq values. Next, the relative quantity (RQ) values were calculated (RQ = E∆Cq) where E 

represents the PCR efficiency. The geometric mean of the reference gene RQs were then 
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calculated, and relative expression was calculated by dividing the RQ of the target by the 

reference gene RQ geometric mean. 

2.8 Statistical Analysis  

Throughout the study and during analysis, researchers were blinded to genotype. For 

each data set, standardized residuals were plotted in a Q-Q plot to visually assess normality. The 

Shapiro-Wilk test was also run to assess normality of data and Levene’s test was used to assess 

homogeneity of variance. In cases where the assumptions of normality and/or homogeneity of 

variance was violated, non-parametric tests were run. All data was found to violate the 

assumptions, so non-parametric tests were used throughout. When directly comparing two 

independent groups, the Mann-Whitney U test was completed to assess whether population 

means differed significantly. When comparing more than two independent groups, the Kruskal-

Wallis test was completed. If the Kruskal-Wallis test indicated significance (defined as p < 0.05), 

the test was followed up with Dunn’s-Test post hoc using a Bonferroni correction. Correlations 

were run using the Spearman’s rank correlation test. In cases where boxplots showed potential 

meaningful differences between groups, but had not been statistically significant, a sample size 

calculation was completed. The calculation included a 15% adjustment for non-parametric tests, 

to assess how many samples would be required per group for significance (p < 0.05) with a 

power of 0.8. All statistical analyses and graphs were completed with R (R version 4.1.2 (2021-

11-01) -- "Bird Hippie”) (R Core Team, 2023). 
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CHAPTER 3: RESULTS 

3.1 Pavlovian Odour Conditioning 

During training, mice in the conditioned group dug significantly more than mice in the 

unconditioned group (W = 294.5, p < 0.001; Figure 9A). A Kruskal-Wallis test revealed significant 

differences between digging among the four groups (H(3) = 20.99 p < 0.001) so a Dunn’s post 

hoc was performed to identify potential interactions between genotype and training condition. 

Unconditioned Nrxn1+/- mice dug significantly less than conditioned Nrxn1+/- mice (p < 0.001; 

Figure 9B) and conditioned WT mice (p = 0.048; Figure 9B). Unconditioned WT mice dug 

significantly less than conditioned Nrxn1+/- mice in training (p = 0.003; Figure 9B). These results 

indicate that there is a main effect of training condition on the mean digging duration during 

training, but no significant interaction between training and genotype.  

In the 24-hour memory test, the same trend was observed, as mice in the conditioned 

group dug significantly more than mice in the unconditioned group (W=112, p = 0.01; Figure 

9C), indicating a main effect of training on digging duration. While a Kruskal-Wallis test indicated 

significant difference between groups (H(3) = 8.18, p = 0.04), there were no interactions 

between genotype and training condition for mean digging duration in the 24-hour test 

according to the post hoc (p >= 0.059; Figure 9D).  
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Figure 9. Total digging duration during training, 24-hour memory test, and 7-day memory test. 
Time digging (s) by training condition during (A) the training phase (N = 32-43 per group), (C) 
the 24-hour memory test (N = 16-23 per group) and (E) the 7-day memory test (N = 16-20 per 
group). Time digging (s) by training condition and genotype during (B) the training phase (N = 
16-24 per group), (D) the 24-hour memory test (N = 8-13 per group), and (F) the 7-day memory 
test (N = 8-11 per group). (*p < 0.05; **p < 0.01; ***p < 0.001). Boxplots represent the median, 
quartiles one and three form the box edges, and whiskers extend to the maximum and 
minimum values within 1.5 times the inter-quartile range. Individual data points are 
represented by black points and outliers are represented by crosses. 
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In the 7-day memory test, conditioned mice dug significantly more than unconditioned 

mice (W = 51, p < 0.001; Figure 9E). A Kruskal-Wallis test (H(3) = 15.23, p = 0.0016) with a 

Dunn’s post hoc revealed that conditioned WT mice dug significantly more than unconditioned 

WT mice (p = 0.013) and unconditioned Nrxn1+/- mice (p = 0.0066; Figure 9F).  

 

Figure 10. Training behaviour of conditioned mice by genotype and sex. (A) Time spent digging 

(s) during the training trials of conditioned mice by genotype and sex. (B) Digging latency (s) 

during the training trials of conditioned mice by genotype and sex. (C) Total sugar grains 

consumed during the training trials of conditioned mice by genotype and sex. N= 16-19 per 

group. Boxplots represent the median, quartiles one and three form the box edges, and 

whiskers extend to the maximum and minimum values within 1.5 times the inter-quartile range. 

Individual data points are represented by black points and outliers are represented by crosses. 

 

To compare how well the conditioned mice performed during the training phase, the 

mean digging duration, digging latency, and sugar grains consumed during training were 

quantified and compared between genotype and sex groups (Figure 10). Within the conditioned 

mice, there were no significant genotype or sex differences in mean digging duration (H(3) = 2.6, 

p = 0.46; Figure 10A), digging latency (H(3) = 0.33, p = 0.95: Figure 10B), or sugar consumption 
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(H(3) = 1.25, p = 0.74; Figure 10C), indicating that Nrxn1+/- and WT, male and female mice 

performed equivalently in training. 

 

Figure 11. Digging duration and latency in the 24-hour memory test for conditioned mice. (A) 
Digging duration presented between genotypes, N = 10-13 per group. (B) Digging duration (s) 
presented between genotypes and sexes, N = 4-7 per group. (C) Digging latency (s) presented 
between genotypes, N = 10-13 per group. (D) Digging latency presented between genotypes 
and sexes, N = 4-7 per group. Boxplots represent the median, quartiles one and three form the 
box edges, and whiskers extend to the maximum and minimum values within 1.5 times the 
inter-quartile range. Individual data points are represented by black points and outliers are 
represented by crosses. 

 

To compare the memory test performance of conditioned mice in the 24-hour test, the 

mean digging duration and digging latency were quantified between genotypes (Figures 11A, C) 

and genotype-sex groups (Figures 11B, D). In the 24-hour memory test, there were no 

significant genotype (W = 78, p = 0.39) or sex differences (H(3) = 1.7, p = 0.64) in digging 

duration. There were also no differences in digging latency between genotypes (W = 56, p = 
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0.57; Figure 11C) or between genotype x sex groups (H(3) = 0.91, p = 0.8; Figure 11D). Overall, 

digging duration was very low across all groups, as overall WT mice had low median digging 

duration (Median = 1.0, IQR = 11.0) while Nrxn1+/- mice had an even lower median digging 

duration (Median = 0, IQR = 1.12).  

 

Figure 12. Digging duration and latency in the 7-day memory test for conditioned mice. (A) 
Digging duration presented between genotypes, N = 9-11 per group. (B) Digging duration (s) 
presented between genotypes and sexes, N = 4-6 per group. (C) Digging latency (s) presented 
between genotypes, N = 9-11 per group. (D) Digging latency presented between genotypes and 
sexes, N = 4-6 per group. Boxplots represent the median, quartiles one and three form the box 
edges, and whiskers extend to the maximum and minimum values within 1.5 times the inter-
quartile range. Individual data points are represented by black points and outliers are 
represented by crosses. 
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To compare the memory test performance of conditioned mice in the 7-day memory 

test, the total digging duration and digging latency were quantified between genotypes (Figures 

12A, C) and genotype-sex groups (Figures 12B, D). While Nrxn1+/- mice did have a lower median 

digging duration (Median = 2.26, IQR = 11.8) than WT mice (Median = 11.3, IQR = 23.1), the 

slight difference between these groups was not significant (W = 65, p = 0.25; Figure 12A). There 

were also no significant genotype differences in digging latency in the 7-day memory test (W = 

44, p = 0.7; Figure 12C). In the 7-day memory test, we did not find any significant genotype by 

sex interactions for digging duration (H(3) = 7.0, p = 0.07; Figure 12B) or digging latency (H(3) = 

3.35, p = 0.34; Figure 12D). 
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Figure 13. Correlations between total training digging duration (s) during training and total 

memory test digging duration (s). (A) All conditioned mice, ρ(41) = 0.48, p = 0.001, N = 43, (B) 

conditioned mice factored by sex; males, ρ(20) = 0.53, p = 0.012, N = 22; females, ρ(19) = 0.33, p 

= 0.144, N = 21, (C) conditioned male mice factored by genotype; male WT, ρ(9) = 0.57, p = 

0.065, N = 11; male Nrxn1+/-, ρ(9) = 0.53, p = 0.093 N = 11, and (D) conditioned female mice 

factored by genotype; female WT, ρ(11) = 0.77, p = 0.002, N = 13; female Nrxn1+/-, ρ(6) = 0.76, p 

= 0.027, N = 8. 

To measure the strength and direction of the association between ranked total training 

digging and ranked total memory test digging in conditioned mice, a Spearman’s rank 

correlation was completed. Collapsed across groups, total training digging duration was 

moderately positively correlated with memory test digging in conditioned mice ρ(41) = 0.476, p 
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= 0.001 (Figure 13A). To further assess what was driving this correlation, male and female mice 

were plotted separately (Figure 13B). There was a significant positive correlation between 

training digging and test digging in males, ρ(20) = 0.53, p = 0.011, while there was no significant 

correlation between training and testing digging in females, ρ(19) = 0.33, p = 0.144 (Figure 13B). 

When looking specifically at males, both male WT (ρ(9) = 0.57, p = 0.065) and male Nrxn1+/- 

mice (ρ(9) = 0.53, p-value = 0.093) had positive correlations approaching significance (Figure 

13C). When measuring the relationship between training and testing digging in conditioned 

females by genotype, it was found that the female WT mice had a positive correlation between 

variables, ρ(11) = 0.76, p = 0.002 (Figure 13D). Interestingly, contrary to visual indicators, female 

Nrxn1+/- mice also had a positive correlation between total training digging and test digging, ρ(6) 

= 0.76, p = 0.027 (Figure 13D). However, it is important to note that in the Spearman’s 

correlation test, original data points are ranked for each variable, and rankings are assessed for 

correlations. In female Nrxn1+/- mice, 6/8 mice did not demonstrate any digging in the memory 

test (0 seconds) and the remaining two mice that did demonstrate digging, dug for a total of 

1.498 - 1.50 seconds. These two mice with the highest ranked test digging also had the highest 

ranked training digging durations, resulting in the strong positive correlation coefficient. 

However, even though the Spearman’s correlation has indicated a significant positive correlation 

between training digging and testing digging in female Nrxn1+/- mice, we can assume this 

correlation is not meaningful because of the negligible digging duration totals.  
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Figure 14. Correlations between total sugar consumed during training and total memory test 
digging duration (s). (A) All conditioned mice, ρ(41) = 0.30, p = 0.05. N = 43, (B) conditioned 
mice factored by sex; males, ρ(20) = 0.62, p = 0.002, N = 22; females, ρ(19) = -0.12, p = 0.607, N 
= 21, (C) conditioned male mice factored by genotype; male WT, ρ(9) = 0.75, p = 0.0078, N = 11; 
male Nrxn1+/-, ρ(9) = 0.54, p = 0.084, N = 11, and (D) conditioned female mice factored by 
genotype; female WT, ρ(11) = -0.07, p = 0.82, N = 13; female Nrxn1+/-, ρ(6) = -0.46, p = 0.248, N = 
8. 

Spearman’s correlations were also used to assess the relationship between total sugar 

consumed during training and test digging in conditioned mice. Collapsed across groups, 

conditioned mice did not demonstrate a strong correlation between sugar consumption and 

memory test digging, ρ(41) = 0.301, p = 0.05 (Figure 14A). However, conditioned male mice had 
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a positive correlation between sugar consumption and memory test digging, ρ(20) = 0.62, p = 

0.002, while conditioned female mice had no correlation, ρ(19) = -0.12, p = 0.607) (Figure 14B). 

When further investigating the sexes by genotype, we found that WT males had a significant 

positive correlation between sugar consumption and test digging, ρ(9) = 0.75, p = 0.0078; while 

Nrxn1+/- males did not have a significant positive correlation, ρ(9) = 0.54, p = 0.084, although the 

relationship is approaching significance (Figure 14C). Neither female WT (ρ(11)= -0.068, p = 

0.824), nor female Nrxn1+/- mice (ρ(6) = -0.46, p = 0.248) had meaningful relationships between 

sugar consumed and test digging (Figure 14D). 
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3.2 DAT, DRD1, and DRD2 RNA expression 

 

 

Figure 15. DA target gene expression in the olfactory bulb. (A) Olfactory bulb DAT relative 

expression by memory test, N = 32-33 per group, (B) by memory test and sex, N = 16-17 per 

group, (C) by memory test and genotype, N = 16-17 per group. (D) Olfactory bulb DRD1 relative 

expression by memory test, N = 32-33 per group, (E) by memory test and sex, N = 16-17 per 

group, (F) by memory test and genotype, N = 16-17 per group. (G) Olfactory bulb DRD2 relative 

expression by memory test, N = 32-33 per group, (H) by memory test and sex, N = 16-17 per 

group, (I) by memory test and genotype, N = 16-17 per group. (*p < 0.05; **p < 0.01; 

***p < 0.001). Boxplots represent the median, quartiles one and three form the box edges, and 

whiskers extend to the maximum and minimum values within 1.5 times the inter-quartile range. 

Individual data points are represented by black points and outliers are represented by crosses. 



47 
 

 Relative expression of DAT, DRD1, and DRD2 in the olfactory bulb was compared 

between memory groups for all mice (conditioned and unconditioned), as there were no 

significant differences between conditioned and unconditioned mice (Supplementary Figure 1). 

Olfactory bulb relative DRD1 expression differed significantly between mice in the 24-hour 

memory test and in the 7-day memory test, with mice in the 24-hour test having increased 

DRD1 relative expression compared to mice in the 7-day test (W = 714, p = 0.014; Figure 15D). 

Breaking up 24-hour and 7-day memory test groups into either sex (Figure 15E) or genotype 

subgroups (Figure 15F) revealed that there were not any memory group by sex or memory 

group by genotype interactions (p >= 0.08). The same analyses were completed to assess OB 

relative expression of DAT (Figure 15A-C) and DRD2 (Figure 15G-I), however, there were no 

significant interactions between memory test groups, sex, or genotype (p >= 0.1). Visual 

observation indicated potential sex group differences in OB DAT relative expression in the 7-day 

memory test group (Figure 15B) with 7-day males having a greater median OB DAT expression 

(Median = 1.27, IQR = 0.624) than 7-day females (Median = 0.917, IQR = 0.442). Given there 

were no differences found between these sex groups based on the Kruskal-Wallis test, a sample 

size calculation was completed to determine the necessary sample size required for significance 

with a 0.8 power value. This analysis revealed that 26 samples would be required per group to 

reach significance but an additional 15% was added to account for the non-parametric nature of 

the data, resulting in a required sample size of 30. The current sample size was 16-17 per group.  
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Figure 16. DA target gene expression in the olfactory tubercle. (A) Olfactory tubercle DAT 

relative expression by memory test, N = 30 per group, (B) By memory test and sex, N = 14-16 

per group, (C) By memory test and genotype, N = 13-17 per group. (D) Olfactory tubercle DRD1 

relative expression by memory test, N = 32 per group, (E) by memory test and sex, N = 16 per 

group, (F) by memory test and genotype, N = 15-17 per group. (G) Olfactory tubercle DRD2 

relative expression by memory test, N = 32 per group, (H) by memory test and sex, N = 16 per 

group, (I) by memory test and genotype, N = 15-17 per group. (*p < 0.05; **p < 0.01; 

***p < 0.001). Boxplots represent the median, quartiles one and three form the box edges, and 

whiskers extend to the maximum and minimum values within 1.5 times the inter-quartile range. 

Individual data points are represented by black points and outliers are represented by crosses. 
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 Relative expression of DAT, DRD1, and DRD2 in the olfactory tubercle were compared 

between memory groups for all mice. Differences in expression of OT DA target genes between 

conditioned and unconditioned mice were analyzed and not significant (Supplementary Figure 

2). Relative expression of DAT in the olfactory tubercle of mice in the 24-hour test group was 

significantly lower than that of mice in the 7-day memory group (W = 211, p < 0.001; Figure 

16A). A Kruskal-Wallis test revealed differences in relative OT DAT expression between memory 

x genotype groups (H(3) = 13.4, p = 0.003) and post hoc analysis of memory group by genotype 

interactions revealed that Nrxn1+/- mice in the 24-hour test had significantly lower DAT relative 

expression than Nrxn1+/- mice in the 7-day test (p = 0.007; Figure 16C). The same analyses were 

completed to assess relative expression of DRD1 (Figure 16D-F) and DRD2 (Figure 16G-I) in the 

olfactory tubercle, however, no main effects of memory test (p >= 0.12), nor significant 

interactions between memory test groups and sex (p >= 0.47), or memory test groups and 

genotypes were observed (p >= 0.31). A sample size calculation was completed for OT DAT 

relative expression between males (Median = 1.25, IQR = 0.624) and females (Median = 1.77, 

IQR = 0.442) in the 7-day memory test group (Figure 16B). The sample size calculation with an 

added 15% for non-parametric data revealed that 33 mice would be required in each group to 

reach significance of p < 0.05 with a 0.8 power.  
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Figure 17. DA target gene expression in the hippocampus. (A) Hippocampus DAT relative 

expression by memory test, N = 27-28 per group, (B) by memory test and sex, N = 13-15 per 

group, (C) by memory test and genotype, N = 11-16 per group. (D) Hippocampus DRD1 relative 

expression by memory test, N = 30-32 per group, (E) by memory test and sex, N = 14-16 per 

group, (F) by memory test and genotype, N = 15-16 per group. (G) Hippocampus DRD2 relative 

expression by memory test, (H) by memory test and sex, N = 14-16 per group, (I) By memory 

test and genotype, N = 15-17 per group. (*p < 0.05; **p < 0.01; ***p < 0.001). Boxplots 

represent the median, quartiles one and three form the box edges, and whiskers extend to the 

maximum and minimum values within 1.5 times the inter-quartile range. Individual data points 

are represented by black points and outliers are represented by crosses. 

 



51 
 

Relative expression of DAT, DRD1, and DRD2 in the hippocampus were compared 

between memory groups for all mice. Differences in expression of HIPP DA target genes 

between conditioned and unconditioned mice were analyzed and not significant 

(Supplementary Figure 3).  Mice in the 24-hour group had significantly higher relative DAT 

expression compared to mice in the 7-day group, W = 511, p = 0.025 (Figure 17A). Memory 

group by sex analysis revealed that there were significant differences in expression (H(3) = 13.8, 

p = 0.005) between groups, and a Dunn’s post hoc showed that female mice in the 24-hour 

memory test had higher relative DAT expression compared to male mice in the 7-day memory 

test (p = 0.0028; Figure 17B). When analysing DRD1 expression in the hippocampus, we 

observed that the difference in relative DRD1 expression between memory test groups was not 

significant, but did approach significance (W = 609, p = 0.07; Figure 17D) and there were no 

interactions observed between sex or genotype (p >= 0.06). When analyzing relative DRD2 

expression in the hippocampus, we found that mice tested in the 24-hour memory test had 

significantly higher relative DRD2 expression than mice tested in the 7-day memory test, W = 

751, p < 0.001 (Figure 17G). Comparing memory test x sex subgroups revealed significant group 

differences, (H(3) = 19.49, p < 0.001) and a post hoc showed that male mice in the 24-hour test 

had significantly higher DRD2 relative expression than males in the 7-day test (p = 0.0043) and 

female mice in the 24-hour test also had significantly higher DRD2 relative expression compared 

to 7-day memory test males (p < 0.001; Figure 17H). Memory test x genotype subgroup analysis 

revealed significant group differences (H(3) = 14.84, p = 0.002) and a Dunn post hoc showed 

that Nrxn1+/- mice in the 24-hour test had significantly higher relative DRD2 expression than 

Nrxn1+/- mice in the 7-day test (p = 0.033; Figure 17I), while wild-type mice in the 24-hour test 
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also had higher relative DRD2 expression than Nrxn1+/- mice in the 7-day test (p = 0.013; Figure 

17I). A sample size calculation was completed for HIPP relative DAT expression between males 

and females in both the 24-hour and 7-day memory test groups (Figure 17B). In the 24-hour 

test, males had a median DAT relative expression of 0.769 (IQR = 0.465) and females had a 

median relative expression on 1.5 (IQR = 0.505). The sample size for significance denoted at p 

<0.05, a power value of 0.8, and with a correction for non-parametric data, would need to be 

255 mice per group. For the 7-day memory test, median HIPP DAT expression differed between 

males (Median = 0.434, IQR = 0.624) and females (Median = 1.20, IQR = 0.442). The required 

sample size was calculated to be 18, and the current sample sizes were 13-15 mice per group. A 

sample size calculation was also completed for HIPP relative DRD2 expression between males 

(Median = 0.518, IQR = 0.624) and females (Median = 0.796, IQR = 0.442) in the 7-day memory 

test (Figure 17H). The calculation revealed that the required sample size per group would be 21.  

To quantify if training was associated with gene expression, correlations between sugar 

consumed during training and relative expression of DAT, DRD1, and DRD2 were plotted for the 

brain regions of interest (Figure 18). Spearman’s rank correlation was used to assess the 

relationship between sugar consumption and gene expression based on ranks. There was a 

moderate positive correlation between total sugar consumption during training and DRD2 

relative expression in the olfactory bulb ρ(30) = 0.37, p = 0.032 (Figure 18C) as well as between 

DRD2 relative expression in the olfactory tubercle ρ(30) = 0.34, p = 0.05 (Figure 18F). 

Additionally, we found a moderate negative correlation between total sugar consumed and 

DRD2 relative expression in the hippocampus, ρ(30) = -0.426, p = 0.017 (Figure 18I). 
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Figure 18. Correlations between total sugar grains consumed during training and relative gene 
expression of DAT, DRD1, and DRD2 in the olfactory bulb, olfactory tubercle, and hippocampus 
of conditioned mice. N = 26-32 per group. 

 

 To further investigate the relationship between sugar consumption and gene expression, 

we divided the conditioned mice into 4 groups, male WT, male Nrxn1+/-, female WT, and female 

Nrxn1+/- mice, and repeated the same correlation analysis (Figure 19,20,21). First, the 

relationship between sugar consumption and target gene expression in the olfactory bulb was 
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compared (Figure 19). Within these defined sex x genotype groups, male WT mice had a 

positive correlation between sugar consumption and relative DAT expression, ρ(6) = 0.9, p = 

0.002 (Figure 19A) in the olfactory bulb. Additionally, female Nrxn1+/- mice had a significant 

positive correlation between sugar eaten and relative DAT expression in the olfactory bulb, ρ(6) 

= 0.71, p = 0.049 (Figure 19L). Similar analysis was completed within the olfactory tubercle 

(Figure 20); however, there were not any genotype x sex groups that showed a significant 

correlation between sugar consumption and target gene expression. Comparison of the 

relationship between sugar and target gene expression in the hippocampus (Figure 21) showed 

that only female Nrxn1+/- mice had a positive correlation between sugar consumption and DAT 

relative expression, ρ(6) = 0.71, p = 0.049 (Figure 21D). 
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Figure 19. Correlations between total sugar consumed during training and relative gene 
expression of DAT, DRD1, and DRD2 in the olfactory bulb of conditioned mice. N = 8-9 per 
group.  
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Figure 20. Correlations between total sugar consumed during training and relative gene 
expression of DAT, DRD1, and DRD2 in the olfactory tubercle of conditioned mice. N = 6-9 per 
group.  
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Figure 21. Correlations between total sugar consumed during training and relative gene 

expression of DAT, DRD1, and DRD2 in the hippocampus of conditioned mice. N = 5-9 per group. 

 

We found no significant correlations between the amount of time spent digging during 

training and expression of DAT, DRD1, and DRD2 in the olfactory bulb, olfactory tubercle, and 

hippocampus of conditioned and unconditioned mice (Figure 22). 
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Figure 22. Correlations between total training digging duration (s) and relative gene expression 
of DAT, DRD1, and DRD2 in the olfactory bulb, olfactory tubercle, and hippocampus of 
conditioned and unconditioned mice. N = 56- 65 per group. 
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CHAPTER 4: DISCUSSION 

The purpose of this study was to assess if the Nrxn1+/- mouse model of autism spectrum 

disorder had impaired olfactory learning and memory based on a novel Pavlovian conditioning 

paradigm, and to what extent if any short term versus long term memory was impaired. We 

measured the gene expression of important DA circuitry targets including DAT, DRD1, and DRD2 

in the olfactory bulb, olfactory tubercle, and hippocampus of conditioned and unconditioned 

Nrxn1+/- and WT mice to assess if olfactory learning and memory capability correlated with DA 

molecular markers in the olfactory system. 

4.1 Pavlovian Odour Conditioning 

4.1.1 Training 

During the training phase, conditioned mice consistently exhibited more digging in the 

odour pot than unconditioned mice (Figure 9A), suggesting that the observed digging behaviour 

during training was indicative of the mice searching for the sugar reward. Conditioned mice also 

dug in the odour pot significantly more than unconditioned mice during the 24-hour memory 

test (Figure 9C) and the 7-day memory test (Figure 9E); with mice in the unconditioned group 

exhibiting extremely minimal digging during memory tests. These results suggest that the 

digging behaviour observed in the conditioned group during the memory tests represents the 

learning and memory of the olfactory digging task. 

We found no significant differences in the quality of training between genotypes or 

sexes as assessed by total digging duration during the eight training trials, mean digging latency, 
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and total sugar consumed during the training phase (Figure 10). These findings suggest that the 

training performance was similar for Nrxn1+/- and WT mice. 

During the training phase, the mean latency to start digging in order to find the sugar 

reward during the 8 training trials was measured and analysed. Latency to find buried food has 

not yet been assessed in a Nrxn1-α/β/γ knockdown mouse model; however, this has previously 

been measured in a Nrxn3-α/β KO mouse model (Aoto et al., 2015), a Nrxn1 KO mouse model 

(Grayton et al., 2013), and a Nlgn KO mouse model (Radyushkin et al., 2009). Both Nrxn3-α/β 

KO mice and Nlgn KO mice demonstrated increased latency to find buried food in comparison to 

controls, indicating potential olfactory deficits in these models (Aoto et al., 2015; Radyushkin et 

al., 2009); however, Nrxn1 KO mice did not have increased latency to find food compared to 

controls (Grayton et al., 2013). We found no significant differences in digging latency between 

genotypes (Figure 10B), suggesting that Nrxn1+/- mice do not have an olfactory processing 

deficit. This result aligns with the results of Grayton and colleagues (2013) and suggests that 

Nrxn1 may not be essential in olfactory detection; however, the literature indicates that 

reductions in other Nrxn genes and Nrxn binding partners (i.e., Nrxn3 and Nlgn) may in fact 

contribute to olfactory deficits (Aoto et al., 2015; Radyushkin et al., 2009). Although an 

established buried food protocol (Yang & Crawley, 2009) was not used in the study, the total 

amount of sugar consumed and mean digging latency during the training was similar for 

Nrxn1+/- and WT mice. Based on these results, the Nrxn1+/- mice did not show olfactory deficits, 

but further studies analyzing latency to find buried food with an established buried food 

protocol should be completed to allow for more robust comparison of food finding behaviour in 

Nrxn1+/- to the previous literature.  
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4.1.2 Memory Tests 

When examining the digging behaviour between Nrxn1+/- and WT mice in the 24-hour 

and 7-day memory test, both the latency to dig and digging duration were measured. 

Interestingly, no significant differences in total digging duration were observed between 

genotypes, and there were no significant differences between sexes. Both WT and Nrxn1+/- mice 

had very low levels of digging in the 24-hour and 7-day memory tests  (Figure 11A, 12A). This 

could indicate that the training phase was insufficient for the mice to robustly learn and 

remember the task. The low digging level of WT mice in the current studies raises concerns, as 

the WT group is our control group, and previous studies using a similar olfactory learning task 

have shown robust odour learning and memory in WT mice of varying background strains 

(O’Leary et al., 2020; Schellinck et al., 2001). Specifically, a study by O’Leary and colleagues 

(2020) utilized a conditioned odour preference task in order to study olfactory memory 

between a transgenic model of Alzheimer’s disease and WT control mice (C57BL/6J x SJL/J). The 

training protocol in this study, originally described by Schellinck and colleagues (2001), 

consisted of 4 training trials over 4 days, where mice were presented with two odours, one 

paired with sugar (CS+) and one without sugar (CS-). The odour conditioning paradigm utilized 

in the current study differs from the protocol described in O’Leary et al. (2020) and Schellinck et 

al. (2001) in several ways. A notable difference between the protocols is that in Schellinck et al. 

(2001), the paradigm describes an olfactory discrimination task, which utilizes two odours and 

assesses the ability for mice to discriminate between the conditioned odour and the 

unconditioned odour. The current study adapted this protocol so that mice were only exposed 

to a CS+ odour, and there was a separate group of mice that were unconditioned; i.e., were 
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exposed to an odour pot lacking sugar. Because mouse brain tissue was collected after the 

olfactory memory test, the altered protocol was chosen to assess the molecular effects of the 

olfactory learning and memory paradigm, without including additional inhibitory signals that 

would occur in mice exposed to a CS- odour. Thus, the current Pavlovian odour conditioning 

paradigm was selected in order to simplify the experimental design and assess how conditioning 

to a single odour altered DA gene expression in the brain. However, the low levels of digging in 

WT mice suggest that 8 training trials over 1 day, without the inclusion of a CS- odour, was not 

sufficient to reliably teach the mice the protocol. 

4.1.3 Training and Memory Test Relationship 

Given the large amount of individual variation observed between mice in the training 

and testing phases, the relationship between training and memory test digging was examined to 

determine if there were any meaningful differences between genotypes or sexes, while 

accounting for the large quantity of mice that exhibited low digging. Overall, training digging 

was positively correlated with memory test digging in conditioned mice (Figure 13), and this 

trend appears to be driven by the male mice, irrespective of genotype (Figure 13B, C). Similarly, 

when analysing the relationship between sugar consumption and memory test digging, males 

showed a significant positive correlation between sugar consumed and digging duration in 

memory tests, while no correlation was observed for female mice (Figure 14B). These results 

provide support for differential influence of a Nrxn1 knockdown on male and female mice, as it 

appears that male mice who performed well in training, performed proportionally well in 

testing, while this was not the case for females. These results align with previous research 

indicating that Nrxn1 knockdown and knockouts can differentially influence sexes. Grayton et al. 
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(2013) found that female Nrxn1-α KO mice had reduced locomotor activity compared to male 

Nrxn1-α KO mice, while male Nrxn1-α KO mice had increased aggression during a social 

investigation task. Such results show how alterations in Nrxn1 gene expression can impact male 

and female mice differently, making the inclusion of sex analysis very important. 

4.2 DAT, DRD1, and DRD2 RNA Expression 

4.2.1 DAT relative expression in the OB, OT, and HIPP 

Overall, an intriguing pattern of relative DAT expression between the brain regions of 

interest was observed in this study. In the olfactory bulb, there were no differences in relative 

DAT expression between memory test groups, genotypes, or sexes (Figure 15A-C). However, 

alterations in relative DAT expression in both the olfactory tubercle and the hippocampus were 

observed between memory test groups.  

Relative DAT expression was found to be enhanced in the olfactory tubercle of mice in 

the 7-day memory test compared to the 24-hour memory test (Figure 16A). Specifically, Nrxn1+/- 

mice in the 24-hour memory test had lower relative DAT expression than Nrxn1+/- mice in the 7-

day test (Figure 16C). In combination, these results suggest that olfactory tubercle DAT 

expression is modified with a main effect of memory test time, and an interaction between 

memory test time and genotype. This interesting main effect of memory test suggests that 

expression of the DA transporter is enhanced when the mice were re-introduced to the odour 

and/or specific context they experienced during training, 7-days after, but not 24-hours after 

initial training. Additionally, given that there were no significant differences found between 

training groups, these results are applicable to both conditioned and unconditioned mice. Thus, 
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the increase in relative DAT expression cannot be the result of learning and recalling the 

memory to dig in the odour pot, but instead could potentially be associated with the exposure 

to the novel lemon odour, or the environment of the testing cage. In the current study it is 

difficult to determine how relative DAT expression in the OT changes from training to the 24-

hour test, to the 7-day test. In future, mouse tissues should be collected before or immediately 

after training to measure and compare baseline levels of DAT expression, to determine if 

baseline OT DAT expression differs between genotypes or sexes prior to the introduction of an 

olfactory training paradigm.  

DAT relative expression was found to be reduced in the hippocampus of mice in the 7-

day memory test compared to mice in the 24-hour memory test. This difference was also 

observed in both conditioned and unconditioned mice, suggesting that the differential 

expression of DAT in the hippocampus was not a result of digging during the memory paradigm, 

given that mice in the unconditioned group exhibited extremely low levels of digging in the 24-

hour (Figure 9C) and 7-day (Figure 9E) memory tests. We also found no significant differences in 

DAT expression between genotypes, but female mice in the 24-hour test had significantly higher 

expression than male mice in the 7-day test (Figure 17B), although this comparison between 

different factors is not meaningful. A sample size calculation was completed for males and 

females in the 7-day memory test group since visual data observation indicated a potential 

difference between sexes, with females having greater expression than males (Figure 17B). The 

calculation revealed that a total of 18 mice would be required per group to reach a significance 

value of 0.05 with a power of 0.8. Given that the current sample size was 13-15 per group, this 

calculation indicates that there may be a meaningful difference in DAT relative expression 
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between male and female mice in the 7-day memory group, but adding several more mice to 

each group could confirm this potential finding.  

While it is known that DA neurons within the olfactory bulb are highly plastic and 

dependent on sensory input, modulation in DAT relative expression within the olfactory bulb 

was not observed. The observed increase in relative DAT expression in the olfactory tubercle 

and the decrease in relative DAT expression in the hippocampus of mice tested 7-days after 

initial odour exposure at training, may be related to the sensory input received by mice during 

the memory tests, since both conditioned and unconditioned mice were exposed to the lemon 

odour during memory testing. In fact, one study found that mice exposed to lemon essential oil 

vapour showed reduced anxiety in an elevated plus-mase, an open field task, and a forced 

swimming task, and also had significantly enhanced dopamine metabolism in the hippocampus 

(Komiya et al., 2006). Our findings further suggest that exposure to lemon odour may result in 

altered dopamine activity in olfactory system brain regions, but further work should be 

completed to identify the time course of DA activity after lemon exposure, and how multiple 

presentations of lemon odour may affect DA activity.  

DAT is a crucial player in DA homeostasis, as it enables the transport of DA from the 

extracellular space back into presynaptic neurons. When DAT does not function properly, the 

buildup of cytosolic DA can become toxic to neurons (Mosharov et al., 2009); however, too 

much expression of DAT can also be harmful (Masoud et al., 2015). There is little research on 

the modulation of DAT expression in the olfactory tubercle and hippocampus, but the results 

suggest that these areas are distinctly modulated during a Pavlovian odour conditioning 

paradigm, in both conditioned and unconditioned mice. 



66 
 

Some studies have demonstrated that there is limited expression of DAT in the 

hippocampus (Kwon et al., 2008) and that DA clearance in the hippocampus is regulated by the 

norepinephrine transporter (Slc6a2 gene) (Borgkvist et al., 2012). Based on this information 

from the literature, RT-qPCR was initially completed to measure expression of Slc6a2 in the 

hippocampus of mice. The RT-qPCR results indicated very low Slc6a2 expression, with Cq values 

beginning at approximately 36, and many samples showing no amplification. Due to the 

insufficient amplification, we pivoted our efforts to DAT instead, and sufficient DAT amplification 

in the hippocampus was observed. These findings contradict the literature regarding low 

expression of DAT in the hippocampus, as the results not only suggest that DAT is expressed in 

the hippocampus, but that expression can be affected by an olfactory learning paradigm. 

Studies assessing DAT in the hippocampus have mainly measured protein levels through 

radiolabelled RTI-55 and immunofluorescence (Borgkvist et al., 2012; Ciliax et al., 1999; Kwon et 

al., 2008); thus, completing ELISA assays on DAT protein levels in the hippocampus of mice could 

aid in better comparing our research to these mentioned studies.  

 In the hippocampus, DA binds to D1 receptors to promote formation of episodic 

memories and synaptic plasticity; however, the reduction of DAT expression in the hippocampus 

of mice after the 7-day memory test may indicate reduced requirement for DA transport, and 

thus, reduced dopaminergic signalling in the hippocampus at the 7-day memory test compared 

to the 24-hour memory test. It is possible that after the training phase; where both the 

unconditioned and conditioned mice would have encoded an episodic memory about the novel 

training environment and odour experience, DAT expression gradually decreases. This could 

provide support for why the relative DAT expression is reduced from the 24-hour test to the 7-
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day test. However, more evidence would be required to support this idea, and the initial 

expression levels of hippocampal DAT would need to be assessed in mice who do not 

experience the training protocol and in mice directly after the training protocol.  

4.2.2 DRD1 relative expression in the OB, OT, and HIPP 

A different expression pattern was observed in DRD1 expression compared to DAT. DRD1 

relative expression decreased by memory group in the olfactory bulb (Figure 15D), while DRD1 

relative expression remained constant in both the olfactory tubercle (Figure 16D-F) and the 

hippocampus (Figure 17D-F) over time, genotype, and sex. Similar to the observations of DAT 

expression, the decrease in relative DRD1 expression in the olfactory bulb was across both 

conditioned and unconditioned mice.  

Recent research has indicated that experience-dependent changes in olfactory bulb DA 

neurons occur rapidly and involve changes in enzyme expression (Byrne et al., 2022), supporting 

the notion that sensory experiences have the ability to rapidly modulate expression of proteins 

like DA receptors in the olfactory bulb over time, as observed here. Specifically, modulation of 

DRD1 expression in the olfactory bulb aligns with previous research suggesting the main 

neuromodulators of olfactory bulb dopaminergic neurons are DRD1 and DRD2, which work 

through opposing functions. DRD1 is important in odour detection in rodents (Doty et al., 1998; 

Doty & Risser, 1989; Escanilla et al., 2009), and downregulation of DRD1 expression in the 

olfactory bulb of mice after the 7-day memory test could be representative of reduced odour 

salience in the 7-day test, compared to the 24-hour test. 
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4.2.3 DRD2 relative expression in the OB, OT, and HIPP 

DRD2 relative expression remained stable across time, between genotypes, and sexes in 

both the olfactory bulb (Figure 15G-I) and the olfactory tubercle (Figure 16G-I). However, we 

found reduced relative DRD2 expression in the 7-day memory test compared to the 24-hour 

memory test in the hippocampus (Figure 17G). Additionally, both males and females in the 24-

hour test had higher relative DRD2 expression than males in the 7-day test, while both Nrxn1+/- 

and WT mice in the 24-hour test had higher expression than Nrxn1+/- mice in the 7-day test 

(Figure 17H, I). A sample size calculation was completed for DRD2 expression of males and 

females in the 7-day memory test group (Figure 17B). The calculation revealed that a total of 21 

mice would be required per group to reach a significance value of 0.05 with a power of 0.8. 

Since the current sample size was 14-16 per group, this calculation indicates that there may be a 

meaningful difference in DRD2 relative expression between male and female mice in the 7-day 

memory group, but more mice should be added to confirm this.   

 Like DRD1, the function of DRD2 in the hippocampus is to regulate neuron excitability 

and encode hippocampus-dependent memories (Dubovyk & Manahan-Vaughan, 2019). Similar 

to the reduced DAT expression in the hippocampus of mice after the 7-day memory test, the 

reduced relative expression of DRD2 relative to the 24-hour memory test, may indicate reduced 

requirements of DA-dependent memory formation in the hippocampus. Since a whole week 

would have passed between the novel odour experienced in the training and the 7-day test, 

whereas only 24-hours would have passed between the training day and the short-term 

memory test, changes in DRD2 expression brought upon by the training day could have 
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returned to baseline after 1 week. However, the measurement of baseline DRD2 expression 

levels would also be important to assess in order to make this conclusion. 

4.2.4 Correlations between DAT, DRD1, and DRD2 relative expression and sugar consumption 

Moderate positive correlations between DRD2 relative expression and total sugar 

consumption in training were observed both in the olfactory bulb and the olfactory tubercle, 

whereas a moderate negative correlation between DRD2 expression and total sugar 

consumption was observed in the hippocampus of conditioned mice (Figure 18). This overall 

effect of sugar consumption on DRD2 relative expression is very interesting, but aligns with 

previous research, as it is well known that food rewards have substantial effects on the synaptic 

modifications of the mesolimbic DA circuit (Baik, 2013). Indeed, mice with a presynaptic D2 

receptor KO have shown enhanced motivation for food rewards, potentially meaning that the 

loss of presynaptic inhibition by D2 autoreceptors could increase extracellular DA, increase 

stimulation of postsynaptic DA receptors, and lead to enhanced food motivation (Bello et al., 

2011). Since D2 autoreceptors exert negative feedback that reduces DA firing, synthesis, and 

release (Bello et al., 2011), it is intriguing that DRD2 expression increased with sugar 

consumption in the olfactory bulb and olfactory tubercle but decreased with increased sugar 

consumption in the hippocampus. However, the role of DRD2 in food motivation is not clearly 

defined, as a different study found that D2 receptor KO mice have reduced food intake and body 

weights compared to littermate controls (Kim et al., 2010). Our results indicate that the specific 

DRD2 expression changes modulated by food reward are distinct between brain regions. 

When the conditioned mice were divided into sex x genotype groups to further assess 

the correlations between DAT, DRD1, and DRD2 relative expression and total sugar 
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consumption, only male WT and female Nrxn1+/- mice had relationships between DAT relative 

expression and sugar consumption. Specifically, male WT mice had a strong positive correlation 

between DAT expression and sugar consumption in the olfactory bulb (Figure 19A), while female 

Nrxn1+/- mice had a strong positive correlation between DAT expression and sugar consumption 

in the hippocampus (Figure 21D). No significant correlations were found between reward 

consumed and DRD1 expression in any of the genotype x sex groups. The only sex x genotype 

group that showed a correlation between DRD2 expression and sugar consumption, was female 

Nrxn1+/- mice in the olfactory bulb, who had a strong positive correlation between these 

variables (Figure 19L).  

By completing correlations within the sex x genotype groups, it becomes evident that 

the trends in DRD2 expression observed with all conditioned mice, are not consistent within the 

smaller groups. In fact, the only group with an observed correlation between DRD2 expression 

and sugar consumption is female Nrxn1+/- mice in the OB. The correlation between sugar 

consumption and expression of DRD2 in the OB of female Nrxn1+/- mice (Figure 19L) does follow 

the same trend as the overall group correlation (Figure 18C). As well, the correlations observed 

in the male WT and female Nrxn1+/- groups are much stronger than those observed in the 

collapsed group, providing stronger evidence that sugar consumption is positively correlated 

with DAT expression in the OB of male WT mice and the HIPP of female Nrxn1+/- mice, and DRD2 

expression is positively correlated with sugar consumption in the OB of female Nrxn1+/- mice.  

Interestingly, there was no significant correlations between total training digging and 

target gene expression (Figure 22), suggesting that gene expression changes were due to sugar 

consumption, rather than the digging duration during training. 
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4.3 Limitations  

A primary limitation of this study was the quality of training that occurred in the Pavlovian 

odour conditioning paradigm. The initial protocol that was developed by Schellinck et al. (2001) 

was an olfactory discrimination task which included a total of 32 training trials over 4 days. In 

this protocol, mice were trained to associated one odour with a reward and another odour with 

no reward, then were tested on their ability to distinguish the different odours. An important 

difference between the initial paradigm created by Schellinck et al. (2001) and the current 

paradigm, is that the protocol utilized in this study did not test olfactory discrimination; instead, 

it tested only olfactory memory, since mice were taught only how to associate one odour with a 

sugar reward. Previous protocols completed within the Brown lab have demonstrated that mice 

were able to successfully learn the original odour discrimination task within 8 training trials over 

1 day (Brown et al., in press), greatly reduced from the initial 32 trials over 4 days (Schellinck et 

al., 2001). Based on this data, I completed my adapted Pavlovian odour conditioning paradigm 

using the same reduced time frame. However, both WT and Nrxn1+/- mice in the current study 

showed low levels of digging, indicating that the training protocol may not have been sufficient 

to produce robust learning. 

 The current study was limited by the extensive individual variation observed in WT and 

Nrxn1+/- mice. The training protocol likely influenced the observed individual variation, and we 

predict that enhanced training would reduce the extensive variation in behaviour. However, the 

1-day training protocol also may not have been ideal considering the estrous cycle of female 

mice, which lasts 4-5 days (Chari et al., 2020). In a 1-day training protocol, we cannot control for 
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any effects caused by hormonal fluctuations. However, recent studies have found that female 

C57BL/6J mice during estrous cycles show differences in social interaction tasks, but anxiety, 

working memory, or motor learning tasks were not influenced by estrous cycles (Chari et al., 

2020; Lovick & Zangrossi, 2021). A longer training paradigm could help to control for any 

potential variations caused by estrous cycle and would also aid in reducing the extreme 

individual variation.  

 An additional limitation of the current study is the difficulty in dissociating the neural 

response activity of the lemon odour from the neural activity of the conditioned response to 

the lemon odour. We found that both conditioned and unconditioned mice showed alterations 

in DA target gene expression, suggesting that the results observed were not strictly due to the 

conditioned response to the lemon odour. However, the unconditioned mice were also exposed 

to the same contexts as the conditioned mice, so future studies could analyze a group of mice 

that are exposed to the lemon odour only, without the context of the Pavlovian odour 

conditioning paradigm. This distinction would help to further parse out if the exposure to the 

lemon order in particular is driving the observed DA target gene expression changes.  

Another limitation associated with this study is that we assessed DAT, DRD1, and DRD2 

gene expression in full sections of the olfactory bulb, olfactory tubercle, and the hippocampus. 

That is to say, we did not differentiate distinct regions within these brain areas, such as the 

ventral and dorsal regions of the hippocampus. The functional differences between the dorsal 

and ventral hippocampal regions have mostly been identified in fear conditioning contexts 

(Richmond et al., 1999; Yoon & Otto, 2007). There also appears to be differences in the 

functioning of dorsal and ventral hippocampal subregions during odour learning, with results 
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suggesting as the learning process progresses towards reaching criterion, the hippocampus 

functions as a unit, while in earlier stages of olfactory learning, the two subregions may have 

separate functions (Martin et al., 2007). Given that many mice in the current study had 

relatively low learning, it is a possibility that the ventral and dorsal hippocampal subregions may 

have been functioning distinctly during the Pavlovian conditioning odour paradigm, since many 

mice did not attain high levels of digging during training. 

Another limitation of this study is that we were unable to complete ELISA assays in order 

to quantify the protein levels of DAT, DRD1, and DRD2 in the olfactory bulb, olfactory tubercle, 

and the hippocampus. The inclusion of this data would have been beneficial in order to 

compare if relative RNA expression findings correlated with protein levels, to further support 

our findings. Unfortunately, time-constraints did not allow for this part of the project to be 

completed; however, future research to extend this study should measure protein levels in the 

olfactory bulb, olfactory tubercle, and the hippocampus, and compare protein levels with RNA 

expression. 

As mouse brain tissue was not collected immediately after the completion of training, 

we are unable to compare the stability of DAT, DRD1, and DRD2 expression between training, 

the 24-hour memory test, and the 7-day memory test. This data would be useful in further 

understanding how DA circuitry is modulated in Nrxn1+/- and WT mice throughout all stages of 

the Pavlovian conditioned odour paradigm and would provide more context regarding the 

differences we observed in DA target relative expression between the 24-hour and 7-day 

memory tests.  
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4.4 Concluding Remarks 

Overall, we have shown that Nrxn1+/- mice do not demonstrate impaired olfactory 

learning or memory based on the 1-day Pavlovian odour conditioning paradigm, supporting the 

idea that Nrxn1 expression may not be required in the functions of olfactory learning or 

memory in mice. The limitations discovered about the current Pavlovian odour conditioning 

paradigm provide us with important information regarding testing efficacy and open other 

exciting avenues of investigation to further refine conditioned olfactory memory paradigms.  

Training behaviour of male mice was found to be positively correlated with memory test 

digging, while the training behaviour of female mice was not correlated with memory tests. 

These results indicate that male and female mice may have distinct learning and memory 

profiles in odour conditioned paradigms, and thus, further highlight how sex differences are 

important to investigate when characterizing Nrxn1+/- mouse models.  

We found significant differences in DA target expression between memory tests and 

distinct relationships between sugar consumption during training and DRD2 expression in the 

olfactory bulb, olfactory tubercle, and the hippocampus. However, no significant differences 

were found in DA target expression between Nrxn1+/- and WT mice, thus, the observed 

modulations are likely not mediated by Nrxn1 as predicted.  

Overall, the observed modulations in DA target circuitry appear to be mainly affected by 

time (24-hour test versus 7-day test); providing interesting information regarding time-

dependent modulation of DA targets, and opening the door to further investigate how DAT, 

DRD1, and DRD2 expression change at various time points throughout an odour conditioning 
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paradigm. As well, DRD2 expression was moderately correlated with reward consumption in the 

training phase, and this relationship varied in different brain regions. Breakdown of sex x 

genotype groups revealed strong correlations between sugar consumption and hippocampal 

DAT expression, as well as olfactory bulb DRD2 expression specifically in female Nrxn1+/- mice. 

Further, male WT mice showed a strong positive correlation between relative hippocampal DAT 

expression and sugar consumption. These correlations provide evidence that DAT is involved in 

important hippocampal functions related to reward.  

Overall, these results provide important insights into DA circuit regulation during an 

odour learning paradigm and demonstrate that observed effects do not appear to be mediated 

by Nrxn1 expression based on this model. Instead, observed DA activity may instead be in 

response to odour presentation and episodic olfactory memories; an avenue that would need to 

be further studied in the future.  

4.5 Future Directions 

Based on the results and considering the limitations of the current study, one possibility 

for future investigation would be to refine the novel Pavlovian conditioning paradigm such that 

mice are trained to a particular criterion, or training time is increased to ensure robust 

acquisition of the task. This would ensure that the results obtained from memory tests are 

accurate and would decrease the large inter-individual variation between mice that was 

observed in the current study. Another interesting avenue to investigate would be to measure if 

Nrxn1+/- mice have deficits in an olfactory discrimination task (Schellinck et al., 2001) and if 

observed modulations in DA target receptors are similar, or different to what we observed in the 
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current study.  Other tasks assessing olfactory function, such as a buried food task (Yang & 

Crawley, 2009), could be included to directly assess potential olfactory deficits of the Nrxn1+/- 

mice.  

Future studies should assess the protein levels of DAT, DRD1, and DRD2 in the Nrxn1+/- 

mouse model in order to assess if the relationship observed in RNA expression in the current 

study is consistent with protein levels. Specifically, measuring hippocampal DAT protein levels 

would help to clarify the role of DAT in the hippocampus, and could enable better comparison 

between our study and previous studies indicating low hippocampal DAT levels (Borgkvist et al., 

2012; Kwon et al., 2008).  

Given the distinct anatomical and functional regions in the olfactory bulb, the olfactory 

tubercle, and the hippocampus (Martin et al., 2007; Mombaerts, 2006; Murata et al., 2015), 

further work to help distinguish potential differences in DA targets within brain regions should 

be completed. The protein expression of DAT, DRD1, and DRD2 can be assessed through 

immunofluorescence or immunohistochemistry protocols to differentiate how different cell 

types in these brain regions express DA target genes in the context of an olfactory learning 

paradigm.  

Additionally, the current study selected a few DA targets, including DAT, DRD1, and DRD2 

to investigate in relation to Nrxn1 depletion in the context of an olfactory learning and memory 

paradigm. However, we could gain a better idea of modulations in gene expression in the 

Nrxn1+/- mouse model by completing a whole exome gene array. This would allow for a more 
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robust assessment of Nrxn1 gene regulation in the context of all gene expression and provide 

further future avenues to research. 
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APPENDIX A: SUPPLEMENTAL TABLES AND FIGURES 
 

Supplemental Table 1. Shapiro-Wilk normality test statistics for all analyzed variables. 

Variable Shapiro-Wilk normality test 

Training total digging duration W(73) = 0.791, p <0.001 

Training average digging duration W(73) = 0.796, p < 0.001 

Training digging latency W(73) = 0.887, p < 0.001 

Training sugar consumption W(41) = 0.969, p = 0.2961 

Memory test digging duration W(73) = 0.5165,  p < 0.001 

Memory test digging latency W(73) = 0.698, p < 0.001 

Olfactory bulb DAT relative expression W(63) = 0.962, p = 0.044 

Olfactory bulb DRD1 relative expression W(63) = 0.624, p < 0.001 

Olfactory bulb DRD2 relative expression W(63) = 0.876, p < 0.001 

Olfactory tubercle DAT relative expression W(58) = 0.736, p < 0.001 

Olfactory tubercle DRD1 relative expression W(62)= 0.905, p < 0.001 

Olfactory tubercle DRD2 relative expression W(62) = 0.947, p = 0.0079 

Hippocampus DAT relative expression W(53)= 0.766, p < 0.001 

Hippocampus DRD1 relative expression W(61) = 0.770, p < 0.001 

Hippocampus DRD2 relative expression W(60) = 0.920, p < 0.001 
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Supplemental Figure 1: Relative expression of target genes in the olfactory bulb of conditioned 

and unconditioned mice, in the 24-hour and 7-day memory test, divided by genotypes and 

sexes. (A) DAT, (B) DRD1, and (C) DRD2. None of these comparisons were significant (p >=0.13). 
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Supplemental Figure 2: Relative expression of target genes in the olfactory tubercle of 

conditioned and unconditioned mice, in the 24-hour and 7-day memory test, divided by 

genotypes and sexes. (A) DAT, (B) DRD1, and (C) DRD2. None of these comparisons were 

significant (p >=0.29). 
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Supplemental Figure 3: Relative expression of target genes in the hippocampus of conditioned 

and unconditioned mice, in the 24-hour and 7-day memory test, divided by genotypes and 

sexes. (A) DAT, (B) DRD1, and (C) DRD2. None of these comparisons were significant (p 

>=0.093). 

 

 

 

 


