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ABSTRACT 

Parvalbumin (PV)-expressing inhibitory interneurons are considered critical in regulating 

excitation/inhibition (E/I) balance and have gained particular interest in the aetiology of autism 

spectrum disorder (ASD). Dysfunction of the dorsal striatum has been profoundly associated 

with ASD aetiology, regions which are involved in goal-directed and habitual behaviour in the 

dorsomedial (DMS) and dorsolateral striatum (DLS), respectively. Perineuronal nets (PNNs) 

are extracellular structures which predominantly surround PV+ interneurons and contribute to 

their fast-spiking properties. Utilising the BTBR T+ Itpr3tf/J (BTBR) mouse model of ASD, 

we investigated whether this idiopathic strain exhibits a reduced expression of PV. Through 

immunohistochemistry, we observed that BTBR mice had a reduced density of PV+ 

interneurons in the DMS, whilst density of PNNs was unaltered. The percentage of VVA+ cells 

with PV expression as well as PV levels were found to be significantly decreased, suggesting 

that BTBR mice present with a downregulation of PV expression in the DMS. We observed 

that control mice have a greater percentage of PV+ interneurons with PNNs in the DLS than in 

the DMS, however, BTBR mice were found to not possess such a gradient. We also observed 

that colocalisation of PV+ interneurons with PNNs in the dorsal striatum was higher in female 

BTBR mice than in male counterparts. This sex difference was not evident in control mice. PV 

downregulation may be a common endpoint of ASD aetiology in an idiopathic, and other, 

mouse models of ASD. Alterations in the colocalisation of PV+ interneurons with PNNs 

alongside PV reduction have been shown to alter neuronal function and we anticipate that such 

may also alter E/I balance in BTBR mice. Differences which prevail between sexes in BTBR 

mice highlight the importance of considering sex in the aetiology of ASD and BTBR may be a 

particular robust strain to further investigate this.  

Keywords: Parvalbumin, BTBR, Excitation/Inhibition, Autism Spectrum Disorder, 

Perineuronal net, Dorsomedial Striatum, Dorsolateral Striatum 
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1.0 INTRODUCTION 

Autism spectrum disorder (ASD) is a lifelong neurodevelopmental condition usually detected 

in early childhood (Courchesne et al., 2011). ASD is characterized by two core symptoms: (1) 

persistent deficits in social interaction and social communication, and (2) the presence of 

restricted, repetitive patterns of behaviours or interests (RRBIs; American Psychiatric 

Association, 2013). Stereotyped or repetitive motor movements, insistence on sameness, and 

highly restricted interests which are abnormal in intensity or focus are all symptoms of RRBIs 

which are among the most challenging facets of the disorder on an everyday basis (American 

Psychiatric Association, 2013). Currently, the underpinning cause of ASD is unknown. 

Although there is a genetic component, only a small percentage of cases is associated with 

known mutations, making ASD predominately idiopathic (Casanova et al., 2020; Meyza & 

Blanchard, 2017). Understanding the origin of RRBIs and the underlying neurobiology is 

required not only to our advancing models of the aetiology of ASD, but also to promoting the 

development of new interventions. 

1.1 Striatal Dysfunction in ASD 

Brain regions which have been implicated in ASD include the amygdala, orbitofrontal 

cortex (OFC), temporoparietal cortex, and insula (Weston, 2019). These regions have received 

much attention and have been well studied, particularly in relation the deficits observed in 

social communication and interaction. However, a region which has gained little attention yet 

has been proposed to underlie all of the core symptoms of ASD including RRBIs, is the basal 

ganglia (BG; Calderoni et al., 2014). The BG is a group of heavily interconnected subcortical 

nuclei proposed to be primarily responsible for motor behaviour as well as a range of other 

roles such as learning, executive functioning and emotions (Lanciego et al., 2012). This group 

of subcortical structures have been reported to be abnormal in ASD (Estes et al., 2011). In 

particular, dysfunction of the striatum, the main input nucleus of the BG has been postulated 

to underlie a range of autism-related behaviours, including repetitive motor behaviours, social 

and cognitive deficits, which are hallmarks of ASD (Fuccillo, 2016). Through the use of 

magnetic resonance imaging (MRI), studies have shown that individuals with ASD have an 

increased volume of the striatal nuclei compared to typically developing individuals (Langen 

et al., 2007; Sato et al., 2014). Furthermore, these volumetric changes positively correlated 

with repetitive behaviour scores (Hollander et al., 2005), which suggests of a causal 

relationship between volumetric alterations in the striatum and severity of RRBI symptoms. 
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Another MRI study showed that children with ASD had an increase in the growth rate of striatal 

brain structures compared to typically developing children, specifically in the caudate nucleus, 

where the growth rate was observed to be doubled. The faster growth rate was correlated with 

more severe repetitive behaviour (Langen et al., 2014; Kohls et al., 2014). This research 

proposes that RRBIs may not be correlated with volume of the striatum nuclei per se but instead 

the rate of striatal growth. This still proposes convincing evidence that the striatal regions may 

be involved in the symptoms of RRBIs in ASD, therefore it is rational to investigate this are 

further. 

1.2 Dorsomedial and Dorsolateral Striatum Subregions 

The striatum can be divided into ventral and dorsal striatum (DS), which subserve 

distinct roles in learning (Balleine et al., 2007). Flexible action selection and automatic action 

are some of the functions mediated by the DS (Balleine et al., 2007). The DS can be further 

subdivided into medial (DMS) and lateral (DLS) regions. In species which lack the internal 

capsule, such as rodents, DMS is roughly analogous to the caudate nucleus, while the DLS 

corresponds to the putamen (Lovinger & Mathur, 2016). While this division is not clear in 

mice, several lines of analysis suggest that rodent DMS and DLS exhibit similarities to both 

the human caudate nucleus and putamen. For example, such regions possess similar 

connectivity, with the DMS and the caudate nucleus both receiving inputs from the association 

cortices (Voorn et al., 2004). While the inputs to both DLS and the putamen are from 

sensorimotor cortices (Voorn et al., 2004). Functionally the two subregions differ, while the 

DMS is a crucial region for the acquisition and expression of goal-directed learning and 

behaviour (Yin et al., 2005; 2006), the DLS in turn governs habitual behaviour and formation 

of habits (Yin et al., 2004; 2006). Goal-directed behaviour is described as choosing actions 

depending on what consequences they have in a particular context (Zwosta et al., 2015). Goal-

directed behaviour is distinguished by a high requirement for attention, is highly dependent on 

current reward value, and exhibits responsive flexibility (Griffiths et al., 2014). On the other 

hand, habitual behaviour is guided by behavioural automaticity and is stimulus-driven (Lipton 

et al., 2019). Symptoms of RRBIs may manifest from a surplus of habitual behaviour and/or 

lack of goal-directed behaviour, with research indicating the alterations may be particularly 

localised to the caudate nucleus, the DMS region (Langen et al., 2014; Kohls et al., 2014).  

With previous research showing that these regions show clear differences in the connectivity 

and functionality, this provides an evidence-based rationale to investigate the medial and lateral 
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regions of the DS individually, which may be insightful to establishing the underpinning 

symptoms of ASD and in particular those associated with RRBIs 

1.3 Excitation and Inhibition Balance  

An emerging theory holds that a disequilibrium between glutamatergic and GABAergic 

(γ-aminobutyric acidergic) signalling may underpin brain dysfunction and may result in 

symptoms of ASD (Rubenstein & Merzenich, 2003). The imbalance of these neurotransmitters, 

according to this framework, affects the ratio of excitation to inhibition (E/I), altering brain 

activity patterns and resulting in behavioural and cognitive impairments (Rubenstein & 

Merzenich, 2003). An imbalance in E/I may be caused by increased glutamatergic signalling 

or by a decrease in inhibition caused by a decrease in GABAergic signalling (Rubenstein & 

Merzenich, 2003). Dysfunction of the GABAergic system, which can be reflected by altered 

gamma band oscillations, has been particularly correlated with ASD (Yizhar et al., 2011). 

Research suggests that children and adolescents with ASD exhibit impaired gamma-band 

activity (Sun et al., 2012). These gamma-band oscillations have been found to be decreased 

compared to typically developing individuals (Snijders et al., 2013; Wilson et al., 2007), it is 

therefore an indications that individuals with ASD show altered E/I balance. Altered E/I 

balance has also been observed on a molecular level. Tissue analysis of post-mortem autistic 

patients, indicated that glutamic acid decarboxylase (GAD), both isoforms of GAD65 and 

GAD67, which are enzymes responsible for synthesis of glutamate to GABA, are reduced 

(∼50%) in the parietal cortex and cerebellum (Fatemi et al., 2002; Yip et al., 2007). Therefore, 

this suggests that source of inhibition may be diminished in such regions of ASD individuals. 

In addition, levels of GABAA and GABAB receptors, which play an important role in synapse 

modulation and balance of E/I in the brain, have also been found to be reduced in individuals 

with ASD (Fatemi et al., 2009; Oblak et al., 2010). A decreased number of benzodiazepine 

binding sites in individuals with ASD further indicate alterations in the modulation of GABAA 

receptors in the presence of GABA (Guptill et al., 2007). Relative to controls, ASD individuals 

have also been found with greater spine densities on pyramidal cells in the cortex, which 

provides structural support for connectional changes (Hustler & Zhang, 2010). Furthermore, 

E/I imbalances are frequently observed in animal models of ASD, and their correction 

normalises key autistic-like phenotypes (Gogolla et al., 2014; Han et al., 2014; Lee et al., 2017). 

This forms compelling evidence of altered inhibitory system functioning, thus the altered ratio 

of E/I in the brain circuity of those with ASD and in animal models of ASD. Suggesting E/I 

imbalances from alterations inhibitory signalling may contribute to the development of ASD. 
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1.4 Parvalbumin-Expressing Interneurons 

Striatal neurons have been characterised on a number of levels. Structurally, these can 

be classed as either spiny projection neurons or aspiny interneurons (Kreitzer, 2009). Spiny 

projection neurons (SPNs), also known as medium spiny neurons (MSNs), constitute >95% of 

all striatal neurons in rodents and form the sole output to downstream BG nuclei (Tepper & 

Bolam, 2004). Aspiny interneurons make up <5% of all  striatal neurons which can be divided 

anatomically into large cholinergic cells and medium-sized GABAergic cells (Kawaguchi et 

al. 1995). Medium-sized GABA releasing cells can further be divided into three categories: 1) 

parvalbumin-positive (PV+); 2) somatostatin-, neuropeptide Y-, and nitric oxide synthase-

positive; and 3) calretinin-positive (Bennett & Bolam, 1993; Chesselet & Graybiel, 1986; 

Cowan et al., 1990; Vincent et al., 1983). While these constitute only a small fraction of the 

total striatal neuron number, these interneurons have a critical role in regulating output from 

the striatum. One of the most critical population of neurons involved in the inhibition of brain 

circuits, and which play a critical role in maintaining the E/I balance within neural circuits are 

interneurons (INs) that express the Ca2+ binding protein parvalbumin (PV). These inhibitory, 

GABAergic PV+ INs, alternatively known as fast-spiking interneurons (FSIs), possess low 

input resistance and high-amplitude rapid after-hyperpolarisation (Kawaguchi et al., 1987; 

Kawaguchi & Kubota, 1997). This combination of properties grants these INs the ability to fire 

rapid action potentials at a continuous high frequency of >50 Hz, which is considerably higher 

than the firing rates of MSNs (Nahar et al., 2021; Tepper & Bolam, 2004). Therefore, even 

synaptic potentials generated from a single PV+ IN is sufficiently powerful to alter the 

generation of action potentials in a large number of surrounding neurons simultaneously (Koós 

& Tepper, 1999). One distinctive feature of PV+ INs is their interconnectivity via dendritic gap 

junctions, which allow for direct transmission of electrical currents between coupled cells with 

a minor delay (Shigematsu et al., 2019). This property enables PV+ INs to fire synchronised 

action potentials, exerting even more powerful inhibitory control over neuronal circuits. By 

inhibiting a broad range of neurons simultaneously, such INs can synchronise the activity of 

other large populations of neurons and contribute to the generation of oscillatory network 

activity, such as gamma oscillations (30-80Hz; Lewis et al., 2012), important for various 

cognitive processes (Howard et al., 2003). Dysfunction and alterations in PV+ INs has been 

implicated in ASD, although these have been often in the cortical brain regions (Selten et al., 

2018). Number of PV+ INs has previously been reported to be reduced in the prefrontal cortex 

of post-mortem individuals with ASD (Zikopoulos & Barbas, 2013; Hashemi et al., 2018; Ariza 
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et al., 2018). In addition, PVALB, the gene coding for PV, has been found to be the most 

strongly downregulated gene in individuals with ASD (Voineagu et al., 2011; Parikshak et al., 

2013; Schwede et al., 2018). PV+ INs have also been found to be reduced in the neocortex 

across multiple ASD mouse models, sharing a similar PV-circuit disruption to that described 

in human ASD literature (Gogolla et al., 2009). Due to the powerful source inhibition that PV+ 

INs exhibit, even a minute disruption of such interneurons is likely to have a pronounced effect 

on the remainder of the BG circuitry and hence E/I balance (Ferguson & Gao, 2018). 

Intriguingly the distribution of such PV+ INs in the striatum is not uniform (Kita et al., 1990; 

Lee et al., 2012). There is an increasing gradient of such INs in the dorsal compared to ventral 

striatum but interestingly PV+ INs are enriched in the lateral striatum and much less evident in 

the medial striatum (Kita et al., 1990; Lee et al., 2012), suggesting that this gradient may exist 

due to the fact that the DMS and DLS regions govern different behaviours. Indeed, PV+ INs 

have been shown to critically play a role in habitual behaviour (Lee et al., 2017; O'Hare et al., 

2017), therefore it is plausible that they may also contribute to symptoms of RRBIs. 

1.5 Loss of Pvalb Interneurons or Reduced PV Expression? 

Perineuronal nets (PNNs) are extracellular matrix structures implicated in regulation of 

interneuronal activity and plasticity which surround primarily PV+ INs (Dityatev et al., 2007; 

Härtig et al., 1999). These structures can be detected based on the lectin-binding capacity of 

their glycan components with lectins such as Vicia villosa agglutinin (VVA) or Wisteria 

floribunda agglutinin (WFA) and therefore used as second marker for PV+ INs (Härtig et al., 

2022). Upon incorporating PNNs as a second marker for PV+ INs, studies show that ASD mice 

models present with a reduction in the PV protein expression, rather than the commonly 

accepted conclusions of a loss of the neurons themselves, observed by a decreased in the 

number of PV+ cells without a reduction in the number of PNNs (Filice et al., 2016; Lauber et 

al., 2016; 2018). The class of interneurons defined by PV expression as well morphology, 

electrophysiological characteristics, and transcriptome profile is referred to as Pvalb neurons, 

regardless of PV expression level. The term PV+ neurons only to refer to neurons identified 

solely by PV IHC. Fewer PV+ neurons were observed in the striatum of ASD mice model 

Shank3B-/- (-30%), Cntnap2-/- (-30%), and in utero valproic acid (VPA)-treated (-15%) mice, 

with an unaltered number of PNNs accompanied by decreased PVALB mRNA and PV protein 

expression levels by ~50% (or by ~30% in VPA mice) suggests that the striatum is a hotspot 

for ASD-associated downregulation of PV (Filice et al., 2016; 2020; Lauber et al., 2016; 

2018,). Thus, the Shank3B-/-, Cntnap2-/-, and VPA mice models of ASD are characterised by 
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PV downregulation, not the loss of Pvalb neurons. Knockout of PV (PV-/-) in mice results in 

completely absent expression of PV, yet brains of PV-/- mice were found to harbour identical 

number of Pvalb neurons as wild-type (WT) mice, identified by an unaltered number of PNNs 

(Filice et al., 2016). Such PV-/- mice display behavioural phenotypes with relevance to all core 

symptoms of ASD present in patients, nevertheless these mice also show signs of ASD-

associated comorbidities, including reduced pain sensitivity and increased seizure 

susceptibility (Wöhr et al., 2015). Even when the mice underwent partial knockout of PV 

(PV+/-) characterised by lower PV expression, reduced social interaction and communication 

were observed, indicating that even a reduction of PV levels is sufficient to elicit core ASD-

like deficits (Wöhr et al., 2015). Similarly, when PV+/- mice received an early postnatal 

administration of 17-β estradiol, which restored PV expression close to that of a WT mice 

(~90%), sociability deficits and repetitive behaviours were strongly ameliorated (Filice et al., 

2018). These diverse lines of evidence suggest that PV downregulation may be a potential 

convergent endpoint for some types of ASD, not loss of Pvalb neurons. These alternative 

findings are of high significance, since the conclusions of reduced PV expression and 

conclusions of a loss of Pvalb neurons are likely to have opposing effects on E/I balance. 

Functionally, a loss of these inhibitory, Pvalb neurons is expected to result in a reduced 

inhibitory tone. A decrease in PV expression on the other hand results in enhanced paired-pulse 

facilitation, more excitable INs, which also fire more regularly, therefore enhancing inhibition 

(Caillard et al., 2000; Orduz et al., 2013). Still, PV downregulation as a potential convergent 

endpoint in ASD mice models has only been demonstrated in transgenic models and one 

environmentally insulted ASD model (Filice et al., 2016; Lauber et al., 2016; 2018). It is 

therefore not conclusive that such alterations occur across other stains, in particular idiopathic. 

Therefore, this provides a rationale for using an idiopathic mice model of ASD. Investigating 

for PV downregulation in BTBR mice would bridge the findings from that of transgenic and 

environmental models of ASD and aid in understanding the aetiology of ASD, which is 

predominantly idiopathic in nature, providing an even greater rationale for an investigation of 

the BTBR mouse. 

1.6 Idiopathic Mouse Model of ASD  

The study of ASD has proven to be a challenge due to its complex aetiology and vast 

heterogeneity among those affected, with only the behavioural phenotype in common. In order 

to better understand the underlying mechanism and develop interventions, research has begun 

to rely on animal models that exhibit behavioural and neuroanatomical characteristics 
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analogous to those observed in human individuals with ASD (Crawley, 2012). The most 

prevalent mice models which have been used to elucidate the aetiology of ASD have been 

genetically modified, transgenic mice models (Filice et al., 2016; Lauber et al., 2016; 2018), 

which have been indispensable in understanding ASD but despite great efforts, the majority of 

cases the genetic cause remains elusive. It is therefore essential to investigate models of 

idiopathic autism. A particularly strong candidate strain of idiopathic mice models is the BTBR 

T+ Itpr3tf/J mouse (BTBR), which has been validated as a model of ASD in 2008 (McFarlane 

et al., 2008). The BTBR mice exhibit robust and consistent behavioural phenotypes that closely 

resemble the two core symptoms of ASD as defined in the DSM-5 (McFarlane et al., 2008; 

Moy et al., 2007). They demonstrate reduced social approach, reduced ultrasonic vocalisations, 

and low reciprocal social interactions as compared with controls, indicating impairments in 

social interaction and communication (Bolivar et al., 2007; Moy et al., 2007; Scattoni et al., 

2011). Compared to control mice, BTBR mice also display elevated repetitive grooming, 

increased marble burying, and impairments in probabilistic reversal learning (a measure of 

cognitive flexibility) indicating that BTBR display aspects of RRBIs, including repetitive, 

stereotyped behaviour, and insistence on sameness (Amodeo et al., 2012; 2019; Moy et al., 

2007). Notably, the idiopathic nature of the BTBR mice aligns with the reality of the majority 

of ASD cases in humans. The rationale for utilising the BTBR mouse model is to explore 

underlying mechanisms of ASD without the confounding factors associated with known 

mutations or specific genetic backgrounds. This allows for a broader investigation of potential 

aetiological factors that may contribute to the development of ASD leading to a more 

comprehensive understanding of the disorder and possibly uncover a biomarker which may be 

used to establish for early interventions to improve the lives of individuals with ASD. 

1.7 Sex Differences in ASD and BTBR mice 

A high male bias in ASD prevalence has been reported with remarkable consistency, 

with on average males being affected up to four times more than females (Baxter et al., 2015; 

Maenner et al., 2021). The persistence of this observation strongly suggests the presence of 

sex-specific biological factors playing a key role in the aetiology of ASD (Schaafsma & Pfaff, 

2014; Werling & Geschwind, 2013). However, the underlying mechanism that contributes to 

the predominance of males among people with ASDs is yet to be definitively identified. Some 

research proposes that the male-to-female prevalence ratio may be closer to 3:1, with a 

diagnostic gender bias towards males meaning that females who meet the criteria for ASD are 

less likely to receive a clinical diagnosis (Loomes et al., 2017). Sex differences that emerge 
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when each core symptom of ASD is considered individually may account for this. Whilst males 

with a diagnosis of ASD are reported to show greater externalising and pro-social problems, 

(Mandy et al., 2012) females with ASD are reported with higher internalising symptoms, such 

as depression and anxiety (Solomon et al., 2012). Particularly, the higher frequency of RRBIs 

in males than females with ASD (Hattier et al., 2011; Szatmari et al., 2012), is representative 

of the sex differences observed in the idiopathic mouse model BTBR behavioural phenotype. 

(Amodeo et al., 2019; Schwartzer et al., 2013). Although less consistently, male BTBR mice 

have also been suggested to show lower sociability than female counterparts (Amodeo et al., 

2019; Defensor et al., 2011), meaning that such strain may be used to investigate sex-specific 

behaviours of ASD but crucially attempts can be made to investigate sex differences in the 

aetiology in BTBR mice which may predispose ASD-like symptoms. 

 

1.8 Experimental Aims 

The literature which proposes PV downregulation over a loss of Pvalb neurons in ASD 

mice models is becoming increasingly convincing. Ultimately, these two alternative 

conclusions have important implications as they are expected to result in opposing effects on 

E/I balance. The aim of this study was to utilise IHC and Western Blotting techniques to 

investigate whether BTBR, an idiopathic mice model of ASD, also presents with a decreased 

expression of the Ca2+ binding protein PV. This investigation would allow us to assess whether 

PV downregulation is also a convergent endpoint for idiopathic mice models of ASD, which 

would make a great contribution to our understanding of human ASD aetiology since 

investigation of parvalbumin downregulation has only been demonstrated in transgenic and 

environmental mice models of ASD. In this current study, the focus was on whether the 

alterations observed may be liable for the symptoms of RRBIs that are present in ASD, and of 

which BTBR mice exhibit in excess. Regulation of executive functions, action selection, and 

motor control are just some of the functions of the striatum (Balleine et al., 2007), with research 

strongly postulating that striatal dysfunction may underlie the symptoms of RRBIs observed in 

ASD (Fuccillo, 2016). Furthermore, the striatal regions have consistently shown to be a hotspot 

region for the downregulation of PV in previously investigated ASD mice models (Filice et al., 

2016; Lauber et al., 2016; 2018). Therefore, this current study similarly aimed to investigate 

for these alterations, focusing on the dorsal striatum. The second aim of this study was to 

investigate subregional differences between the DMS and DLS regions, since functionally, the 

two regions contribute to two distinctive instrumental learning processes (Balleine et al., 2009). 
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While the DMS is largely involved in goal-directed behaviour (Yin et al., 2005; 2006), the DLS 

is involved in habit formation and behavioural flexibility (Yin et al., 2004). From this one can 

speculate that RRBIs may underlie alterations in the two regions differently, or only one region 

may be observed with alterations. The third and last aim was to investigate sex differences in 

BTBR mice. This is of high importance because male BTBR mice exhibit higher rates of 

RRBIs than female BTBR mice, which express comparable rates to that of control mice 

(Amodeo et al., 2019). Since BTBR female mice do not display equal RRBI profiles expressed 

by male counterparts, it may be suspected that aetiology may also differ, yet this has been 

overlooked by research which investigate predominantly male mice. Although highly 

speculative, if differences are observed between the sexes, extrapolations can be made that 

such differences may be the underlying mechanism of RRBI symptoms in ASD since both 

sexes show similar deficits in social communication and interaction, the other core symptom 

of human ASD.  
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1.9 Hypotheses 

1. BTBR mice will have a significantly lower density of PV+ cells than C57 mice in the 

dorsal striatum. 

2. There will be no significant difference in the density of VVA+ cells between BTBR and 

C57 mice in the dorsal striatum. 

3. BTBR mice will have a significantly lower percentage of VVA+ cells with PV expression 

than C57 mice in the dorsal striatum. 

4. BTBR mice will have a significantly higher percentage of PV+ cells surrounded by VVA 

than C57 mice in the dorsal striatum. 

5. C57 mice will have a higher density of PV+ cells in the DLS than in the DMS. 

6. C57 mice will have a higher density of VVA+ cells in the DLS than in the DMS. 

7. C57 mice will have a higher percentage of VVA+ cells with PV expression in the DLS 

than in the DMS. 

8. C57 mice will have a higher percentage of PV+ surrounded by VVA in the DLS than in 

the DMS. 

9. BTBR mice will have a significantly lower density of PV+ cells than C57 mice in the 

DMS 

10. There will be no significant difference in the density of VVA+ cells between BTBR and 

C57 mice in the DMS. 

11. BTBR mice will have a significantly lower percentage of VVA+ cells with PV expression 

than C57 mice in the DMS 

12. BTBR will have a significantly higher percentage of PV+ cells surrounded by VVA than 

C57 mice in the DMS.  

13. Male BTBR mice will have a higher density of PV+ cells than female BTBR mice in the 

DLS 

14. Male BTBR mice will have a lower percentage of PV+ cells surrounded by VVA than 

female BTBR mice in the DMS  

15. Male BTBR mice will have a lower percentage of PV+ cells surrounded by VVA than 

female BTBR mice in the DMS  

16. PV expression levels will be significantly lower in the striatum of BTBR mice compared 

to C57 mice. 
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2.0 MATERIALS AND METHODS 

2.1 Animals 

All mice brains were purchased from The Jackson Laboratory (Bar Harbor, Maine, 

USA). All brains were harvested from 8-week-old mice. Five right hemispheres from male 

BTBR T+ Itpr3tf/J mice (BTBR, strain no. 002282) and five right hemispheres from male 

C57L/J mice (C57, strain no. 000668) were harvested and snap frozen at The Jackson 

Laboratory, later stored at -80°C until dissection and used for western blotting analysis.  

For fluorescent IHC, 10 left hemispheres from BTBR mice (5 male & 5 female) and 10 

left hemispheres from C57 mice (5 male & 5 female) were perfusion-fixed then fixed with 4% 

paraformaldehyde for additional 24 to 48 h. The use of this secondary tissue has been ethically 

approved by AWERB 19 04. 

2.2 Tissue Dissection  

Dissections were carried out on a chilled glass plate, placed on ice. Left and right 

hemispheres were separated along the midline, after which only the right hemisphere was 

further micro-dissected. First, the cerebellum was cut off along the brain stem. The genu of the 

corpus callosum, fornix and anterior commissure were located (see Figure 1A). With the use 

of a razor blade a coronal incision was made anterior of the genu of the corpus callosum (at 

approx. 1.10mm Bregma), yielding tissue containing prefrontal cortex. A second coronal 

incision was made posterior of the anterior commissure and fornix (at approx. -0.10mm 

Bregma), at which the cut yielded a disk, which contained the striatum encapsuled by the 

corpus callosum and septal regions. The cortex was separated from the striatum along the 

corpus callosum, the septum was also separated away by gently peeling away medial regions 

of the lateral ventricle from the striatum, striatum was then collected (see Figure 1B). The 

cortex was peeled away from the midline to expose the hippocampus, after which the darker in 

colour hippocampus was dissected away from the cortex using a scalpel. At this point, the 

cortex would be pulled away from the midbrain structures to also be collected. All tissue 

samples were placed into 1.5ml Eppendorf tubes and stored at -80°C. For a demonstration of 

the full dissection procedure see Appendix A.  
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Figure 1 | Mouse Brain Atlas adapted from Franklin and Paxinos (2007) with visual representation of  

striatal dissection procedure. (A) Sagittal section of mouse brain at 0.12mm lateral. Incisions made 

posterior of the genu of the corpus callosum (approx. 1.10mm bregma) and posterior of the anterior 

commissure and fornix (approx. -0.10mm bregma), yielded a disk which contained the striatum 

(shaded light blue). (B) Coronal section of mouse brain at 1.10mm bregma. Striatum (shaded light 

blue region) was dissected away from the cortex along the corpus callosum and septum along the 

lateral ventricle. Triangles indicate the corpus callosum (blue), genu of the corpus callosum (green), 

fornix (purple), anterior commissure (red), septal regions (yellow), and lateral ventricle (orange). 

Figure 1  

A 

B 
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2.3 Tissue Preparation and Immunohistochemistry  

After dissecting the post-fixed brains along the midline, the left hemispheres were 

cryopreserved in increasing concentrations of sucrose-PBS, 15% and 30% respectively, at 4°C. 

The hemispheres were then embedded in an optimal cutting temperature (OCT) medium with 

the orientation optimal for coronal sectioning and allowed to freeze. The frozen OCT-

embedded hemisphere was adhered to the cryostat platform with the use of room temperature 

OCT and placed into the cryostat chamber to freeze. Hemispheres were placed into the cutting 

position and the angle of the blade adjusted. Coronal sections were cut rostro-caudally into 

20μm sections using the cryostat. 

Free-floating sections were first incubated with PBS 0.01M plus 0.3% Triton X-100 

(TX) with 5% normal goat serum (NGS) and 2.5% bovine serum albumin (BSA) for 30 min at 

room temperature (RT), then washed three times with PBS 0.01M for 10 minutes each. 

Incubated with anti-PV Guinea pig antibody (Synaptic Systems, Cat No. 195004) at a dilution 

1:2000 and Vicia villosa agglutinin (Vector labs, Biotinylated - B-1235-2) at a dilution 1:200 

in PBS 0.01M plus TX 0.3%, 5% NGS and 2.5% BSA overnight at RT. Sections were washed 

twice with PBS 0.01M and incubated protected from light at RT with Alexa 488 goat anti-

Guinea pig (1:500 dilution, abcam, Ab150185) and Streptavidin, Texas Red (1:200 dilution, 

Vector Labs, SA-5006-1) in PBS 0.01M plus TX 0.3%, 5% NGS and 2.5% BSA for 2 h. The 

sections were washed two more times with PBS 0.01M for 10 min each before mounted onto 

a slide and left to dry at RT for 15-30 min in the dark. The sections were cover slipped with 

Vectashield mounting medium containing DAPI. Sections were stored at 4°C until 

visualisation. 

2.3 Tissue Selection 

In order to obtain sections with the striatum, Franklin and Paxinos (2007) mouse brain 

atlas was used to identify and select the coronal slices between the bregma 1.10mm and -

0.10mm. The striatum, depicted as the ‘CPu’ can be observed to be present between such 

bregma ranges (Figure 2A & B). Slices were identified based on the appearance of the corpus 

callosum, lateral ventricle and anterior commissure. In C57 mice, at bregma 1.10mm, the 

corpus callosum began to merge clearly with the medial eminence. This observation was 

maintained as a criteria through to bregma – 0.10mm. In BTBR mice, there was no merging 

with the medial eminence since they lack the corpus callosum (Stephenson et al., 2011) 
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however the striatum was capsuled by white matter tracts from the corpus callosum to a degree 

which was comparative to that of a bregma in C57 mice. The lateral ventricle was present, 

although to a less clear extent in BTBR mice, and slices were selected up until the merge with 

the dorsal third ventricle. The anterior commissure at bregma 1.10mm was clearly observed in 

both C57 and BTBR mice. Slices were obtained until the anterior commissure begins to finish 

meeting the midline at bregma -0.10mm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 | Mouse brain atlas adapted from Franklin and Paxinos (2007), indicating regions used to 

distinguish presence of the striatum. (A) Coronal section of mouse brain at 1.10mm bregma. (B) 

Coronal section of a mouse brain at -0.10mm bregma. Triangles indicate the striatum (grey), corpus 
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B 
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callosum (green), lateral ventricle (blue), dorsal third ventricle (yellow), and anterior commissure 

(red).  

 

2.4 Image Acquisition & Region of Interest Selection 

PV+ and VVA+ cells were visualised using a Zeiss Cell Observer inverted microscope 

with a motorised x-y stage and coupled to an AxioCam camera. The left hemispheres were 

imaged using a tile function and a 20x dry lens. An image was with a height: 1500µm and 

width: 2500μm, captured the DS, corpus callosum, and lateral ventricle. See Appendix B for 

details of used filter sets and their corresponding excitation and emission wavelength 

spectrums.  

Fiji software (ImageJ 2.9.0) was used to determine the ROIs (DMS and DLS). First, a 

vertical 1mm measurement from underneath the corpus callosum was taken. From the bottom 

of that measurement, a horizontal measurement from the edge of the lateral ventricle to the 

arch of the corpus callosum established the width of the DS (see Figure 3A). The width 

determined the diameter of the ROIs. Each slice had the width of the DS determined and ROI 

calculated to possess a diameter which is 35% of the DS width. The DMS ROI is then 

positioned laterally to the lateral ventricle and inferior to the corpus callosum. The DLS was 

placed further laterally to the DMS ROI ensuring that the two regions do not overlap, with 

close proximity to the corpus callosum (see Figure 3B). 
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Figure 3 | Representative PV immunofluorescence images from the striatum of a C57 mouse, 

visualising the selection process of ROIs (DMS and DLS). (A) Vertical 1mm measurement from the 

most dorsal region of the striatum was taken (under the corpus callosum; CC), after which a 

horizontal measurement captured the width of the dorsal striatum (DS) from the beginning of the 

lateral ventricle (LV) to the edge of the CC. (B) The diameter of the ROIs were determined by 35% of 

the DS width. DMS ROIs were determined, with close proximity, lateral to the LV and inferior to the 

CC. DLS ROIs were determined laterally to that of the DMS, without overlap, and close proximity to 

the CC. Scale bar: 500µm. 
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2.5 Counting Criteria  

PV+ and VVA+ cells were counted independently and according to the following 

predefined criteria (1) presence of a DAPI stained nucleus; (2) well defined and roundish PNN 

for VVA+ cells, and (3) PV staining surrounding the DAPI stained nucleus for PV+ cells, 

examples are shown in Figure 4. Additionally, to meeting the criteria as a cell, these must also 

be present within or on the border of the ROI.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 | Representative images of PV+ cells, VVA+ cells, and PV+VVA+ co-localisation from 

mouse dorsal striatum (DS), matching the predefined criteria. (A) PV+ cells (green), VVA+ cells 

(red), merged images showing PV and VVA overlapping in the DS of a C57 mouse. Slices were 

counterstained with DAPI (blue). (B) Enlarged images of the boxes outlined in A. White triangles 

point at in focus PV+VVA+ double positive cells, with a clearly stained DAPI nucleus. Scale bar: (A) 

50μm; (B) 20μm. 

  

A merge + DAPI VVA PV merge 

merge + DAPI VVA merge B PV 

Figure 4  
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2.6 Cell Density & Colocalisation Percentage 

 Cell counts of PV+ and VVA+ cells were converted to cell densities. Area of the 

ROIs were determined with known diameter using the equation:  

𝐴 =  
1

4
𝜋𝑑2 

Where A is area (mm2), and d is diameter (mm). Cell counts were divided by the area 

of their respective ROI to obtain density (cells/mm2). % of PV+ cells surrounded by VVA 

was obtained by dividing the number of PV+VVA+ colocalised cells by the number of PV+ 

cells and multiplying by 100 to obtain a percentage. % of VVA+ cells with PV expression 

was obtained by dividing the number of PV+VVA+ colocalised cells by the number of 

VVA+ cells and multiplied by 100 to obtain a percentage. 

2.7 Protein Lysate Preparation 

400μl of homogenisation buffer [10mM Tris pH 7.4, 100mM NaCl, 1mM 

Ethylenediaminetetraacetic acid (EDTA), One tablet of protease inhibitors per 10ml of buffer] 

was added to previously dissected striatal tissue. Tissue was homogenised manually with a 

mini pestle for 10 sec intervals followed by resting for 10 sec on ice and repeated for 5 minutes. 

Considering the concentrations of reagents in the homogenisation buffer, a series of reagents 

were added to yield final concentrations of RIPA lysis buffer [50mM Tris pH 7.5, 150mM 

NaCl, 5mM EDTA, 1% sodium dodecyl sulfate (SDS), 1% Triton X-100, 0.5% Sodium 

deoxycholate]. The lysate was rotated for 30 minutes on the Stuart Rotator at 40 rpm at 4°C, 

followed by vortexing the lysate for 5 sec then resting on ice for 5 sec, repeated for 1 min. 

Lysate was centrifuged at 14,000 rpm for 10 min at 4°C after which the supernatant was 

collected into a clean 1.5ml microcentrifuge tube, centrifuged once more at 14,000 rpm (20,817 

rcf; Eppendorf Centrifuge 5430R) for 10 min at 4°C. Supernatant was collected and stored at -

80°C. 

2.8 BCA Protein Assay  

In order to quantify total amount of proteins in lysates the Pierce Bicinchoninic Acid 

(BCA) protein assay was carried out. Using the Radioimmunoprecipitation assay (RIPA) buffer 

and Bovine Serum Albumin (BSA) 2mg/ml, serial dilutions of BSA were prepared ranging 

from 0mg/ml (RIPA only) to 2mg/mL. 20μl serial dilutions of BSA and of each of the 10 
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lysates were added to the wells of a transparent flat bottom 96 well plate. Working reagent was 

achieved by combining reagent A and B (50:1). 200μl of working reagent was pipetted into the 

wells with the lysate and BSA dilutions. Plate was covered in foil, placed on a plate shaker for 

5 min and then incubated for 30 min at 37°C. Absorbance measurements were taken using a 

Tecan Spark plate reader at a wavelength of 562nm. A standard curve graph of BSA serial 

dilutions was produced (Figure 5), which was used to calculate the unknown concentrations 

of the lysate samples and determine the volume of each lysate required to obtain 10µg of 

proteins (Appendix C). 

 

 

 

 

 

 

 

 

 

 

Figure 5 | BCA assay standard curve of Bovine Serum Albumin (BSA) concentration (µg/µL) versus 

absorbance (AU). Absorbance measurements taken at a wavelength of 562nm. 

 

2.9 SDS-PAGE Gel Electrophoresis  

10μg of proteins from each lysate was added to an equal volume of 2X Laemmli buffer 

[125mM Tris-HCl pH 6.8, 4% SDS, 20% Glycerol, 0.02% Bromophenol blue, 10% 2-

mercaptoethanol (added immediately before use)]. Samples were heated at 95°C for 5 min at 

300 rpm using an Eppendorf Thermomixer C. Reduced and denatured proteins were loaded 

into the wells of a 12% TGX (Tris-Glycine eXtended) gel and ran by filling the tank with the 

running buffer (BioRad, Tris/Glycine/SDS) at 50V for 15 minutes, or until the dye front has 

Figure 5  
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passed the wells of the gel, after which the voltage was turned up to 100V and ran until dye 

front was almost reaching the bottom of the gel (~1 h).  

2.10 Wet Transfer 

Nitrocellulose membrane was cut to the appropriate dimensions (8.5 x 6.5cm) and 

submerged for 10 mins in Towbin transfer buffer [25mM Tris pH 8.3, 192mM Glycine, 20% 

Methanol]. The transfer cassette was assembled as appropriate using 2 sponges and 2 filter 

papers, ensuring that the gel is placed closer to the cathode (-) electrode side (black) and the 

membrane closer to the anode (+) electrode side (red), then inserted into the transfer tank with 

Towbin transfer buffer and an ice block. Transfer was run at 150mA for 1 h at 4°C. 

2.11 Western blotting  

After the transfer, the membranes were washed 3 times for 5 min with TBS with 0.1% 

Tween (TBS-T). The membranes were initially blocked at RT for 1 h in 5% non-fat milk TBS-

T, followed by incubation with guinea pig anti-PV primary antibody (Synaptic Systems, Cat 

no: 195004) diluted 1:2000 in TBST and 2% non-fat milk with vertical agitation at RT for 1 h. 

Membranes were rinsed 3 times for 5 mins with TBS-T before being incubated for 1 h at RT 

with anti-guinea pig IgG HRP-conjugated secondary antibody (Proteintech, Cat no: SA00001-

12) diluted 1:10,000 in TBST and 2% non-fat milk. Membranes were washed 3 times for 5 min 

with TBS-T before development of PV bands using the enhanced chemiluminescence (ECL) 

detection method. 

In order to obtain β-actin bands as loading controls, similar steps were repeated. 

Membranes were washed 3 times for 5 min with TBS with 0.1% Tween (TBS-T). The 

membranes were re-blocked at RT for 1 h in 5% non-fat milk TBS-T, followed by incubation 

with rabbit anti-β-actin primary antibody (Proteintech, Cat no: 20536-1-AP) diluted 1:10,000 

in TBST and 2% non-fat milk with vertical agitation at RT for 1 h. Membranes were rinsed 3 

times for 5 mins with TBS-T before being incubated for 1 h at RT with anti-rabbit IgG HRP-

conjugated secondary antibody (Proteintech, Cat no: SA00001-2) diluted 1:10,000 in TBST 

and 2% non-fat milk. Membranes were washed 3 times for 5 min with TBS-T before 

development of β-actin bands using ECL detection method. 

SuperSignal™ West Pico PLUS Chemiluminescent Substrate (ThermoFisher 

Scientific, Cat no. 34580) was used for the detection method. This involved mixing reagent 1 

(Stable Peroxide) and reagent 2 (Luminol/Enhancer) into a 1:1 ratio for 1 minute. Then 
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incubating the membrane in the solution for another 4 min. The membrane was imaged using 

BioRad Chemidoc. 

2.12 Blot Quantification  

To quantify the levels of PV from Western Blot images, ImageLab software (version 

6.1, Bio-Rad Laboratories) was used to measure the intensity of PV bands and background 

noise for each lane. The background intensity was then subtracted from its corresponding lane 

with PV bands to reach an adjusted intensity of PV. The same procedure was repeated for the 

loading control, β-Actin. The normalisation factor was determined by dividing each lane’s 

adjusted β-Actin intensity by the highest adjusted β-Actin intensity on that membrane. To 

obtain a normalised experimental signal, the intensity of each PV bands were divided by their 

corresponding lane normalisation factor. An average of PV normalised signal (100%) from 

C57 tissue was calculated for each membrane. Then individual samples were converted to 

percentage of C57 tissue by dividing by the average PV normalised signal (100%) from C57 

tissue. An average was obtained from 3 separate experiments. PV levels are presented as a 

percentage of C57 tissue, where C57 tissue sample is defined as 100%. 

2.13 Statistical Analysis  

GraphPad Prism Software (version: 10.1.1, San Diego, USA) was used to analyse all 

data. IHC data were first checked for normal distribution by the Shapiro-Wilk test, then 

analysed with a Two-way ANOVA. Tukey’s test was performed as a post hoc test. A one-

tailed, unpaired t-test was used to compare PV protein levels between animal models. A p-

value < 0.05 was considered statistically significant.   
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3.0 RESULTS 

3.1 Immunohistochemistry - Dorsal Striatum 

To begin, the results of the IHC analysis shows the population density of PV+ cells (see 

Table 1), the density of VVA+ cells (see Table 2), the percentage of VVA+ cells with PV 

expression (see Table 3), and percentage of PV+ cells surrounded by VVA (see Table 4) all 

of which are present in the DS in C57 and BTBR mice. This analysis investigated whether 

there were differences between BTBR mice and control, C57 mice at the level of the DS before 

investigating subregions. 

Table 1 | Mean and standard deviation (SD) of PV+ cell density (cells/mm2) in the Dorsal Striatum of 

male and female, C57 and BTBR mice.  

 PV+ Cell Density (cells/mm2) 

 C57 (SD) BTBR (SD) Row Means (SD) 

Male 26.64 (3.74) 22.60 (3.56) 24.62 (4.05) 

Female 26.70 (2.00) 18.96 (2.38) 22.83 (4.57) 

Column Means 26.67 (2.80) 20.78 (3.43)  

 

Table 2 | Mean and standard deviation (SD) of VVA+ cell density (cells/mm2) in the Dorsal Striatum 

of male and female, C57 and BTBR mice. 

 VVA+ Cell Density (cells/mm2) 

 C57 (SD) BTBR (SD) Row Means (SD) 

Male 30.62 (4.28) 27.46 (4.02) 29.04 (4.25) 

Female 28.94 (2.19) 28.48 (2.96) 28.71 (2.47) 

Column Means 29.78 (3.32) 27.97 (3.38)  

 

Table 3 | Mean and standard deviation (SD) of Percentage of VVA+ cells with PV expression in the 

Dorsal Striatum of male and female, C57 and BTBR mice. 

 % of VVA+ cells with PV expression 

 C57 (SD) BTBR (SD) Row Means (SD) 

Male 64.86 (6.29) 56.54 (5.11) 60.70 (6.95) 

Female 75.22 (5.18) 60.18 (3.97) 67.70 (9.04) 

Column Means 70.04 (7.71) 58.36 (4.72)  
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Table 4 | Mean and standard deviation (SD) of Percentage of PV+ cells surrounded by VVA in the 

Dorsal Striatum of male and female, C57 and BTBR mice.  

 % of PV+ cells surrounded by VVA 

 C57 (SD) BTBR (SD) Row Means (SD) 

Male 73.54 (6.48) 69.56 (6.81) 71.55 (6.61) 

Female 80.52 (2.22) 90.58 (1.62) 85.55 (5.61) 

Column Means 77.03 (5.86) 80.07 (12.02)  

 

A two-way ANOVA was performed to analyse the effects of animal model and sex on 

PV+ cell density in the DS. Simple main effects analysis showed that animal model did have a 

significant effect on the density of PV+ cells (F(1,16) = 19.07, p < .001, Figure 6A). These 

results suggest that BTBR mice present with a ~22% decrease in PV+ cell density compared 

to control mice in the DS. Simple main effects analysis showed that sex did not have a 

statistically significant effect on the density of PV+ cells (F(1,16) = 1.76, p = .203). A two-way 

ANOVA revealed that there was no statistically significant interaction between the effects of 

animal model and sex (F(1,16) = 1.88, p = .189).  

Post hoc testing using Tukey’s multiple comparisons test indicated that the density of 

PV+ cells in the DS was significantly lower in female BTBR mice (18.96 ± 2.38 cells/mm2) 

than in female C57 mice (26.70 ± 2.00 cells/mm2; p = .005, Figure 6E). However, there was 

no significant difference between the density of PV+ cells in the DS of male BTBR mice (22.60 

± 3.56 cells/mm2) and male C57 mice (26.64 ± 3.74 cells/mm2; p = .189, Figure 6E). These 

results suggest that female BTBR mice have a ~29% decrease in PV+ cell density in the DS 

compared to female control mice. Compared to female controls, male BTBR mice also present 

with a decreased density of PV+ INs but such reduction is not significant. 

A two-way ANOVA was performed to analyse the effects of animal model and sex on 

VVA+ cell density in the DS (Figure 6B). Simple main effects analysis showed that animal 

model did not have a statistically significant effect on the density of VVA+ cells (F(1,16) = 1.36, 

p = .260, Figure 6F). Simple main effects analysis showed that sex did not have a statistically 

significant effect on the density of VVA+ cells (F(1,16) = 0.04, p = .834). There was no 

statistically significant interaction between the effects of animal model and sex (F(1,16) = 0.76, 

p = .397). These results suggest that the density of PNNs are unaltered between BTBR and 

control mice and between sexes in the DS. 
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A two-way ANOVA was performed to analyse the effects of animal model and sex on 

the percentage of VVA+ cells with PV expression in the DS. Simple main effects analysis 

showed that animal model did have a significant effect on the percentage of VVA+ cells with 

PV expression (F(1,16) = 25.18, p < .001, Figure 6C). These results suggest that, compared to 

controls, BTBR mice have ~12% less VVA+ cells with PV expression. Simple main effects 

analysis showed that sex also had a significant effect on the percentage of VVA+ cells with PV 

expression (F(1,16) = 9.05, p = .008), suggesting that female mice have higher percentage of 

VVA+ cells with PV expression than male counterparts. There was no statistically significant 

interaction between the effects of animal model and sex (F(1,16) = 2.08, p = .168). 

Post hoc testing using Tukey’s multiple comparisons test indicated that the percentage 

of VVA+ cells with PV expression in the DS was significantly lower in female BTBR mice 

(60.18 ± 3.97%) than in female C57 mice (75.22 ± 5.18%; p = .002, Figure 6G). The 

percentage of VVA+ cells with PV expression was also significantly lower in male C57 mice 

(64.86 ± 6.29%) than in female C57 mice (75.22 ± 5.18%; p = .029, Figure 6G). These results 

suggest that female BTBR mice have ~15% less VVA+ cells with PV expression, whilst male 

BTBR mice have ~10% less VVA+ cells with PV expression, which coincides with the 

decreased density of PV+ cells but unaltered density of VVA+ cells. Overall suggesting that 

BTBR mice, both male and female, show a decreased expression of PV in the DS, not a loss of 

Pvalb INs themselves.  

A two-way ANOVA was performed to analyse the effects of animal model and sex on 

the percentage of PV+ cells surrounded by VVA in the DS. Simple main effects analysis 

showed that animal model did not have a significant effect on the percentage of PV+ cells 

surrounded by VVA (F(1,16) =1.92, p = .185, Figure 6D). Simple main effects analysis showed 

that sex did have a significant effect on the percentage of PV+ cells surrounded by VVA (F(1,16) 

= 40.67, p < .001). These results suggest that female mice have ~14% more PV+ cells 

surrounded by VVA in the DS. There was a statistically significant interaction between the 

effects of animal model and sex (F(1,16) = 10.23, p = .006).  

Post hoc testing using Tukey’s multiple comparisons test indicated that the percentage 

of PV+ cells surrounded by VVA in the DS was significantly higher in female BTBR mice 

(90.58 ± 1.62%) than in male BTBR mice (69.56 ± 6.81%; p <.001, Figure 6H). There was no 

significant difference observed between male and female C57 mice, suggestinf that BTBR mice 

possess a sex-linked difference in colocalisation of PV+ cells with PNNs. The percentage of 
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PV+ cells surrounded by VVA was also significantly higher in female BTBR mice (90.58 ± 

1.62%) than in female C57 mice (80.52 ± 2.22%; p = .024, Figure 6H). This in turn shows that 

female BTBR mice have ~10%  more PV+ INs ensheathed by PNNs compared to control 

female counterparts.  

In conclusion, we observe that at the level of the DS, BTBR mice present with a 

decreased expression of PV rather than a loss of Pvalb INs. We are able to conclude this from 

the reduced density of PV+ INs but an unaltered density of VVA+ cells, visualising PNNs. 

BTBR mice also show a reduced percentage of VVA+ cells with PV expression, therefore 

further supporting the results of this study that in fact BTBR present with a downregulation of 

PV. The percentage of PV+ cells surrounded by VVA seems to be unaltered in the DS of BTBR 

mice, however upon further investigation female BTBR mice were found to have colocalisation 

than male BTBR mice. 
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Figure 6 | Bar charts showing, irrespective of sex, mean (±SD) PV+ cell density (A), mean (±SD) 

VVA+ cell density (B), mean (±SD) percentage of VVA+ cells with PV expression (C) and mean 

(±SD) percentage of PV+ cells surrounded by VVA (D) in the Dorsal Striatum of C57 (grey) and 

BTBR (white) mice. (E-H) Bar charts show differences between male and female mice. Asterisks 

represent * p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001, respectively. 
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3.2 Subregional & Sex Differences 

Focusing on the subregional differences in the DS, results from IHC analysis show the 

population density of PV+ cells (see Table 5), the density of VVA+ cells (see Table 6), the 

percentage of VVA+ cells with PV expression (see Table 7), and percentage of PV+ cells 

surrounded by VVA (see Table 8), present in the DMS and DLS of male and female, C57 and 

BTBR mice.  

Table 5 | Mean and standard deviation (SD) of PV+ cell density (cells/mm2) in the Dorsomedial 

(DMS) and Dorsolateral Striatum (DMS) of male and female, C57 and BTBR mice. 

  PV+ Cell Density (cells/mm2) 

  DMS (SD) DLS (SD) Row Means (SD) 

 

C57 

Male 24.92 (3.89) 28.30 (3.67) 26.61 (3.99) 

Female 26.68 (2.04) 26.64 (3.83) 26.66 (2.89) 

Column Means 25.80 (3.07) 27.47 (3.64)  

 

BTBR 

Male 14.66 (3.25) 30.46 (4.70) 22.56 (9.16) 

Female 13.68 (1.59) 24.20 (3.32) 18.94 (6.06) 

Column Means 14.17 (2.47) 27.33 (5.06)  

 

Table 6 | Mean and standard deviation (SD) of VVA+ cell density (cells/mm2) in the Dorsomedial 

(DMS) and Dorsolateral Striatum (DMS) of male and female, C57 and BTBR mice. 

  VVA+ Cell Density (cells/mm2) 

  DMS (SD) DLS (SD) Row Means (SD) 

 

C57 

Male 31.90 (5.45) 29.26 (3.40) 30.58 (4.51) 

Female 28.80 (2.68) 29.04 (4.58) 28.92 (3.54) 

Column Means 30.35 (4.37) 29.15 (3.80)  

 

BTBR 

Male 28.32 (3.00) 26.54 (5.11) 27.43 (4.06) 

Female 27.40 (4.35) 29.54 (2.07) 28.47 (3.40) 

Column Means 27.86 (3.56) 28.04 (4.00)  
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Table 7 | Mean and standard deviation (SD) Percentage of VVA+ cells with PV expression in the 

Dorsomedial (DMS) and Dorsolateral Striatum (DMS) of male and female, C57 and BTBR mice. 

  % of VVA+ cells with PV expression 

  DMS (SD) DLS (SD) Row Means (SD) 

 

C57 

Male 49.60 (10.57) 80.02 (2.22) 64.81 (17.57) 

Female 67.56 (8.76) 82.80 (6.93) 75.18 (10.96) 

Column Means 58.58 (13.17) 81.41 (5.07)  

 

BTBR 

Male 34.46 (6.08) 78.58 (6.10) 56.52 (23.95) 

Female 45.96 (4.57) 74.34 (5.58) 60.15 (15.71) 

Column Means 40.21 (7.90) 76.46 (5.95)  

 

Table 8 | Mean and standard deviation (SD) Percentage of PV+ cells surrounded by VVA in the 

Dorsomedial (DMS) and Dorsolateral Striatum (DMS) of male and female, C57 and BTBR mice. 

  % of PV+ cells surrounded by VVA 

  DMS (SD) DLS (SD) Row Means (SD) 

 

C57 

Male 63.42 (12.85) 83.62 (2.28) 73.52 (13.75) 

Female 72.08 (4.46) 88.90 (3.38) 80.49 (9.62) 

Column Means 67.75 (10.15) 86.26 (3.89)  

 

BTBR 

Male 70.62 (9.27) 68.46 (5.69) 69.54 (7.34) 

Female 90.24 (2.66) 90.88 (4.19) 90.56 (3.32) 

Column Means 80.43 (12.17) 79.67 (12.72)  

 

3.3 Subregional & Sex Differences in C57 mice  

After looking at the overall DS for differences between the C57 and BTBR mice, we 

next focus on investigating for differences between the subregions (DMS and DLS) and also 

for any differences that may be due to sex of the C57 mice. A two-way ANOVA was performed 

to analyse the effects of region and sex on PV+ cell density in C57 mice (Figure 7A). Simple 

main effects analysis showed that region did not have a statistically significant effect on the 

density of PV+ cells (F(1,16) = 1.18, p = .294). Simple main effects analysis also showed that 

sex did not have a significant effect on the density of PV+ cells (F(1,16) < 1, p = .975). There 

was no statistically significant interaction between the effects of region and sex (F(1,16) = 1.23, 

p = .283). Overall, these results suggest that there are no differences in PV+ IN densities 

between regions and sexes in C57 mice. 
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A two-way ANOVA was performed to analyse the effects of region and sex on VVA+ 

cell density in C57 mice (Figure 7B). Simple main effects analysis showed that region did not 

have a statistically significant effect on the density of VVA+ cells (F(1,16) = 0.41, p = .529). 

Simple main effects analysis also showed that sex did not have a significant effect on the 

density of PV+ cells (F(1,16) = 0.79, p = .386). There was no statistically significant interaction 

between the effects of region and sex (F(1,16) = 0.60, p = .451). Overall, these results suggest 

that there are no differences in PNN densities between regions and sexes in C57 mice. 

A two-way ANOVA was performed to analyse the effects of region and sex on the 

percentage of VVA+ cells with PV expression in C57 mice. Simple main effects analysis 

showed that sex did have a statistically significant effect on the percentage of VVA+ cells with 

PV expression (F(1,16) = 8.91, p = .009). These results suggest that across both regions, the 

percentage of VVA+ cells with PV expression was significantly higher in female mice (75.18 

± 10.96%) compared to male mice (64.81 ± 17.57%). Simple main effects analysis showed that 

region also had a significant effect on the percentage of VVA+ cells with PV expression (F(1,16) 

= 43.18, p < .001). These results suggest that across both sexes, the percentage of VVA+ cells 

with PV expression was significantly higher in the DLS (81.41 ± 5.67%) compared to the DMS 

(58.58 ± 13.17%). There was also a statistically significant interaction between the effects of 

region and sex (F(1,16) = 4.77, p = .044). 

Post hoc testing using Tukey’s multiple comparisons test indicated that the percentage 

of VVA+ cells with PV expression in male C57 mice was significantly higher in the DLS 

(80.02 ± 2.22%) than in the DMS (49.60 ± 10.57%; p < .001, Figure 7C). Likewise, the 

percentage of VVA+ cells with PV expression in female C57 mice was significantly higher in 

the DLS (82.80 ± 6.93%) than in the DMS (67.56 ± 8.76%; p = .031, Figure 7C). These results 

suggest that in both sexes, C57 mice have a greater percentage of VVA+ cells with PV 

expression in the DLS than in the DMS. Additionally, female C57 mice (67.56 ± 8.76%) have 

a significantly higher percentage of VVA+ cells with PV expression in the DMS compared to 

C57 males (49.60 ± 10.57%; p = .010, Figure 7C), which suggest that C57 mice have a sex 

linked difference in the DMS in terms of PV expression.  

A two-way ANOVA was performed to analyse the effects of region and sex on the 

percentage of PV+ cells surrounded by VVA in C57 mice. Simple main effects analysis showed 

that sex did have a statistically significant effect on the percentage of PV+ cells surrounded by 

VVA (F(1,16) = 4.82, p = .043). These results suggest that across both regions, the percentage 
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of PV+ cells surrounded by VVA was significantly higher in female mice (80.49 ± 9.62%) 

compared to male mice (73.52 ± 13.75%). Simple main effects analysis showed that region 

also had a significant effect on the percentage of PV+ cells surrounded by VVA (F(1,16) = 34.00, 

p < .001). These results suggest that across both sexes, the percentage of PV+ cells surrounded 

by VVA was significantly higher in the DLS (86.26 ± 3.89%) compared to the DMS (67.75 ± 

10.15%). There was no statistically significant interaction between the effects of region and 

sex (F(1,16) < 1, p = .602). 

 Post hoc testing using Tukey’s multiple comparisons test indicated that the percentage 

of PV+ cells surrounded by VVA in male C57 mice was significantly higher in the DLS (83.62 

± 2.28%) than in the DMS (63.42 ± 12.85%; p = .002, Figure 7D). Likewise, the percentage 

of PV+ cells surrounded by VVA in female C57 mice was significantly higher in the DLS 

(88.90 ± 3.38%) than in the DMS (72.08 ± 4.46%; p = .009, Figure 7D). These results suggest 

that regardless of sex, PV+ INs in the DLS of C57 mice are more colocalised with PNNs than 

in the DMS, male mice having ~20% more PV+ INs colocalised with PNNs and female mice 

with ~17% more PV+ INs colocalised with PNNs in the DLS.  

In conclusion, C57 mice were found to not possess any significant differences between 

region and sex in terms of PV+ and VVA+ cells densities. However, in terms of VVA+ cells 

with PV expression, we observe lower percentages in the DMS compared to the DLS. Finally, 

the results show that the percentage of PV+ cells surrounded by VVA was higher in the DLS 

than in the DMS for both sexes in C57 mice.  
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Figure 7 | Bar charts showing mean (±SD) PV+ cell density (A), mean (±SD) VVA+ cell density (B), 

mean (±SD) percentage of VVA+ cells with PV expression (C), and mean (±SD) percentage of PV+ 

cells surrounded by VVA (D) in the Dorsomedial (DMS) and Dorsolateral Striatum (DLS) of male 

and female C57 mice. Asterisks represent * p ≤ 0.05, ** p ≤ 0.01, and *** p ≤ 0.001, respectively 

  

3.4 Subregional & Sex Differences in BTBR mice  

Similarly, to the analysis carried out on the C57 mice, BTBR mice were also 

investigated for subregional differences (DMS and DLS) and for any sex differences. A two-

way ANOVA was performed to analyse the effects of region and sex on PV+ cell density in 

BTBR mice. Simple main effects analysis showed that region did have a statistically significant 

effect on the density of PV+ cells (F(1,16) = 74.87, p < .001). These results suggest that across 

both sexes, PV+ cell density was significantly higher in the DLS (27.33 ± 5.06 cells/mm2) than 

in the DMS (14.17 ± 2.47 cells/mm2). Simple main effects analysis also showed that sex did 

have a significant effect on the density of PV+ cells (F(1,16) = 5.67, p = .030). These results 

suggest that across both regions, PV+ cell density was significantly lower in female mice 
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(18.94 ± 6.06 cells/mm2) than in male mice (22.56 ± 9.16 cells/mm2). There was no statistically 

significant interaction between the effects of region and sex (F(1,16) = 3.01, p = .102).  

Post hoc testing using Tukey’s multiple comparisons test revealed that PV+ cell density 

in male BTBR mice was significantly lower in the DMS (14.66 ± 3.25 cells/mm2) than in the 

DLS (30.46 ± 4.70 cells/mm2; p < .001, Figure 8A). Similarly, PV+ cell density in female 

BTBR mice was significantly lower in the DMS (13.68 ± 1.59 cells/mm2) than in the DLS 

(24.20 ± 3.32 cells/mm2; p < .001, Figure 8A). These results suggest that regardless of sex, 

density of PV+ INs in the DMS of BTBR mice are lower than in the DMS, male mice 

possessing ~52% less PV+ INs and female mice with ~43% less PV+ INs in the DMS compared 

to the DLS. A Tukey’s multiple comparisons test additionally revealed that the density of PV+ 

cells in the DLS region was significantly lower in female BTBR mice (24.20 ± 3.32 cells/mm2) 

than in male BTBR mice (30.46 ± 4.70 cells/mm2; p = .045, Figure 8A). These results in turn 

suggest of a sex difference within the DLS region in BTBR mice. 

A two-way ANOVA was performed to analyse the effects of region and sex on VVA+ 

cell density in BTBR mice (Figure 8B). Simple main effects analysis showed that region did 

not have a statistically significant effect on the density of VVA+ cells (F(1,16) < 1, p = .917). 

Simple main effects analysis also showed that sex did not have a significant effect on the 

density of VVA+ cells (F(1,16) < 1, p = .551). There was no statistically significant interaction 

between the effects of region and sex (F(1,16) = 1.32, p = .268). As expected, these results 

indicate that PNN density is not affected by region or sex in BTBR mice. 

A two-way ANOVA was performed to analyse the effects of region and sex on the 

percentage of VVA+ cells with PV expression in BTBR mice. Simple main effects analysis 

showed that region did have a significant effect on the percentage of VVA+ cells with PV 

expression (F(1,16) = 208.4, p < .001). These results suggest that regardless of sex, percentage 

of VVA+ cells with PV expression in BTBR mice was ~36% lower in the DMS than in the 

DLS, also confirming that BTBR have a regional difference in the DS. Simple main effects 

analysis showed that sex did not have a statistically significant effect on percentage of VVA+ 

cells with PV expression (F(1,16) = 2.09, p = .168). There was also a statistically significant 

interaction between the effects of region and sex (F(1,16) = 9.82, p = .006.  

Post hoc testing using Tukey’s multiple comparisons test indicated that the percentage 

of VVA+ cells with PV expression in male BTBR mice was significantly higher in the DLS 

(78.58 ± 6.10%) than in the DMS (34.46 ± 6.08% ;p < .001, Figure 8C). Likewise, the 
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percentage of VVA+ cells with PV expression in female BTBR mice was significantly higher 

in the DLS (74.34 ± 5.58%) than in the DMS (45.96 ± 4.57%; p < .001, Figure 8C). These 

results suggest that in both sexes, BTBR mice have a greater percentage of VVA+ cells with 

PV expression in the DLS than in the DMS. Additionally, female BTBR mice (45.96 ± 4.57%) 

have a significantly higher percentage of VVA+ cells with PV expression in the DMS 

compared to C57 males (34.46 ± 6.08%; p = .024, Figure 8C). 

A two-way ANOVA was performed to analyse the effects of region and sex on the 

percentage of PV+ cells surrounded by VVA in BTBR mice. Simple main effects analysis 

showed that region did not have a statistically significant effect on percentage of PV+ cells 

surrounded by VVA (F(1,16) < 1, p = .984). Simple main effects analysis showed that sex did 

have  a significant effect on the percentage of PV+ cells surrounded by VVA (F(1,16) = 47.99, 

p < .001). There was no statistically significant interaction between the effects of region and 

sex (F(1,16) < 1, p = .920.  

Post hoc testing using Tukey’s multiple comparisons test revealed that percentage of 

PV+ cells surrounded by VVA in BTBR mice was significantly higher in the DMS region of 

female mice (90.24 ± 2.66%) than in male mice (70.62 ± 9.27%; p <.001, Figure 8D). 

Similarly, this was also observed in the DLS region where the percentage of PV+ cells 

surrounded by VVA was significantly higher in female mice (90.88 ± 4.19%) than in male 

mice (70.62 ± 5.69%; p < .001, Figure 8D). These results show that female BTBR mice possess 

a greater percentage of PV+ INs ensheathed by PNNs in both the DMS and DLS regions 

compared to male counterparts, indicating a sex difference in BTBR mice. 

In contrast to the C57 mice, BTBR mice were found to have a significantly reduced 

density of PV+ INs in the DMS compared to the DLS. However, like in the C57 mice, the 

density of PNNs was unaltered, suggesting PV is downregulated in the DMS but not on the 

DLS. Lower percentage of VVA+ cells with PV expression in the DMS but not in the DLS 

further support this. Here we also observe that BTBR mice do not show a higher percentage of 

PV+ cells surrounded by VVA in the DLS than in the DMS like the C57 mice. Rather we 

observe a sex difference in BTBR mice, with female mice showing a higher percentage of PV+ 

cells surrounded by VVA, which was not found in the C57 mice. 
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Figure 8 | Bar charts showing mean (±SD) PV+ cell density (A), mean (±SD) VVA+ cell density (B), 

mean (±SD) percentage of VVA+ cells with PV expression (C), and mean (±SD) percentage of PV+ 

cells surrounded by VVA  (D) in the Dorsomedial (DMS) and Dorsolateral Striatum (DLS) of male 

and female C57 mice. Asterisks represent * p ≤ 0.05, and *** p ≤ 0.001, respectively. 
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3.5 Dorsomedial Striatum  

Finally, this study investigated the individual regions, starting with the DMS, to 

compare the BTBR mice to the C57 for differences between the animal model. A two-way 

ANOVA was performed to analyse the effects of animal model and sex on PV+ cell density 

in the DMS. Simple main effects analysis showed that sex did not have a statistically 

significant effect on the density of PV+ cells (F(1,16) < 1, p = .763). Simple main effects 

analysis found that the animal model did have a significant effect on the density of PV+ cells 

(F(1,16) = 83.42, p < .001). These results suggest that across both sexes, density of PV+ cells 

was significantly lower in BTBR mice (14.17 ± 2.47 cells/mm2) than in C57 mice (25.80 ± 

3.07 cells/mm2). There was no statistically significant interaction between the effects of 

animal model and sex (F(1,16) = 1.16, p = .298).  

Post hoc testing using Tukey’s multiple comparisons test revealed the density of PV+ 

cells in the DMS of male mice was significantly lower in BTBR mice (14.66 ± 3.25 

cells/mm2) than in C57 mice (24.92 ± 3.89 cells/mm2; p < .001, Figure 9A). Likewise, the 

density of PV+ cells in the DMS of female mice was significantly lower in BTBR mice 

(13.68 ± 1.59 cells/mm2) than in C57 mice (26.68 ± 2.04 cells/mm2; p < .001, Figure 9A). 

These results suggest that regardless of sex, density of PV+ INs in the DMS of BTBR mice 

are lower than in the DMS of C57 mice. Compared to control counterparts, male and female 

BTBR show to have a ~41% and ~49% decrease in PV+ IN density, respectively (see Figure 

9E).  

A two-way ANOVA was performed to analyse the effects of animal model and sex on 

VVA+ cell density in the DMS. Simple main effects analysis showed that sex did not have a 

statistically significant effect on the density of VVA+ cells (F(1,16) = 1.25, p = .281). Simple 

main effects analysis found that animal model also did not have a significant effect on the 

density of VVA+ cells (F(1,16) = 1.91, p = .186). There was no statistically significant interaction 

between the effects of model and sex (F(1,16) < 1, p = .553). These results suggest PNN densities 

are unaltered in the DMS region between the C57 and BTBR mice models. Combined with the 

significant results of reduced PV+ IN density in BTBR mice, these results suggest that Pvalb 

neurons are not lost (due to unaltered densities of PNNs, see Figure 9B & 9E). 

A two-way ANOVA was performed to analyse the effects of animal model and sex on 

the percentage of VVA+ cells with PV expression in the DMS. Simple main effects analysis 

showed that model had a significant effect on the percentage of VVA+ cells with PV expression 
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(F(1,16) = 27.42, p < .001). These results suggest that across both sexes, the percentage of VVA+ 

cells with PV expression was significantly lower in BTBR mice (40.21 ± 7.90%) than in C57 

mice (58.58 ± 13.17%). Simple main effects analysis showed that sex also had a significant 

effect on the percentage of VVA+ cells with PV expression (F(1,16) = 17.63, p < .001). These 

results suggest that across both animal models, the percentage of VVA+ cells with PV 

expression was significantly lower in male mice (42.03 ± 11.39%) than in female mice (56.76 

± 13.15%). There was no statistically significant interaction between the effects of model and 

sex (F(1,16) < 1, p = .371).  

Post hoc testing using Tukey’s multiple comparisons test revealed that the percentage 

of VVA+ cells with PV expression in the DMS of male mice was significantly lower in BTBR 

mice (34.46 ± 6.08%) than in C57 mice (49.60 ± 10.57%; p = .035, Figure 9C).) Likewise, the 

percentage of VVA+ cells with PV expression in the DMS of female mice was significantly 

lower in BTBR mice (45.96 ± 4.57%) than in C57 mice (67.56 ± 8.76%; p = .002, Figure 9C). 

Indicating that PV expression is reduced in the DMS of BTBR mice. Tukey’s multiple 

comparisons test also revealed that the percentage of VVA+ cells with PV expression in the 

DMS of C57 mice was significantly lower in male mice (49.60 ± 10.57%) than in female mice 

(67.56 ± 8.76%; p = .011, Figure 9C), suggesting that male C57 mice have a lower PV 

expression than female mice.  

A two-way ANOVA was performed to analyse the effects of animal model and sex on 

the percentage of PV+ cells surrounded by VVA in the DMS. Simple main effects analysis 

showed that animal model did have a statistically significant effect on the percentage of PV+ 

cells surrounded by VVA (F(1,16) = 11.58, p = .004). These results suggest that across both 

sexes, the percentage of PV+ cells surrounded by VVA was significantly higher in BTBR mice 

(80.43 ± 12.17%) than in C57 mice (67.75 ± 10.15%). Simple main effects analysis showed 

that sex also had a significant effect on the percentage of PV+ cells surrounded by VVA (F(1,16) 

= 14.40, p = .002). These results suggest that across both animal models, the percentage of PV+ 

cells surrounded by VVA was significantly lower in male mice (67.75 ± 11.22%) than in female 

mice (80.43 ± 10.18%). There was no statistically significant interaction between the effects of 

model and sex (F(1,16) = 2.16, p = .161).  

Post hoc testing using Tukey’s multiple comparisons test revealed that the percentage 

of PV+ cells surrounded by VVA in the DMS of female mice was significantly higher in BTBR 

mice (90.24 ± 2.66%) than in C57 mice (72.08 ± 4.46%; p = .016, Figure 9D). These results 
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suggest that female BTBR possess ~18% more PV+ INs which are enwrapped by PNNs in the 

DMS than control female mice. There was however no significant difference in the percentage 

of PV+ cells surrounded by VVA in the DMS between the male BTBR and male C57 mice (p= 

.537, Figure 9D). The multiple comparisons also found that the percentage of PV+ cells 

surrounded by VVA in the DMS of BTBR mice was significantly higher in females (70.62 ± 

9.27%) than in males (90.24 ± 2.66%; p = .009, Figure 9D). 

In conclusion, we observe that compared to C57 mice, BTBR show a significantly 

reduced density of PV+ INs in the DMS. This reduction is not followed by any significant 

differences in the density of PNNs and the percentage of VVA+ cells with PV expression is 

reduced in BTBR mice, indicating that BTBR are showing reduced PV expression, not a loss 

of Pvalb INs, in the DMS. Again, we also observe that the percentage of PV+ cells surrounded 

by VVA is higher in female BTBR mice than male mice suggesting a sex difference, but we 

also observe the colocalisation percentage to be higher for female BTBR than female C57 mice. 
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Figure 9 | Bar chart showing mean (±SD) PV+ cell density (A), mean (±SD) VVA+ cell density (B), 

and mean (±SD percentage of VVA+ cells with PV expression (C), and mean (±SD) percentage of 

PV+ cells surrounded by VVA (C) in the Dorsomedial Striatum (DMS) of male and female C57 (grey) 

and BTBR (white) mice. Asterisks represent * p ≤ 0.05, ** p ≤ 0.01, and *** p ≤ 0.001, respectively 

(D) Representative immunofluorescence images of PV+ cells (white triangles) and VVA+ cells 

(yellow triangles) from the DMS of a C57 and BTBR mice with an approx. similar ROI area (mm2), 

counterstained with DAPI. Scale bar: 100μm 

3.6 Dorsolateral Striatum  

For a complete analysis, the DLS was investigated similarly to that of the DMS. A 

two-way ANOVA was performed to analyse the effects of animal model and sex on PV+ cell 

density in the DLS. Simple main effects analysis found that model did not have a significant 

effect on the density of PV+ cells (F(1,16) < 1, p = .937). These results suggest that the density 

of PV+ INs is unaffected in the DLS of BTBR mice (Figure 10A). Simple main effects 

analysis showed that sex did have a statistically significant effect on the density of PV+ cells 

(F(1,16) = 5.12, p = .038). These results suggest that across both animal models, the density of 

PV+ cells was significantly higher in male mice (29.38 ± 7.18 cells/mm2) compared to female 

mice (25.42 ± 8.70 cells/mm2). There was no statistically significant interaction between the 

effects of model and sex (F(1,16) = 1.73, p = .207).  

A two-way ANOVA was performed to analyse the effects of animal model and sex on 

VVA+ cell density in the DLS. Simple main effects analysis found that model did not have a 

significant effect on the density of VVA+ cells (F(1,16) < 1, p = .540). Simple main effects 

analysis showed that sex did not have a statistically significant effect on the density of VVA+ 

cells (F(1,16)  < 1, p = .445). These results show that in the DLS there is no significant difference 

in PNN density between animal models as well as between sexes (Figure 10B). The two-way 

ANOVA revealed that there was no statistically significant interaction between the effects of 

model and sex (F(1,16) < 1, p = .378).  

A two-way ANOVA was performed to analyse the effects of animal model and sex on 

the percentage of VVA+ cells with PV expression in the DMS. Simple main effects analysis 

showed that model did not have a significant effect on the percentage of VVA+ cells with PV 

expression (F(1,16) = 4.15, p = .059). These results suggest that across both sexes, the percentage 

of VVA+ cells with PV expression was not significantly different between C57 and BTBR 

mice (Figure 10C). Simple main effects analysis showed that sex also did not have a significant 

effect on the percentage of VVA+ cells with PV expression (F(1,16) < 1, p = .742). These results 

suggest that across both animal models, the percentage of VVA+ cells with PV expression was 
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not significantly different between male and female mice (Figure 10C). There was no 

statistically significant interaction between the effects of model and sex (F(1,16) = 1.89, p = 

.188).  

A two-way ANOVA was performed to analyse the effects of animal model and sex on  

the percentage of PV+ cells surrounded by VVA in the DLS. Simple main effects analysis 

showed that model had a significant effect on the percentage of PV+ cells surrounded by VVA 

(F(1,16) = 13.04, p = .002). These results suggest that across both sexes the percentage of PV+ 

cells surrounded by VVA in the DLS was significantly higher in C57 mice (86.26 ± 3.89%) 

than in BTBR mice (79.67 ± 12.72%). Simple main effects analysis showed that sex also had 

a statistically significant effect on the percentage of PV+ cells surrounded by VVA (F(1,16) = 

57.61, p < .001). These results suggest that across both animal models, the percentage of PV+ 

cells surrounded by VVA in the DLS was significantly higher in female mice (89.89 ± 3.74%) 

than in male mice (76.04 ± 8.97%). The two-way ANOVA also revealed a statistically 

significant interaction between the effects of model and sex (F(1,16) = 22.06, p < .001). 

Post hoc testing using Tukey’s multiple comparisons test indicated that in the DLS of 

male mice was significantly lower in BTBR mice (68.46 ± 5.69%) than in male C57 mice 

(83.62 ± 2.28% ; p < .001, Figure 10D & E). The multiple comparisons test also indicated that 

the percentage of PV+ cells surrounded by VVA in BTBR mice was lower in males (68.46 ± 

5.69%) than in females (90.88 ± 4.19%; p < .001, Figure 10D). There was no significant 

difference in the percentage of PV+ cells surrounded by VVA in the DLS between female 

BTBR and female C57 mice (p = .868, Figure 10D). These results suggest that male, but not 

female, BTBR mice have ~15% less PV+ INs which are enwrapped by PNNs in the DLS than 

control mice. 

Unlike in the DMS, we do not observe BTBR to have a reduced expression of PV in 

the DLS. However, we do observe that male BTBR mice have a significantly lower percentage 

of PV+ cells surrounded by VVA compared to C57 males. Our results also indicate that there 

may be a sex difference in the BTBR mice with males having a lower percentage of PV+ cells 

surrounded by VVA than females.  
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Figure 10 | Bar chart showing mean (±SD) PV+ cell density (A), mean (±SD) VVA+ cell density (B), 

and mean (±SD) percentage colocalisation of PV+VVA+ cells (C) in the Dorsolateral Striatum (DLS) 

of male and female C57 (grey) and BTBR (white) mice. Asterisks represent *** p ≤ 0.001. (D) 

Representative immunofluorescence images of PV+ cells (white triangles), VVA+ cells (yellow 

triangles), and PV+VVA+ cells (white triangle with yellow border) from the DLS of a male C57 and 

male BTBR mice, counterstained with DAPI. Scale bar: 100μm. 

 

3.7 Western Blotting - PV Expression in the Striatum of BTBR mice  

An unpaired, one-way t-test was conducted to compare the % of PV levels in the 

striatum of (male) BTBR mice (n = 5) to that of C57 mice (n = 5). Expression of PV for C57 

and BTBR mice was quantified using Western Blotting and β-actin was used as a loading 

control for the normalisation of the PV signal (Figure 11A; see Appendix D to compare 

location of bands along molecular weight (kDa) ladder). PV expression was defined as 100%. 

There was a significant difference in the % of PV levels in C57 mice (100%, SEM ± 13.43) 

and BTBR mice (69.87%, SEM ± 8.38; t(8) = 1.90, p = .047, Figure 11B). These results 

suggest that in the striatum, BTBR mice present with a ~30% reduction in PV expression 

compared to control mice.  

 

 

 

 

 

 

 

 

 

Figure 11 | (A) Representative Western Blot and (B) quantification of PV levels in the male C57 and 

BTBR mice. β-actin was used as a loading control for the normalisation of the PV signal. Results are 

expressed as a percentage of normalised PV levels measured in control (C57), defined as 100%. 

Asterisks represent * p ≤ 0.05. Data was collated from three independent experiments (two 

membranes per experiment) and shown as mean ± SEM. 
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3.8 Summary Table of Results  

 

Table 9 | Summary table of results, linking to the hypotheses in this study and the relevant figure. 

 Mean (±SD) p-value Relevant Figure Hypothesis 

DS - PV+ cells per mm2 

C57 26.67 ± 2.80 
< .001 6A 1 

BTBR 20.78 ± 3.43 

DS - VVA+ cells per mm2 

C57 29.78 ± 3.32 
.260 6B 2 

BTBR 27.97 ± 3.38 

DS - Percentage of VVA+ cells with PV expression 

C57 70.04 ± 7.71 
< .001 6C 3 

BTBR 58.36 ± 4.72 

DS - Percentage of PV+ cells surrounded by VVA 

C57 77.03 ± 5.86 
.185 6D 4 

BTBR 80.07 ± 12.02 

C57 mice - PV+ cells per mm2 

DMS 25.80 ± 3.07 
.294 7A 5 

DLS 27.47 ± 3.64 

C57 mice - VVA+ cells per mm2 

DMS 30.55 ± 4.37 
.529 7B 6 

DLS 29.15 ± 3.80 

C57 mice - Percentage of VVA+ cells with PV expression 

DMS 58.58 ± 13.17 
.044 7C 7 

DLS 81.41 ± 5.07 

C57 mice - Percentage of PV+ cells surrounded by VVA 

DMS 67.75 ± 10.15 
< .001 7D 8 

DLS 86.26 ± 3.89 

DMS - PV+ cells per mm2 

C57 25.80 ± 3.07 
< .001 9A & 9E 9 

BTBR 14.17 ± 2.47 

DMS - VVA+ cells per mm2 

C57 30.35 ± 4.37 
.186 9B & 9E 10 

BTBR 27.86 ± 3.57 
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DMS - Percentage of VVA+ cells with PV expression 

C57 58.58 ± 13.17 
< .001 9C 11 

BTBR 40.21 ± 7.90 

DMS - Percentage of PV+ cells surrounded by VVA 

C57 67.75 ± 10.15 
.004 9D 12 

BTBR 80.43 ± 12.17 

DLS - PV+ cells per mm2  in BTBR mice 

Male 30.46 ± 4.70 
.045 8A 13 

Female 24.20 ± 3.32 

DMS - Percentage of PV+ cells surrounded by VVA in BTBR mice 

Male 70.62 ± 9.27 
.001 8D 14 

Female 90.24 ± 2.66 

DLS - Percentage of PV+ cells surrounded by VVA in BTBR mice 

Male 68.46 ± 5.69 
.001 8D 1 

Female 90.88 ± 4.19 

 Mean (±SEM) p-value Relevant Figure Hypothesis 

Striatum – PV Expression (%) 

C57 100 ± 13.43 
.047 11A & 11B 16 

BTBR  69.87 ± 8.38 
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4.0 DISCUSSION 

The most recent research demonstrates that transgenic and one environmental ASD 

mice models present with a reduction in the PV protein expression, rather than the previously 

deduced loss of the Pvalb neurons themselves (Filice et al., 2016; Lauber et al., 2016; 2018). 

This common endpoint observed in such mice has fundamentally led to the creation of ‘The 

Parvalbumin Hypothesis of Autism Spectrum Disorder’, also supported by various other 

research, which indicates that the endpoint aetiology of ASD may be signified by a 

downregulated expression of PV (Filice et al., 2020). Yet, PV downregulation has not been 

investigated in an idiopathic model of ASD, such as the validated BTBR T+ Itpr3tf/J mouse 

model, which displays robust and consistent behavioural alterations with relevance to all 

human ASD core symptoms (McFarlane et al., 2008, Amodeo et al., 2019). 

4.1 Decreased PV expression, but unaltered density of Pvalb interneurons in 

the dorsal striatum of BTBR mice 

IHC analysis examined the dorsal striatum as a whole first. Collectively, BTBR mice 

showed a significant ~22% reduction in the density of PV+ INs, without a change in PNN 

density as indicated by the VVA+ cell staining. When accounted for sex, only female BTBR 

mice showed a decrease in PV+ INs density which was significant. For male BTBR mice, this 

reduction was not significant at the analysis level of DS. However, BTBR mice were found to 

have ~12% less VVA+ cells with PV expression in the DS compared to control mice, 

suggesting that in fact these mice are showing a reduced expression of PV. PV protein levels 

in the striatum was also observed to be reduced by ~30% as determined by WB analysis. Taken 

together these results show that idiopathic, BTBR mice have a decreased expression of PV, but 

not a loss of Pvalb INs, in the DS. Previous ASD models that underwent staining to visualise 

PNNs also showed fewer PV+ INs and an unchanged number of PNNs. A reduced number of 

PV+ INs were observed in the striatum of Shank 3B-/- (-30%), Cntnap2-/- (-30%), and in utero 

valproic acid (VPA)-treated mice (-15%; Filice et al., 2016; Lauber et al., 2016; 2018), which 

is similar to the reduction of PV+ INs this current study found in the dorsal striatum of BTBR 

mice (-22%). Moreover, in ASD mice models with such reductions in PV+ INs, decreased PV 

protein expression levels in the striatum were observed in Shank 3B-/- (-50%), Cntnap2-/- (-

22%), and in utero VPA-treated mice (-30%; Filice et al., 2016; Lauber et al., 2016; 2018). 

These findings are also similar to this current study which observed a ~30% decrease in PV 

levels in the striatum of  BTBR mice. Therefore, the results of this study are similar but 
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moreover consistent across both IHC and WB analysis with that of previous literature. These 

results once again indicate that striatal regions are a common hotspot for ASD-associated 

downregulation of PV across genetically modified, environmentally insulted, and now 

idiopathic mice models of ASD. These results are in line with the Parvalbumin Hypothesis, 

which suggests that decreased levels of PV are related to the aetiology of ASD (Filice et al., 

2020). Establishing whether ASD mice models present with a loss of Pvalb INs, or a reduced 

expression of PV is of high importance since it is expected that such observations will alter the 

functioning of the neuronal network, hence the balance of E/I, in distinct ways.  Functionally, 

a loss of these inhibitory, Pvalb neurons would be expected to result in a reduced inhibitory 

tone. Whereas a decrease in PV expression would mean that the decay of intracellular Ca2+ 

concentration ([Ca2+]i), evoked by action potentials, would be slower, promoting these 

inhibitory INs to further release GABA during the stimulation period, resulting in enhanced 

paired-pulse facilitation of inhibitory postsynaptic currents (IPSCs), and therefore, in theory, 

enhance their ability to exert inhibition onto striatal MSNs (Caillard et al., 2000; Müller et al., 

2007; Orduz et al., 2013, Wöhr et al., 2015). 

4.2 Dorsomedial striatum accounts for reduction in PV expression in BTBR 

mice 

 Compared to control mice, BTBR mice both male and female had a significantly 

reduced density of PV+ INs in the DMS, by ~41% and ~49% respectively. BTBR mice did not 

show such reduction in the DLS region. The findings were observed whilst densities of PNNs 

were not significantly different between the two models. Additionally, the results show that 

BTBR mice have ~22% (females) and ~15% (males) less VVA+ cells with PV expression in 

the DMS compared to the control mice. Combined, it can be concluded that BTBR mice exhibit 

a reduced expression of PV which is accounted by the DMS, and not the DLS region. This has 

been previously reported in the literature (Briones et al., 2021), making this a consistent finding 

which shows that the aetiology of ASD in BTBR mice is marked by PV downregulation in the 

DMS, and not the DLS. As a result, we would expect that electrophysiological properties of 

Pvalb INs in the DMS is altered. Previous work has demonstrated that striatal Pvalb INs with 

abolished expression of PV (PV-/-) resulted in a significant increase of the second and third 

IPSC amplitude in MSNs, compared to WT MSNs, augmenting increased inhibition via paired 

pulse facilitation in such INs (Orduz et al., 2013). Increased mean amplitudes of mIPSC events 

relative to control mice have also been observed in the DMS of BTBR mice, indicating a 

particularly strong inhibitory response from PV+ INs to MSNs (Briones et al., 2021). The fact 
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that BTBR mice show this to be the case in the DMS fit with the findings of this study because 

this is the region which shows a downregulation of PV, and which previous research has shown 

this would result in increased inhibition. PV downregulation was not observed in the DLS 

therefore we would expect that this region does not have identical aetiology, highlighting the 

importance of investigating the medial and lateral regions of the DS as individual regions. 

Alterations in the DMS have been previously implicated to affect the phenotype related 

to RRBIs. The DMS has been shown to govern goal-directed behaviour and in particular it may 

be a key region involved in the circuitry of behavioural flexibility (Ragozzino et al., 2002). 

Microinfusion of a Serotonin 2A (5HT2A) receptor antagonist into the DMS has been shown 

to alleviate a reversal learning impairment and attenuate grooming behaviour in BTBR mice 

(Amodeo et al., 2017). Linking that the DMS may be a key region disrupted in BTBR mice 

which may predispose for excessive RRBIs. It is still important to mention that although 

dysfunction can be observed in the DMS, the connections from the medial prefrontal cortex 

and the orbitofrontal cortex (OFC) to the DMS may also be a region in the possible modulation 

of RRBIs. Administration of the same 5HT2A receptor antagonist into the OFC has been shown 

to increase perseveration during reversal learning and enhanced grooming behaviour in BTBR 

mice (Amodeo et al., 2017). One of characterised neurodevelopmental pathologies have been 

altered MSN spine density, which are crucially indicative of altered plasticity. In a C58 mouse 

model of repetitive motor behaviour, decreased spine density was also prominent in the DMS 

(Curry-Pochy et al., 2020). Furthermore, increased spine density correlated with repetitive 

motor behaviour (Curry-Pochy et al., 2020). BTBR mice have also been suggested to have a 

decreased spine density in the DMS (Briones et al., 2021). Furthermore, an injection with 

chondroitinase ABC (chABC) into the DMS of BTBR mice restored the spine density to that 

of control mice, and crucially repetitive behaviour such as grooming and digging was alleviated 

(Briones et al., 2021). These lines of research indicate that additional alterations have been 

observed in the DMS previously and treatments which do not directly link to PV 

downregulation directly seem to have a therapeutical effect on the symptoms of RRBIs. 

4.3 Control mice have a higher percentage of PV+ cells surrounded by PNNs in 

DLS than DMS  

 The literature reports that the topographical organisation of PV+ INs is more abundant 

in the lateral regions of the striatum (Lee et al., 2012). Surprisingly, no difference was found 

between the DMS and DLS control mice in the density of PV+ INs or the density of PNNs. 

This lack of gradient of PV+ INs in this study may possibly be due to the selection of ROIs. In 
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order to maximise the sampling regions and to avoid overlap, DLS ROI were selected slightly 

more ventral, purely due to the structure of the striatum, to that of the DMS ROI. With there 

being a higher abundance of PV+ INs in the dorsal compared to the ventral region (Lee et al., 

2012), this may explain why no significant difference in PV+ INs was observed. What was 

found however is that both male and female control mice had a higher % of PV+ INs that 

colocalised with PNNs in the DLS than in the DMS, which is consistent with the topographical 

distribution of PV+ INs with PNNs in adult mouse striata described by Lee and colleagues 

(2012). The importance of PNNs cannot be underestimated, these extracellular matrix 

structures are not only considered crucial in synaptic plasticity and neuronal maturation, but 

they may also modulate the neuronal activity of Pvalb INs (Sigal et al., 2019; Carceller et al., 

2020). Degradation of PNNs, by injections of chondroitinase ABC (chABC), has been shown 

to increase the excitability of PV+ INs (Dityatev et al., 2007). Our results show that a greater 

proportion of PV+ INs are ensheathed with such PNNs in the DLS, which in turn would imply 

that these INs have decreased excitability. This aligns with electrophysiological results 

showing that PV+ INs in the DLS of control mice have decreased intrinsic excitability 

compared to PV+ INs in the DMS region (Monteiro et al., 2018). This paper suggests of a 

dichotomous population of PV+ INs, of which those in the DLS displayed more extensive 

arborization and complexity than PV+ INs in the DMS. However, there may not be a 

dichotomous population as suggested, instead the increasing gradient of colocalisation PV+ 

INs with PNNs across the DS proceeds to give rise to more mature (Slaker et al., 2016) and 

less excitable INs in the DLS, which have also been documented to have more extensive 

arborization and complexity than INs in the DMS (Monteiro et al., 2018). Research also 

suggests that Pvalb INs surrounded by PNNs are significantly larger than those without PNNs 

(Aronitz et al., 2021), which may in turn lead to more extensive arborizations and support the 

findings of Monteiro and colleagues (2018). Although conducted in the hippocampus, research 

has established that PNNs affect the relative expression of PV, with PV fluorescence being 

significantly higher in INs with PNNs than in those not ensheathed by PNNs (Yamada et al., 

2015). A qRT-PCR analysis also indicated that the digestion of PNNs results in a decrease of 

PV mRNA (Yamada et al., 2015). This corresponds to the results of Monteiro et al. (2018), 

which found that PV-immunoreactivity was stronger in the more lateral regions of the striatum 

compared to the DMS, which in turn corresponds to our findings a higher percentage of VVA+ 

cells with PV expression in the DLS than in the DMS in the C57 mice. This difference in the 

percentage of VVA+ cells with PV expression between the DMS and DLS regions may be due 

to the fact that these regions have different functions in behaviour, therefore the observations 
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are likely to represent a functional DS which does not predispose control mice to exhibit 

excessive RRBIs. These results further add to the literature which suggest that the medial and 

lateral regions of the DS have characterised differences. 

4.4 Sex differences in BTBR mice - altered colocalisation of PV+ interneurons 

with perineuronal nets  

Control mice display greater percentage of PV+ cells surrounded by VVA in the DLS 

than in the DMS. In BTBR mice on the other hand, the DMS and DLS regions demonstrated  

a similar percentage. These results indicate that BTBR mice may have a disruption in 

functionality between the DMS and DLS regions. These results also reveal that although 

aetiology is similar, the extent to which PV+ INs are colocalised with PNNs depends on sex of 

the BTBR mice. This is particularly insightful because previous literature has revealed that 

female BTBR mice do not exhibit an equal amount of repetitive behaviour to that of male 

BTBR mice (Amodeo et al., 2019), speculating a neurobiological mechanism through which 

female mice show a protective effect against the symptoms of RRBIs. Briones and colleagues 

(2021) suggest that BTBR mice have an increased percentage of PV+ cells surrounded by 

PNNs in the DMS and reducing PNNs alleviates grooming and digging behaviour. Therefore, 

our observations from female BTBR mice would appear consistent with that of findings 

Briones and colleagues (2021), although our male BTBR mice did not show such increase. 

From the conclusions of Briones and colleagues (2021), and the previously established greater 

RRBI phenotype of male BTBR male compared to females, we would expect that the results 

of this study would show completely opposite results in the sexes of BTBR mice. With males 

which we would except to have much higher percentage of PV+ cells surrounded by PNNs in 

the DMS and females to possibly show no difference. As to why there may be discrepancies in 

our results is not easily explainable, however PNN have been shown to be highly plastic and 

their development is shaped by environmental factors (Carulli & Verhaagen, 2021). The work 

of Briones and colleagues (2021) has also shown that after almost complete digestion of PNNs 

by treatment with chABC, density of PNNs is restored to that of baseline after only 10 days 

post injection. This highlights that examination of single time point may not be as insightful as 

for example a longitudinal investigation of this colocalisation in BTBR mice, ideally with 

female BTBR mice to show whether claims of Briones and colleagues (2021) also apply to a 

model which does not show an identical RRBI phenotype to that of male BTBR mice. 
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4.5 Limitations and Future Directions  

This current study aimed to investigate 8-week-old, adult BTBR mice and hence only 

the endpoint of ASD aetiology. This study agrees with previous literature adding to the list of 

mice models of ASD which all exhibit similar pathological alterations, supporting the current 

evidence that PV downregulation is related to the aetiology of ASD (Filice et al., 2016; Lauber 

et al., 2016; 2018). However, the decrease in PV levels still remains in question whether it is 

the causal factor in the aetiology of ASD or whether PV is decreased as a result of another 

mechanism. ASD is a neurodevelopmental disorder, with alterations that we begin to observe 

during the course of a child’s development. Therefore, a future direction would be to 

investigate BTBR mice for PV downregulation during early development. This would translate 

the results of this study into a research of a biomarker for ASD which would possibly allow for 

an earlier diagnosis in order to make earlier interventions and support individuals which may 

be predisposed for ASD. This may be possible with BTBR mice with as early as the second 

postnatal week since aggregations of chondroitin-sulfate proteoglycans (CSPGs), forming the 

PNNs, begin to emerge in the mouse striatum at postnatal day 10 and continue to increase in 

density with maturation (Lee et al., 2008). While this would enable to draw conclusions that 

PV downregulation may be used as a biomarker, it important to mention that PV expression 

has been shown have a close relationship with PNN maturation. It is equally as likely that 

alterations to the PNNs may be the primary pathology which by results in PV reduction. 

Therefore, another future direction may be to investigate whether alterations in the PNNs also 

occur during early development. 

This study explored alteration in the DS of BTBR mice and aimed to link them to how 

they may relate to symptoms of RRBIs observed in ASD. Unfortunately, behavioural analysis 

was not part of this study, with only a few studies having examined possible sex differences in 

the BTBR strain. BTBR mice have been consistently shown to display autism-relevant 

behaviours, encouraging its use as tool to research the aetiology of ASD (McFarlane et al., 

2008; Bolivar et al., 2007; Moy et al., 2007; Nadler et al., 2006). On the contrary, those which 

investigated between sexes have revealed that male BTBR mice display social approach, 

ultrasonic vocalization, marble burying and self-grooming behaviours more than female mice 

(Amodeo et al., 2019; Schwartzer et al., 2013). This study has found that BTBR mice exhibit 

sex differences in the DS, however complementing such results with a behavioural analysis 

which shows that behavioural phenotypes differ between the sexes may elucidate the 
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inconsistencies in the social aspect of male and female BTBR mice but would also permit to 

make assumptive conclusions that alterations in the DS are responsible for driving RRBIs. 

Previous literature has already documented that electrophysiological profiles of PV+ 

INs naturally vary between the DMS and DLS regions in mice (Monteiro et al., 2018), however 

BTBR mice have not been investigated for this. Therefore, profiling the PV+ INs in the BTBR 

would transform speculative conclusions of altered E/I balance into evidence-based 

conclusions. From the results of this study, we can speculate that E/I balance in BTBR mice 

may be shifted towards increased inhibition due to a reduction of PV in the DMS. Although, 

we have also observed that the colocalisation of PV+ INs was also altered, which adds to the 

complexity of PV+ IN function and may mean that any assumptions of E/I balance may be 

premature without an electrophysiological analysis. Furthermore, it may be more insightful  to 

consider the effect these alterations may have on the greater circuitry of the BG and possibly 

other regions since in the insular cortex, BTBR mice show decreased mIPSCs frequency in 

pyramidal cells, in turn suggesting a weakened inhibitory circuitry in this region (Gogolla et 

al., 2014). Therefore, this indicate that PV reduction in cortical and subcortical regions may 

surprisingly result in opposing effects on E/I balance.  

5.0 CONCLUSION 

This study is the first to look into whether PV expression is downregulated in male and 

female BTBR mice. Additionally, it is the first to investigate sex differences in PNN 

colocalisation with PV interneurons in the DS subregions of BTBR mice. This study found that 

BTBR mice, like transgenic and environmental mouse models of ASD, show a decrease of PV 

in the striata. This PV downregulation in BTBR mice was observed to be accounted by the 

DMS, which also highlights the importance of studying subregions of the DS. Additional to 

this, this study found that BTBR mice show alterations in the colocalisation of PV+ INs with 

PNNs in the DS, with differences between the sexes of BTBR mice. The differences between 

male and female BTBR mice are in particular insightful since behavioural phenotypes are not 

exactly the same and ASD behaviours are more exhibited by male counterparts. Through 

further research, it may be possible to determine the effect of complex interaction between PV 

reduction and alterations in the colocalisation of PV+ INs with PNNs within the DS on E/I 

balance and whether this may be responsible for symptoms of RRBIs observed in BTBR mice 

models of idiopathic ASD. 
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7.0 APPENDICES 
 

Appendix A | Link and QR code to the recording of mouse brain dissection. 

https://www.youtube.com/watch?v=SXxqPU9zvgI&t=12s 

 

 

Appendix B |  Zeiss Cell Observer Filter Models’ Excitation and Detection Wavelengths 

Filter Set Excitation Detection 

49 DAPI 365 445/50 

38 HE eGFP 470/40 525/50 

43 HE Cy 3 550/25 605/70 

 

Appendix C | Average Absorbance of each lysate, concentration (µg/µL) determined using the BCA 

standard curve, and volume of lysate required to obtain 10µg of proteins (µL). 

*Average of two absorbance values and corrected by subtracting blank absorbance 

 

 

Mouse ID Average Absorbance* 

 
 

Concentration (µg/µL) 

 
 

Volume for 10µg of 

Proteins  (µL) 
 

2 1.21625 1.4081 7.1 

3 1.12195 1.3006 7.7 

6 0.8713 1.0147 9.9 

7 1.11475 1.2924 7.7 

9 0.97515 1.1332 8.8 

11 1.23485 1.4293 7.0 

13 0.97945 1.1381 8.8 

15 1.2795 1.4803 6.8 

19 0.8962 1.0431 9.6 

20 0.88475 1.0301 9.7 

https://www.youtube.com/watch?v=SXxqPU9zvgI&t=12s
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Appendix D | Representative Western Blot of Parvalbumin and β-Actin bands, at ~12kDa and 

~42kDa respectively, as indicated by molecular weight (kDa) ladder. Achieved by merging imaged 

bands with a colorimetric image of a prestained protein ladder (10-180kDa; ab116027). 
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